Human Herpesviruses

Biology, Therapy, and Immunoprophylaxis



http://www.cambridge.org/9780521827140

This page intentionally left blank



Human Herpesviruses

This comprehensive account of the human herpesviruses
provides an encyclopedic overview of their basic virol-
ogy and clinical manifestations. This group of viruses
includes human simplex type 1 and 2, Epstein-Barr
virus, Kaposi’s Sarcoma-associated herpesvirus, cytom-
egalovirus, HHV6A, 6B, and 7, and varicella-zoster virus.
The viral diseases and cancers they cause are significant
and often recurrent. Their prevalence in the developed
world accounts for a major burden of disease, and as a
result there is a great deal of research into the pathophysi-
ology of infection and immunobiology. Another important
area covered within this volume concerns antiviral ther-
apy and the development of vaccines. All these aspects are
covered in depth, both scientifically and in terms of clinical
guidelines for patient care. The textisillustrated generously
throughout and is fullyreferenced to the latest research and
developments.

ANN ARVIN is Professor of Pediatrics, Microbiology, and
Immunology at Stanford University.

GABRIELLA CAMPADELLI-FIUME is Professor of Micro-
biology and Virology at the University of Bologna, Italy.

EDWARD MOCARSKI is Professor of Microbiology and
Immunology at Emory University.

PATRICK MOORE is Professor of Molecular Genetics and
Biochemistry at the University of Pittsburgh.

BERNARD ROIZMAN is Professor of Molecular Genetics,
Cell Biology, Biochemistry, and Molecular Biology at the
University of Chicago.

RICHARD WHITLEY is Professor of Pediatrics, Microbi-
ology, Medicine, and Neurosurgery at the University of
Alabama Birmingham.

KOICHI YAMANIsHI is Professor of Microbiology at Osaka
University, Japan.






Human Herpesviruses

Biology, Therapy, and Immunoprophylaxis

Edited by
Ann Arvin

Stanford University, CA School of Medicine

Gabriella Campadelli-Fiume

University of Bologna, Italy

Edward Mocarski

Emory University School of Medicine, USA

Patrick S. Moore

University of Pittsburgh Cancer Institute, PA, USA

Bernard Roizman
The University of Chicago, IL, USA

Richard Whitley

University of Alabama at Birmingham, AL, USA

Koichi Yamanishi
Osaka University School of Medicine, Japan

.2l CAMBRIDGE

UNIVERSITY PRESS




CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sao Paulo

Cambridge University Press

The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York
www.cambridge.org

Information on this title: www.cambridge.org/9780521827140

© Cambridge University Press 2007

This publication is in copyright. Subject to statutory exception and to the provision of
relevant collective licensing agreements, no reproduction of any part may take place
without the written permission of Cambridge University Press.

First published in print format 2007

ISBN-13 978-0-511-28689-6 eBook (Adobe Reader)
ISBN-10 0-511-28689-9  eBook (Adobe Reader)

ISBN-13  978-0-521-82714-0  hardback
ISBN-10 0-521-82714-0  hardback

Cambridge University Press has no responsibility for the persistence or accuracy of urls
for external or third-party internet websites referred to in this publication, and does not
guarantee that any content on such websites is, or will remain, accurate or appropriate.

Every effort has been made in preparing this Publication to provide accurate and up-to-
date information which is in accord with accepted standards and practice at the time of
publication. Although case histories are drawn fromactual cases, every effort has been made
to disguise the identities of the individuals involved. Nevertheless, the authors, editors and
publishers can make no warranties that the information contained herein is totally free
fromerror, not least because clinical standards are constantly changing through research
and regulation. The authors, editors and publishers therefore disclaimall liability for direct
or consequential damages resulting fromthe use of material contained in this publication.
Readers are strongly advised to pay careful attention to information provided by the
manufacturer of any drugs or equipment that they plan to use.


http://www.cambridge.org
http://www.cambridge.org/9780521827140

Contents

List of contributors page ix

Preface

Part | Introduction: definition and
classification of the human herpesviruses

XX

Bernard Roizman

1 Overview of classification
Andrew Davison

2 Comparative analysis of the genomes
Andrew Davison

3 Comparative virion structures of human
herpesviruses
Fenyong Liu and Z. Hong Zhou

4 Comparative analysis of herpesvirus-common
proteins
Edward Mocarski, Jr.

Part Il Basic virology and viral gene effects on
host cell functions: alphaherpesviruses

10

27

44

Gabriella Campadelli-Fiume and Bernard Roizman

5 Genetic comparison of human
alphaherpesvirus genomes
Joel Baines and Philip Pellett

6 Alphaherpes viral genes and their functions
Bernard Roizman and Gabriella Campadelli-Fiume

7 Entry of alphaherpesviruses into the cell
Gabriella Campadelli-Fiume and Laura Menotti

61

70

93



Contents

8 Early events pre-initiation of alphaherpes viral
gene expression
Thomas Kristie

9 Initiation of transcription and RNA synthesis,
processing, and transport in HSV and VZV
infected cells
Rozanne Sandri-Goldin

10 Alphaherpesvirus DNA replication
John Hay and William Ruyechan

11 Envelopment of HSV nucleocapsids at the
inner nuclear membrane
Joel Baines

12 The egress of alphaherpesviruses from the cell
Gabriella Campadelli-Fiume

13 The strategy of herpes simplex virus replication
and takeover of the host cell
Bernard Roizman and Brunella Taddeo

Part Il Basic virology and viral gene effects on
host cell functions: betaherpesviruses

112

128

138

144

163

Edward Mocarski

14 Comparative betaherpes viral genome and
virion structure
Andrew Davison and David Bhella

15 Betaherpes viral genes and their functions
Edward Mocarski

16 Early events in human cytomegalovirus
infection
Teresa Compton and Adam Feire

17 Immediate-early CMV gene regulation and
function
Mark Stinski and Jeffrey Meier

18 Early CMV gene expression and function
Elizabeth White and Deborah Spector

19 CMV DNA synthesis and late viral gene
expression
David Anders, Julie Kerry and Gregory Pari

20 CMV maturation and egress
William Britt

21 CMV modulation of the host response to
infection
A. Louise McCormick and Edward Mocarski, Jr.

177

204

231

241

264

311

324

Part Il Basic virology and viral gene effects on
host cell functions: gammaherpesviruses

Patrick S. Moore

22 Introduction to the human y-herpesviruses 341
Richard Longnecker and Frank Neipel

23 Gammaherpesviruses entry and early events
during infection 360
Bala Chandran and Lindsey Hutt-Fletcher

24 Gammaherpesvirus maintenance and
replication during latency 379
Paul Lieberman, Jianhong Hu, and Rolf Renne

25 Reactivation and lytic replication of EBV 403

Shannon Kenney

26 Reactivation and lytic replication of KSHV 434
David Lukac and Yan Yuan

27 EBV gene expression and regulation 461
Lawrence S. Young, John R. Arrand, and Paul G. Murray

28 KSHYV gene expression and regulation 490
Thomas Schultz and Yuan Chang

29 Effects on apoptosis, cell cycle and
transformation, and comparative aspects of
EBV with other DNA tumor viruses 514
George Klein and Ingemar Emberg

30 KSHV manipulation of the cell cycle and
programmed cell death pathways 540
Patrick Moore

31 Human gammaherpesvirus immune evasion
strategies 559
Robert Means, Sabine Lang, and Jae Jung

Part lll Pathogenesis, clinical disease, host
response, and epidemiology:
HSV-1 and HSV-2

Ann Arvin and Richard Whitley

32 HSV-1AND 2: pathogenesis and disease 589
Richard Whitley, David Kimberlin, and Charles Prober

33 HSV-1 and 2: molecular basis of HSV latency
and reactivation 602
Christopher Preston and Stacey Efstathiou



34 HSV-1 and 2: immunobiology and host
response 616
David Koelle

35 HSV:immunopathological aspects of HSV
infection 642
Kaustuv Banerjee and Barry Rouse

36 HSV: persistence in the population:
epidemiology, transmission 656
Anna Wald and Lawrence Corey

Part Il Pathogenesis, clinical disease, host
response, and epidemiology:
VIUu

Ann Arvin and Richard Whitley

37 VZV: pathogenesis and the disease
consequences of primary infection 675

Jennifer Moffat, Chia-chi Ku, Leigh Zerboni, Marvin
Sommer, and Ann Arvin

38 VZV: molecular basis of persistence (latency

and reactivation) 689
Jeffrey Cohen
39 VZV:immunobiology and host response 700

Ann Arvin and Allison Abendroth

40 VZV: persistence in the population:
transmission and epidemiology 713
Jane Seward and Aisha Jumaan

Part Il Pathogenesis, clinical disease, host
response, and epidemiology:
HCMV

Ann Arvin and Richard Whitley

41 HCMV: pathogenesis and disease
consequences 737
William Britt

42 HCMV: molecular basis of persistence and
latency 765
Michael Jarvis and Jay Nelson

43 HCMYV: immunobiology and host response 780

Mark Wills, Andrew Carmichael, J. H. Sinclair, and J. G.
Patrick Sissons

44 HCMV: persistence in the population:
epidemiology and transmission 795
Suresh Boppana and Karen Fowler

Contents

vii

45 HCMV: persistence in the population: potential
transplacental transmission 814
Lenore Peirera, Ekaterina Maidji, and Susan Fisher

Part lll Pathogenesis, clinical disease, host
response, and epidemiology:
HHV- 6A, 6B, and 7

Ann Arvin and Richard Whitley

46 HHV-6A, 6B, and 7: pathogenesis, host
response, and clinical disease 833
Yasuko Mori and Koichi Yamanishi

47 HHV-6A, 6B, and 7: molecular basis of latency
and reactivation 843
Kaszuhiro Kondo and Koichi Yamanishi

48 HHV-6A, 6B, and 7: immunobiology and host
response 850
Fu-Zhang Wang and Philip Pellet

49 HHV-6A, 6B, and 7: persistence in the
population: epidemiology, transmission 875
Vincent Emery and Duncan Clark

Part lll Pathogenesis, clinical disease, host
response, and epidemiology:
gammaherpesviruses

Patrick S. Moore

50 Clinical and pathological aspects of EBV And
KSHV infection 885
Richard Ambinder and Ethel Cesarman

51 EBV: Immunobiology and host response 904
Denis Moss, Scott Burrows, and Rajiv Khanna

52 Immunobiology and host response to KSHV
infection 915
Dimitrios Lagos and Chris Boshoff

53 The epidemiology of EBV and its association
with malignant disease 929
Henrik Hjalgrim, Jeppe Friborg, and Mads Melbye

54 The epidemiology of KSHV and its association
with malignant disease 960
Jeffrey Martin

55 EBV-induced oncogenesis 986
Nancy Raab-Traub

56 KSHV-induced oncogenesis 1007
Donald Ganem



viii

Contents

Part IV Non-human primate herpesviruses

Ann Arvin, Patrick Moore, and Richard Whitley

57 Monkey B virus
Julia Hilliard

58 Simian varicella virus
Ravi Mahalingam and Donald Gilden

59 Primate betaherpesviruses
Peter Barry and William Chang

60 Gammaherpesviruses of New World primates

Armin Ensser and Bernhard Fleckenstein

61 EBV and KSHV-related herpesviruses in
non-human primates
Blossom Damania

Part V Subversion of adaptive immunity

1031

1043

1076

1093

Richard Whitley and Ann Arvin

62 Herpesvirus evasion of T-cell immunity
Jatin Vyas, Benjamin Gewurz, and Hidde Ploegh

63 Subversion of innate and adaptive immunity:

immune evasion from antibody and
complement
Lauren Hook and Harvey Friedman

Part VI Antiviral therapy

1117

1137

Richard Whitley

64 Antiviral therapy of HSV-1 and -2
David Kimberlin and Richard Whitley

65 Antiviral therapy of varicella-zoster virus
infections
John Gnann, Jr.

66 Antiviral therapy for human
cytomegalovirus
Paul Griffiths and Michael Boeckh

1175

1192

67

68

New approaches to antiviral drug discovery
(genomics/proteomics)
Mark Prichard

Candidate anti-herpesviral drugs; mechanisms

of action and resistance
Karen Biron

Part VIl Vaccines and immunothgerapy

1211

1219

Ann Arvin and Koichi Yamanishi

69

70

71

72

73

74

75

Herpes simplex vaccines
George Kemble and Richard Spaete

Varicella-zoster vaccine
Anne Gershon

Human cytomegalovirus vaccines
Thomas Heineman

Epstein—-Barr virus vaccines
Andrew Morgan and Rajiv Khanna

DNA vaccines for humanherpesviruses
Thomas Evans and Mary Wloch

Adoptive immunotherapy for herpesviruses

Ann M. Leen, Uluhan Sili, Catherine Bollard, and Cliona

Rooney

Immunotherapy of HSV infections — antibody
delivery
David Kimberlin

Part VIII Herpes as therapeutic agents

1253

1262

1274

1292

1306

1318

1332

Richard Whitley and Bernard Roizman

76

Herpesviruses as therapeutic agents
Frank Tufaro and James Markert

Index

1341

1353



Contributors

Allison Abendroth

Centre for Virus Research

Westmead Millennium Institute and Research Centres
Westmead NSW 2145

Australia

Richard Ambinder

Johns Hopkins University School of Medicine
1650 Orleans Street, Room 389

Baltimore, MD 21231, USA

David Anders

Wadsworth Center

The David Axelrod Institute
PO Box 22002

Albany, NY 12201, USA

John Arrand

Cancer Research UK Institute for Cancer Studies
University of Birmingham

Edgbaston, Birmingham

B15 2TT, UK

Ann Arvin

Department of Pediatrics and Microbiology and
Immunology

Stanford University School of Medicine

300 Pasteur Drive, Room G311

Stanford, CA 94305, USA

Joel Baines

Cornell University

Department of Microbiology and Immunology
C5169 Veterinary Education Ctr.

Ithaca, NY 14853, USA



Contributors

Kasstruf Banerjee

Department of Microbiology
College of Veterinary Medicine
University of Tennessee

1414 W. Cumberland Avenue
F403 Walters Life Sciences
Knoxville, TN 37996, USA

Peter Barry

Department of Pathology

Center for Comparative Medicine
University of California at Davis
One Shields Avenue

Davis, CA 95616, USA

David Bhella

Institute of Virology
MRC Virology Unit
Church Street
Glasgow, G11 5JR, UK

Karen Biron

Department of Clinical Virology
Glaxo Smith Kline

5 Moore Drive

Research Triangle Park, NC 27709, USA

Michael Boeckh

Fred Hutchinson Cancer Research Center

1100 Fairview Avenue, N.
Seattle, WA 98109, USA

Catherine M. Bollard

Center for Cell and Gene Therapy
Baylor College of Medicine

1102 Bates Street, BCM 320
Houston, TX 77030, USA

Suresh Boppana

University of Alabama at Birmingham

1600 7th Avenue, South. CHB 114
Birmingham, AL 35233, USA

Chris Boshoff

Cancer Research UK Viral Oncology Group
Wolfson Institute for Biomedical Research

University College London
Gower Street
London, WCI1E 6BT, UK

William Britt

Department of Pediatrics

University of Alabama at Birmingham
CHB 107, 1600 7th Avenue South
Birmingham, AL, 35233, USA

Scott Burrows

Division of Infectious Diseases and Immunology
Queensland Institute of Medical Research

300 Herston Road

Herston (Qld) 4006

Australia

Gabriella Campadelli-Fiume
Department of Experimental Pathology
University of Bologna

Via San Giacomo 12, Bologna 40126,
Italy

Andrew Carmichael

Department of Medicine, University of Cambridge
Clinical School, Box 157, Addenbrooke’s Hospital, Hills
Road, Cambridge CB2 2QQ, UK

Ethel Cesarman

Pathology Department

Weill Medical College of Cornell University
1300 York Avenue, Room C410

New York, NY 10021, USA

Bala Chandran

Department of Microbiology and Immunobiology
Rosalind Franklin University of Medicine and
Science

3333 Green Bay Road

North Chicago

IL 60064, USA

William chang

Center for Comparative Medicine
University of California, Davis
County Road 98 & Hutchison Drive
Davis, CA 95616, USA

Yuan Chang

Department of Pathology

University of Pittsburgh Cancer Institute

Hillman Cancer Center, Research Pavilion, Suite 1.8
5117 Centre Avenue

Pittsburgh, PA 15213-1863, USA



Duncan Clark
Virology

Royal Free University College Medical School

Rowland Hill Street,
London, NW3 2QG, UK

Jeffrey Cohen

Laboratory of Clinical Investigation,
National Institute of Health

10 Center Drive, MSC 1888

Bldg. 10, Rm 11N228

Bethesda, MD, 20892, USA

Teresa Compton

NIBRI (Novartis)

100 Technology

Square, Suite 4153,
Cambridge MA 02139, USA

Lawrence Corey

Virology Division, Laboratory Medicine
University of Washington

1100 Fairview Avenue N D3-100

Box 358080

Seattle, WA 98109, USA

Blossom Damania

University of North Carolina-Chapel Hill
Lineberger Cancer Center, CB#7295
Chapel Hill, NC 27599, USA

Andrew Davison
Institute of Virology
MRC Virology Unit
Church Street
Glasgow, G11 5JR, UK

Stacey Efstathiou

Division of Virology, Department of Pathology
University of Cambridge, Tennis Court Road

Cambridge, CB2, LQP, UK

Vincent Emery

Royal Free University College Medical School

Virology Department
Rowland Hill Street
London, NW3 2PE UK

Contributors

Xi

Armin Ensser

Institut fiir Klinische und Molekulare Virologie

der Friedrich-Alexander Universitit Erlangen-Niirnberg
Schlossgarten 4

D-91054Erlangen

Germany

Thomas Evans

NIBRI (Novartis)

100 Technology Square
Suite 4153

Cambridge, MA 02139, USA

Adam Feire

McArdle Laboratory for Cancer Research, Room 610
University of Wisconsin

Madison, WI 53706, USA

Susan Fisher

Departments of Stomatology, Anatomy, Pharmaceutical
Chemistry and the Biomedical Sciences Graduate Program
and the Oral Biology Graduate Program

University of California, San Francisco

513 Parnassus Avenue MC 0512

San Francisco, CA 94143, USA

Bernhard Fleckenstein

Institut fiir Klinische und Molekulare Virologie

der Friedrich-Alexander Universitédt Erlangen-Niirnberg
Schlossgarten 4

D-91054Erlangen

Germany

Karen Fowler

Department of Pediatrics, Epidemiology and Maternal and
Child Health

University of Alabama

1530 3rd Avenue South, CHB 306

Birmingham, AL 35294-0011, USA

Jeppe Friborg

Department of Epidemiology Research
Statens Serum Institute

5 Artillerivej, DK-2300

Copenhagen S, Denmark

Harvey Friedman

Department of Medicine

University of Pennsylvania School of Medicine
502 Johnson Pavilion

Philadelphia, PA 19104-6073, USA



Xii

Contributors

Donald Ganem

Department of Medicine

University of California San Francisco
513 Parnassus Avenue

San Francisco, CA 94143, USA

Anne Gershon

College of Physicians and Surgeons
Columbia University

Pediatrics, BB4-427

650 W. 168th St.

New York, NY 10032, USA

Benjamin Gewurz
Harvard Medical School
200 Longwood Avenue
Department of Pathology
Boston, MA, USA

Donald Gilden

Department of Neurology

University of Colorado Health Sciences Center
4200 E. 9th Ave., B182

Denver, CO 80262, USA

John Gnann, Jr.

Department of Medicine

University of Alabama at Birmingham
845 19th St. S.

Birmingham, AL 35294, USA

Paul Griffiths

Royal Free University College Medical School
Virology Department

Rowland Hill Street,

London, NW3 2PE UK

John Hay

State University of New York
Microbiology, Farber Hall, Rm. 138
3435 Main Street, Bldg. 26

Buffalo, NY, 14214, UK

Thomas Heineman

St. Louis University Health Sciences Center
3635 Vista Avenue at Grand Blvd.

PO Box 15250

St. Louis, MO 63110, USA

Julia Hilliard

Georgia State University
Biology, 424 Science Annex
29 Peachtree Center Avenue
Atlanta, GA 30303, USA

Henrik Hjalgrim

Department of Epidemiology Research
Statens Serum Institute

5 Artillerivej, DK-2300

Copenhagen S, Denmark

Lauren Hook

Department of Medicine

University of Pennsylvania School of Medicine
502 Johnson Pavilion

Jianhong Hu

Department of Molecular Genetics and Microbiology

University of Florida
1376 Mowry Road, Rm 375E
Gainesville, FL 32610, USA

Lindsey Hutt-Fletcher

Louisiana State University
Health Sciences Center
Feist-Weiller Cancer Center
1501 Kings Highway

PO Box 33932

Shreveport, LA 71130-3932, USA

Michael A. Jarvis

Vaccine and Gene Therapy Institute
Oregon Health Sciences University
3181 S. W. Sam Jackson Park Road
Portland, OR 97201, USA

Aisha Jumaan

Center for Disease Control
1600 Clifton Road., MS E-61
Atlanta, GA 30333, USA

Jae jung

Division of Tumor Virology

New England Primate Research Center
Harvard Medical School

One Pine Hill Drive

Southborough, MA 01772, USA



George Kemble
MedImmune, Inc.

297 North Bernardo Avenue
Mt. View, CA 94043, USA

Shannon Kenney

Department of Medical Microbiology and Immunology
1400 University Avenue

Madison, WI 53706, USA

102 Mason Farm Road, Box 7295

Chapel Hill, NC 27599-7295, USA

Julie Kerry

Department of Microbiology and Molecular Cell Biology
Eastern Virginia Medical School

700 West Olney Road, Lewis Hall #3152

Norfolk, VA 23507, USA

Rajiv Khanna

Australian Centre for Vaccine Development
Division of Infectious Diseases and Immunology
Queensland Institute of Medical Research

300 Herston Road

Herston (Qld) 4006

Australia

David Kimberlin

Department of Pediatrics

University of Alabama at Birmingham
1600 7th Avenue South

CHB 303

Birmingham, AL 35233, USA

George Klein

Microbiology and Tumor Biology Center
Karolinska Institute

PO Box 280

S-171, 77 Stockholm, Sweden

David Koelle

Department of Medicine/Infectious Diseases
University of Washington

HMC Virology Division, M.S. 359690

325 9th Avenue

Seattle, WA 98104, USA

Kaszuhiro Kondo

Osaka University School of Medicine
2-2 Yamada-oka, Suita

Osaka 565-9871, Japan

Contributors

Xiii

Thomas Kristie

National Institute of Health
Building - 133

9000 Rockville Pike
Bethesda, MD, 20910, USA

Chia-chi Ku

Department of Pediatrics

Stanford University School of Medicine
300 Pasteur Drive, Room G312, MC 5208
Stanford, CA 94305, USA

Dimitrios Lagos

Cancer Research UK Viral Oncology Group
Wolfson Institute for Biomedical Research
Gower Street

University College London

WCI1E 6BT, UK

Sabine Lang

Department of Pathology

Yale University School of Medicine, LH 304
New Haven, CT 06520, USA

Ann Leen

Baylor College of Medicine
Center for Cell and Gene Therapy
1102 Bates Street, Suite 760.01
Houston, TX 77030, USA

Paul Lieberman

The Wistar Institute

3601 Spruce Street
Philadelphia, PA 19104, USA

Fenyong Liu

University of California at Berkeley
School of Public Health

140 Warren Hall

Berkeley, CA 94720, USA

Richard Longnecker

Department of Microbiology-Immunology
Feinberg School of Medicine

Northestern University

303 East Chicago Avenue

Chicago, IL 60611, USA



Xiv

Contributors

David Lukac

UMDN/N]J Medical School

Department of Microbiology and Molecular Genetics
Int’l Center for Public Health

225 Warren Street, Room E350T

Newark, NJ 07103, USA

Louise McCormick

Department of Microbiology and Immunology
Emory University School of Medicine

1462 Clifton Road,

Suite 429

Atlanta, GA 30322, USA

Susan McDonagh

University of California San Francisco
513 Parnassus Avenue

HSW-604

San Francisco, CA 94143, USA

Ravi Mahalingam

Department of Neurology

University of Colorado Health Sciences Center
4200 East 9th Avenue, Mail Stop B182

Denver, CO 80262, USA

Ekaterina Maidji

University of California San Francisco
513 Parnassus Avenue

HSW-604

San Francisco, CA 94143, USA

James M. Markert

Department of Surgery

University of Alabama at Birmingham
FOT#1050

1530 3rd Avenue S.

Birmingham, AL 35294-3410, USA

Jeffrey Martin

University of California at San Francisco
185 Berry Street, Suite 5700

San Francisco, CA 94107, USA

Robert Means

Department of Pathology

Yale University School of Medicine
310 Cedar Street LH 315 B

New Haven, CT 065201, USA

Jeffrey Meier

Department Internal Medicine
University of lowa

Iowa City, lowa 52242, USA

Mads Melbye

Department of Epidemiology Research
Statens Serum Institute

5 Artillerivej, DK-2300

Copenhagen S, Denmark

Laura Menotti

Department of Experimental Pathology
University of Bologna

Via San Giacomo 12, Bologna 4016
Italy

Edward Mocarski

Department of Microbiology and Immunology
Emory University School of Medicine

Current address:

Emory Vaccine Center

1462 Clifton Road, Suite 429

Atlanta, GA 30322, USA

Jennifer Moffat

SUNY Upstate Medical University

Department of Microbiology and Immunology
750 E. Adams, Room 2215

Syracuse, NY 13210, USA

Patrick Moore

Molecular Virology Program

University of Pittsburgh Cancer Institute
Hillman Cancer Center

Research Pavilion, Suite 1.8

5117 Centre Avenue

Pttsburgh, PA 15213-1863, USA

Andrew Morgan

University of Bristol

School of Medical Sciences

Department of Pathology and Microbiology
University Walk, Clifton, Bristol

BS8 1TD, UK



Yasuko Mori

Department of Microbiology

Osaka University School of Medicine
2-2 Yamada-oka, Suita

Osaka, 565-0871, Japan

Denis Moss

EBV Biology Laboratory
Queensland Institute of Medical
Research

Post Office, Royal Brisbane Hospital
Brisbane 4029, Australia

Paul Murray

Cancer Research UK Institute for Cancer Studies
University of Birmingham

Edgbaston, Birmingham

B15 2TT, UK

Frank Neipel

Institute fur Klinische und Molekulare Virologie
SchloBgarten 4,

D-91054 Erlangen, Germany

Jay Nelson

Department of Molecular Microbiology and Immunology
Oregon Health Sciences Center

3181 S.W. Sam Jackson Park Road

Portland, OR 97201, USA

Gregory Pari

Department of Microbiology/320
University of Nevada, Reno
School of Medicine

Reno, NV 89557, USA

Lenore Peirera

University of California San Francisco
513 Parnassus Ave.

HSW-604

San Francisco, CA 94143, USA

Philip Pellett

Department of Virology

Lerner Research Institute, NN 10, Cleveland Clinic
Foundation

9500 Euclid Avenue

Cleveland, OH 44195, USA

Hidde Ploegh
Whitehead Institute for Biomedical Research
Cambridge, MA 02142, USA

Contributors

XV

Christopher Preston

Medical Research Council Virology Unit
Church Street

Glasgow G11 5]R

UK

Mark Prichard

University of Alabama at Birmingham
Department of Pediatrics

1600 6th Avenue South

128 Children’s Harbor Building
Birmingham, AL 35233, USA

Charles Prober

Department of Pediatrics and Microbiology and
Immunology

Stanford University School of Medicine

300 Pasteur Drive, G312, MC 5208

Stanford, CA 94305, USA

Nancy Raab-Traub

University of North Carolina
Lineberger Cancer Center

102 Mason Farm Road

Chapel Hill, NC 27599-7295, USA

Rolf Renne

Department of Molecular Genetics and Microbiology
University of Florida

1376 Mowry Road, Rm 361

Gainesville, FL 32610, USA

Bernard Roizman

The Marjorie B. Kovler Viral Oncology Laboratories
The University of Chicago

910 East 58th Street

Chicago, IL 60637, USA

Cliona Rooney

Center for Cell and Gene Therapy
Baylor College of Medicine

1102 Bates Street, BCM 320
Houston, TX 77030, USA

Barry Rouse

Department of Microbiology
College of Veterinary Medicine
University of Tennessee

1414 W. Cumberland Avenue
F403 Walters Life Sciences
Knoxville, TN 37996, USA



XVi

Contributors

William Ruyechan

State University of New York
Microbiology, Farber Hall, Rm. 138
3435 Main Street, Bldg. 26

Buffalo, NY, 14214, USA

Rozanne Sandri-Goldin

Department of Microbiology and Molecular

Genetics

College of Medicine

University of California at Irvine
C135 Medical Sciences Building
Irvine, CA, 92697, USA

Thomas Schulz

Institute fur Virologie, OE 5230
Medizinische Hochschule Hannover
Carl-Neuberg-Str. 1

D-30625 Hannover

Germany

Jane Seward

Centers for Disease Control
1600 Clifton Road

Atlanta, GA 30333, USA

Uluhan Sili Ph.D.

Center for Cell and Gene Therapy
Baylor College of Medicine

1102 Bates Street

Houston, TX 77030, USA

J. H. Sinclair

Department of Medicine, University of Cambridge
Clinical School, Box 157, Addenbrooke’s Hospital, Hills

Road,
Cambridge CB2 2QQ, UK

Patrick Sissons

Department of Medicine,

University of Cambridge Clinical School
Box 157

Aldenbrooke’s Hospital, Hills Road
Cambridge, CB2 2QQ, UK

Marvin Sommer

Department of Pediatrics

Stanford University School of Medicine
300 Pasteur Drive, Room G312, MC 5208
Stanford, CA 94305, USA

Richard Spaete
MedImmune, Inc.

297 North Bernardo Avenue
Mt. View, CA 94043, USA

Deborah Spector

Department of Cellular and Molecular Medicine
Skaggs School of Pharmacy and Pharmacentical
Sciences, Center for Molecular Genetics
University of California San Diego

9500 Gilman Drive, MC 0366

LaJolla, CA 92093-0712, USA

Mark Stinski

University of lowa
Department of Microbiology
University of lowa

Iowa City, lowa 52242, USA

Takako Tabata

University of California San Francisco
513 Parnassus Avenue

HSW-604

San Francisco, CA 94143, USA

Brunella Taddeo

The Marjorie B. Kovler Viral Oncology Labs.
The University of Chicago

910 East 58th Street

Chicago, IL 60637, USA

Frank Tufaro

Allera Health Products, Inc.
360 Central Avenue, Suite 1560
St. Petersburg, FL. 33701, USA

Jatin Vyas

55 First St. GRJ 504
Massachusetts General Hospital
Division of Infections Diseases
Boston, MA 02114, USA

Anna Wald

Virology Research Clinic
600 Broadway, Suite 400
Seattle, WA 98122, USA

Fu-Zhang Wang

Cornell University

Department of Microbiology & Immunology
C5169 Veterinary Education Ctr.

Ithaca, NY 14853, USA



Elizabeth White

Department of Cellular and Molecular Medicine
Skaggs School of Pharmacy and Pharmacentical
Sciences Center for Molecular Genetic and Division of
Biological Science

University of California, San Diego

9500 Gilman Drive, MC 0366

LaJolla, CA 92095-0712, USA

Richard Whitley

Department of Pediatrics

University of Alabama at Birmingham
1600 7th Avenue, S. CHB 303
Birmingham, AL 35233, USA

Mark Wills

Department of Medicine, University of Cambridge
Clinical School, Box 157, Addenbrooke’s Hospital, Hills
Road, Cambridge, CB2 2QQ, UK

Mary K. Wloch

Vical Incorporated

10390 Pacific Center Ct.
San Diego, CA 92121, USA

Koichi Yamanishi

Department of Microbiology

Osaka University School of Medicine
2-2 Yamada-oka, Suita

Osaka, 565-0871, Japan

Contributors

XVii

Lawrence Young

Cancer Research UK Institute for Cancer Studies
University of Birmingham

Edgbaston, Birmingham

B15 2TT, UK

Yan Yuan

University of Pennsylvania
School of Dental Medicine
3451 Walnut Street

248 Levy/6002

Philadelphia, PA 19104, USA

Leigh Zerboni

Department of Pediatrics

Stanford University School of Medicine
300 Pasteur Drive, Room G312, MC 5208
Stanford, CA 94305, USA

Hong Zhou

Department of Pathology and Laboratory
Medicine

University of Texas

Houston Medical School

Houston, TX 77030, USA






Preface

Diseases caused by the human herpesviruses were rec-
ognized by the earliest practitioners of medicine. Hip-
pocrates, Celsus, Herodotus, Galen, Avicenna and others
described cutaneous lesions typical of infections caused by
herpes simplex viruses (HSV) 1 and 2, and varicella-zoster
virus (VZV). ‘Herpes,” the family name of these viruses, is
traced to the Greek term for lesions that appeared to creep
or crawl over the skin. Among the duties of John Astruc,
physician to King Louis XIV, was to understand the dis-
eases of French prostitutes, in Latin, the ‘Puellae publicae),
which led to his description of herpes genitalis. Distinguish-
ing between genital herpes and syphilis was an obvious
concern in this social context as it is now. The modern
scientific investigation of HSV can be dated to the work
of Gruter, who first isolated the virus and demonstrated
its serial transmission in rabbits. During the 19th century,
experiments in human subjects showed that HSV and VZV
could be transmitted from fluid recovered from HSV and
VZV lesions. Demonstrating that Koch’s posulates were ful-
filled was important but arguably the truly revolutionary
discovery about the herpesviruses was made by Andrews
and Carmichael in the 1930s who showed that recurrent
herpeslabialisoccurred onlyin adultswho already had neu-
tralizing antibodies against HSV. Since our modern under-
standing of all of the human herpesviruses revolves around
latency and reactivation as established facts of their biol-
ogy, it is important to remember that these concepts are
far from obvious and to appreciate the creative insights of
Doerr who proposed that recurrent HSV was not an exoge-
nous infection but resulted from stimuli to the cell that
caused the endogenous production of a virus-like agent
and of Burnet and Williams who perfected the notion that
HSV persists for life and “remains for the most part latent;
but under the stimulus of trauma, fever, and so forth it may
at any time be called into activity and provoke a visible her-
petic lesion.”
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Preface

Although their relationships to HSV and VZV were by no
means appreciated, the more subtle members of the her-
pesvirus family began to be discovered after an interval
of many hundreds of years. The first of these was human
cytomegalovirus (HCMV), which was initially associated
with human disease through the detection of enlarged cells
containing unusual cytoplasmicinclusionsin the urine and
organs of infants who were born with signs of intrauterine
damage that had been attributed to syphilis. In the early
1950s, HCMV as well as VZV were the first human her-
pesviruses to be isolated in cultured cells. Within a decade,
Epstein-Barr virus (EBV) particles were found in Burkitt’s
lymphoma cells and EBV was shown to be associated with
mononucleosis. By the mid-1990s, three more human her-
pesviruses, HHV-6A, HHV-6B and HHV-7, which share a
tropism for T lymphocytes, were discovered and the eti-
ologic agent of the unusual vascular skin tumor called
‘Kaposi’s sarcoma, first described in 1872, was identified as
“Kaposi’s sarcoma-asscoiated herpesvirus (KSHV, HHV8).
These four new human herpesviruses were identified dur-
ing the early years of the human immunodeficiency virus
(HIV) epidemic because these viruses caused aggressive
disease in HIV-infected patients or were discovered dur-
ing intensive research on human T cell biology. In each
instance, discovery of the human herpesviruses paralleled
technologic progress, illustrated by animal models for HSV,
cell culture methods for VZV and CMV, the cultivation of
B lymphocytes for the detection of EBV and of T lym-
phocytes for identification of HHV-6 and 7, and differen-
tial nucleic acid detection for revealing the existence of
HHVS.

Molecular genetics methods demonstrate that the
human herpesviruses share a common ancestor. However,
each virus has evolved to occupy a particular niche during
millions of years of co-evolution with their primate, and
eventually human, host. Understanding the nuances of the
adaptive strategies that have allowed all of these viruses to
be transmitted efficiently and to persist so successfully in
the human population, and often in the same individual,
constitutes afascinatingenterprise. Atthe same time, infec-
tions caused by these ubiquitous viruses create a substan-
tial global burden of disease affectinghealthy and immuno-
compromised patients and among people living in devel-
oped and developing countries. Because of their serious
and potentially life-threatening consequences, the human
herpesviruses are medically important targets for basicand
clinical research.

The goal of this book s to describe the remarkable recent
progress towards elucidating the basic and clinical virol-
ogy of these human pathogens, in conjunction with a sum-
mary of the many new insights about their epidemiology,
mechanisms of pathogenesis and immune control,

approaches to clinical diagnosis and the recognition of
the clinical illnesses that result from primary and recur-
rent herpesvirus infections across the age spectrum. All of
the herpesviruses have common genes, structures, repli-
cation strategies and mechanisms of defense against the
host response but each virus also has unique properties
thatallow it to find its particular ecological refuge. An unex-
pected outcome of research over the past decade is the find-
ing that the human herpesviruses have devised many dif-
ferentwaysto achieve the same biologic effect, asillustrated
by their unique strategies for down-regulation of major his-
tocompatibility complex proteins. Functional similarities
exist among these viruses even when they do not share
similar genes or infect similar tissues. Each chapter of the
book explores these viral themes and variations from the
virologic and clinical perspectives. The contributions of
the many distinguished authors highlight the basic science
aspects of the field, emphasizing the comparative virology
of the human herpesviruses and virus-host cell interac-
tions, and the significant clinical developments, including
antiviral drugs and vaccines, that are essential for the best
practice of medicine in the 21st century. The concluding
chapter illustrates how therapies for cancer may emerge
from these advances in basic and clinical research, to cre-
ate a fundamentally new era in the complex history of the
relationship between the human herpesviruses and their
hosts.

The editors are deeply grateful for the generosity of the
authors who have shared their comprehensive knowledge
of the human herpesviruses. We hope that this book will
serve as a resource for investigators and physicians, and
most importantly, that it will motivate a new generation
of students and trainees to address the many unresolved
questions about these herpesviruses as agents of human
disease. Since the genomes of all of these viruses have been
sequenced, it is obvious that many genes exist for which
functions have not been identified and we now under-
stand that most herpesviral proteins can be expected to
have multiple functions. Basic research on the human her-
pesviruses alsoreveals fundamental facts abouthuman cel-
lular biology, including surface receptors, metabolic path-
ways, cell survival mechanisms, malignant transforma-
tion as well as innate antiviral defenses. In the clinical
realm, every improvement in diagnostic methods expands
the spectrum of clinical disorders that are recognized as
being caused by these viruses. Clinical interventions exist
that could not have been imagined fifty years ago but the
need for better therapeutic and preventive measures has
become even more apparent as the burden of herpesvirus
disease is defined with precision. Given that four human
herpesviruses have been discovered in the past 15 years,
are there others?
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Introduction

Taxonomy aims to structure relationships among diverse
organisms in order to provide a broader understanding of
Nature than is afforded by consideration of organisms in
isolation. Since biological systems are shaped by evolution,
which is not influenced by the human desire to impose
order, any taxonomical scheme is bound to be incomplete
and to some extent arbitrary. The criteria applied are ne-
cessarily confined to what is technically possible, and thus
taxonomy has an important historical component. In addi-
tion, taxonomy develops conservatively, since striving for
the ideal must be tempered by the need to maintain utility.
It is also an unfortunate fact that taxonomy provides fer-
tile soil for debate among a few but is of little interest to
most. However, it is beyond dispute that the setting of her-
pesviruses in a taxonomical framework is vital for under-
standing the origins and behavior of this fascinating family
of organisms.

Historically, herpesvirus taxonomy has been addressed
since 1971 by the International Committee on Taxonomy
of Viruses (ICTV) (Wildy, 1971). A provisional approach
to endowing herpesviruses with formal names (Roizman
et al., 1973) was followed by grouping into subfami-
lies largely on the basis of biological criteria (Roizman
et al., 1981). This effort was rather successful, but not
free from what turned out in hindsight to be a few mis-
classifications (Roizman et al., 1992). Further division of
the subfamilies into genera utilized molecular data to a
greater extent than before, primarily in relation to genome
characteristics such as size and structure (Roizman et
al., 1992). In the latest report of the ICTV Herpesvirus
Study Group (Davison et al., 2005), the family Herpesviri-
dae consists of three subfamilies: Alphaherpesvirinae
(containing the Simplexvirus, Varicellovirus, Mardivirus

and Iltovirus genera), Betaherpesvirinae (containing the
Cytomegalovirus, Muromegalovirus and Roseolovirus gen-
era) and Gammaherpesvirinae (containing the Lym-
phocryptovirus and Rhadinovirus genera). In addition,
there is a genus (Ictalurivirus) unattached to any subfamily
and a large number of species not assigned to genera. The
current list is given in Table 1.1. All but one of the viruses
assigned to taxa infect mammals or birds, although a sub-
stantial number of unassigned herpesviruses have lower
vertebrate (reptilian, amphibian and fish) or invertebrate
(bivalve) hosts.

Morphological criteria

The primary criterion for inclusion of an agent in the family
Herpesviridae is that of virion morphology. The virion is
spherical, and comprises four major components: the core,
the capsid, the tegument and the envelope (see Chapter 3).
The diameter of the virion depends on the viral species, but
is approximately 200 nm. The core consists of a single copy
of a linear, double-stranded DNA molecule packaged at
high density into the capsid. The capsid is an icosahedron,
and has an external diameter of 125-130 nm. It consists of
162 capsomeres, 12 of which are pentons and 150 hexons,
each containing five and six copies, respectively, of the
major capsid protein. The capsomeres are joined via the
triplexes, each of which contains two copies of one protein
and one copy of another. The tegument, which surrounds
the capsid, contains perhaps 30 or more viral protein
species and is poorly defined structurally. In the tegument,
structures positioned with symmetry corresponding to
that of the capsid are detectable only in the region close to
the capsid. The lipid envelope surrounds the exterior of the
tegument, and is studded with at least ten viral membrane
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Table 1.1. Herpesvirus taxonomy and nomenclature

Formal name* Abbrev. Common name” Abbrev.©
Subfamily Alphaherpesvirinae

Genus Simplexvirus

Ateline herpesvirus 1 AtHV-1 Spider monkey herpesvirus

Bovine herpesvirus 2 BoHV-2 Bovine mamillitis virus

Cercopithecine herpesvirus 1 CeHV-1 B-virus HVB
Cercopithecine herpesvirus 2 CeHV-2 SA8 virus

Cercopithecine herpesvirus 16 CeHV-16 Herpesvirus papio 2

Human herpesvirus 1 HHV-1 Herpes simplex virus [type] 1 HSV-1
Human herpesvirus 2 HHV-2 Herpes simplex virus [type] 2 HSV-2
Macropodid herpesvirus 1 MaHV-1 Parma wallaby herpesvirus

Macropodid herpesvirus 2 MaHV-2 Dorcopsis wallaby herpesvirus

Saimiriine herpesvirus 1 SaHV-1 Herpesvirus tamarinus

Genus Varicellovirus

Bovine herpesvirus 1 BoHV-1 Infectious bovine rhinotracheitis virus BHV-1
Bovine herpesvirus 5 BoHV-5 Bovine encephalitis virus BHV-5
Bubaline herpesvirus 1 BuHV-1 Water buffalo herpesvirus

Canid herpesvirus 1 CaHV-1 Canine herpesvirus

Caprine herpesvirus 1 CpHV-1 Goat herpesvirus

Cercopithecine herpesvirus 9 CeHV-9 Simian varicella virus SVWV
Cervid herpesvirus 1 CvHV-1 Red deer herpesvirus

Cervid herpesvirus 2 CvHV-2 Reindeer herpesvirus

Equid herpesvirus 1 EHV-1 Equine abortion virus

Equid herpesvirus 3 EHV-3 Equine coital exanthema virus

Equid herpesvirus 4 EHV-4 Equine rhinopneumonitis virus

Equid herpesvirus 8 EHV-8 Asinine herpesvirus 3

Equid herpesvirus 9 EHV-9 Gazelle herpesvirus

Felid herpesvirus 1 FeHV-1 Feline rhinotracheitis virus

Human herpesvirus 3 HHV-3 Varicella-zoster virus \VAY%
Phocid herpesvirus 1 PhoHV-1 Harbour seal herpesvirus

Suid herpesvirus 1 SuHV-1 Pseudorabies virus PRV
Tentative species in genus Varicellovirus

Equid herpesvirus 6 EHV-6 Asinine herpesvirus 1

Genus Mardivirus

Gallid herpesvirus 2 GaHV-2 Marek’s disease virus type 1 MDV-1
Gallid herpesvirus 3 GaHV-3 Marek’s disease virus type 2 MDV-2
Meleagrid herpesvirus 1 MeHV-1 Turkey herpesvirus HVT
Genus Iltovirus

Gallid herpesvirus 1 GaHV-1 Infectious laryngotracheitis virus ILTV
Unassigned species in subfamily Alphaherpesvirinae

Psittacid herpesvirus 1 PsHV-1 Parrot herpesvirus

Subfamily Betaherpesvirinae

Genus Cytomegalovirus

Cercopithecine herpesvirus 5 CeHV-5 African green monkey cytomegalovirus SCMV
Cercopithecine herpesvirus 8 CeHV-8 Rhesus monkey cytomegalovirus RhCMV
Human herpesvirus 5 HHV-5 Human cytomegalovirus HCMV
Pongine herpesvirus 4 PoHV-4 Chimpanzee cytomegalovirus CCMV
Tentative species in genus Cytomegalovirus

Aotine herpesvirus 1 AoHV-1 Herpesvirus aotus 1

Aotine herpesvirus 3 AoHV-3 Herpesvirus aotus 3



Table 1.1. (cont.)
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Formal name*® Abbrev. Common name” Abbrev.
Genus Muromegalovirus
Murid herpesvirus 1 MuHV-1 Mouse cytomegalovirus MCMV
Murid herpesvirus 2 MuHV-2 Rat cytomegalovirus RCMV
Genus Roseolovirus
Human herpesvirus 6 HHV-6
Human herpesvirus 7 HHV-7
Unassigned species in subfamily Betaherpesvirinae
Caviid herpesvirus 2 CavHV-2 Guinea pig cytomegalovirus GPCMV
Tupaiid herpesvirus 1 TuHV-1 Tree shrew herpesvirus THV
Subfamily Gammaherpesvirinae
Genus Lymphocryptovirus
Callitrichine herpesvirus 3 CalHV-3 Marmoset lymphocryptovirus Marmoset LCV
Cercopithecine herpesvirus 12 CeHV-12 Herpesvirus papio
Cercopithecine herpesvirus 14 CeHV-14 African green monkey EBV-like virus
Cercopithecine herpesvirus 15 CeHV-15 Rhesus lymphocryptovirus Rhesus LCV
Human herpesvirus 4 HHV-4 Epstein-Barr virus EBV
Pongine herpesvirus 1 PoHV-1 Herpesvirus pan
Pongine herpesvirus 2 PoHV-2 Orangutan herpesvirus
Pongine herpesvirus 3 PoHV-3 Gorilla herpesvirus
Genus Rhadinovirus
Alcelaphine herpesvirus 1 AIHV-1 Malignant catarrhal fever virus AHV-1
Alcelaphine herpesvirus 2 AIHV-2 Hartebeest malignant catarrhal fever virus
Ateline herpesvirus 2 AtHV-2 Herpesvirus ateles HVA
Bovine herpesvirus 4 BoHV-4 Movar virus BHV-4
Cercopithecine herpesvirus 17 CeHV-17 Rhesus rhadinovirus RRV
Equid herpesvirus 2 EHV-2
Equid herpesvirus 5 EHV-5
Equid herpesvirus 7 EHV-7 Asinine herpesvirus 2
Hippotragine herpesvirus 1 HiHV-1 Roan antelope herpesvirus
Human herpesvirus 8 HHV-8 Kaposi’s sarcoma-associated herpesvirus KSHV
Murid herpesvirus 4 MuHV-4 Murine gammaherpesvirus 68 MHV-68
Mustelid herpesvirus 1 MusHV-1 Badger herpesvirus
Ovine herpesvirus 2 OvHV-2 Sheep-associated malignant catarrhal

fever virus
Saimiriine herpesvirus 2 SaHV-2 Herpesvirus saimiri HVS
Tentative species in genus Rhadinovirus
Leporid herpesvirus 1 LeHV-1 Cottontail rabbit herpesvirus
Leporid herpesvirus 2 LeHV-2 Herpesvirus cuniculi
Leporid herpesvirus 3 LeHV-3 Herpesvirus sylvilagus
Marmodid herpesvirus 1 MarHV-1 Woodchuck herpesvirus
Unassigned species in subfamily Gammaherpesvirinae
Callitrichine herpesvirus 1 CalHV-1 Herpesvirus saguinus
Unassigned genus Ictalurivirus in family Herpesviridae
Ictalurid herpesvirus 1 IcHV-1 Channel catfish virus CCv
Unassigned viruses in family Herpesviridae
Acipenserid herpesvirus 1 AciHV-1 White sturgeon herpesvirus 1
Acipenserid herpesvirus 2 AciHV-2 White sturgeon herpesvirus 2
Acciptrid herpesvirus 1 AcHV-1 Bald eagle herpesvirus
Anatid herpesvirus 1 AnHV-1 Duck plague herpesvirus
Anguillid herpesvirus 1 AngHV-1 Japanese eel herpesvirus

(cont.)
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Table 1.1. (cont.)

Formal name* Abbrev. Common name” Abbrev.©

Ateline herpesvirus 3 AtHV-3 Herpesvirus ateles strain 73

Boid herpesvirus 1 BoiHV-1 Boa herpesvirus

Callitrichine herpesvirus 2 CalHV-2 Marmoset cytomegalovirus

Caviid herpesvirus 1 CavHV-1 Guinea pig herpesvirus

Caviid herpesvirus 3 CavHV-3 Guinea pig herpesvirus 3

Cebine herpesvirus 1 CbHV-1 Capuchin herpesvirus AL-5

Cebine herpesvirus 2 CbHV-2 Capuchin herpesvirus AP-18

Cercopithecine herpesvirus 3 CeHV-3 SA6 virus

Cercopithecine herpesvirus 4 CeHV-4 SA15 virus

Cercopithecine herpesvirus 10 CeHV-10 Rhesus leukocyte-associated herpesvirus
strain 1

Cercopithecine herpesvirus 13 CeHV-13 Herpesvirus cyclopis

Chelonid herpesvirus 1 ChHV-1 Grey patch disease of turtles

Chelonid herpesvirus 2 ChHV-2 Pacific pond turtle herpesvirus

Chelonid herpesvirus 3 ChHV-3 Painted turtle herpesvirus

Chelonid herpesvirus 4 ChHV-4 Argentine turtle herpesvirus

Ciconiid herpesvirus 1 CiHV-1 Black stork herpesvirus

Columbid herpesvirus 1 CoHV-1 Pigeon herpesvirus

Cricetid herpesvirus CrHV-1 Hamster herpesvirus

Cyprinid herpesvirus 1 CyHV-1 Carp pox herpesvirus

Cyprinid herpesvirus 2 CyHV-2 Goldfish herpesvirus

Elapid herpesvirus 1 EpHV-1 Indian cobra herpesvirus

Elephantid herpesvirus 1 EIHV-1 Elephant [loxodontal] herpesvirus

Erinaceid herpesvirus 1 ErHV-1 European hedgehog herpesvirus

Esocid herpesvirus 1 EsHV-1 Northern pike herpesvirus

Falconid herpesvirus 1 FaHV-1 Falcon inclusion body diseases

Gruid herpesvirus 1 GrHV-1 Crane herpesvirus

Iguanid herpesvirus 1 IgHV-1 Green iguana herpesvirus

Lacertid herpesvirus LaHV-1 Green lizard herpesvirus

Lorisine herpesvirus 1 LoHV-1 Kinkajou herpesvirus

Murid herpesvirus 3 MuHV-3 Mouse thymic herpesvirus

Murid herpesvirus 5 MuHV-5 Field mouse herpesvirus

Murid herpesvirus 6 MuHV-6 Sand rat nuclear inclusion agents

Ostreid herpesvirus 1 OsHV-1 Pacific oyster herpesvirus OHV

Ovine herpesvirus 1 OvHV-1 Sheep pulmonary adenomatosis-associated

herpesvirus

Percid herpesvirus 1 PeHV-1 Walleye epidermal hyperplasia

Perdicid herpesvirus 1 PdHV-1 Bobwhite quail herpesvirus

Phalacrocoracid herpesvirus 1 PhHV-1 Cormorant herpesvirus

Pleuronectid herpesvirus 1 PIHV-1 Turbot herpesvirus

Ranid herpesvirus 1 RaHV-1 Lucké frog herpesvirus

Ranid herpesvirus 2 RaHV-2 Frog herpesvirus 4

Salmonid herpesvirus 1 SalHV-1 Herpesvirus salmonis

Salmonid herpesvirus 2 SalHV-2 Oncorhynchus masou herpesvirus

Sciurid herpesvirus 1 ScHV-2 European ground squirrel cytomegalovirus

Sciurid herpesvirus 2 ScHV-2 American ground squirrel cytomegalovirus

Sphenicid herpesvirus 1 SpHV-1 Black footed penguin herpesvirus

Strigid herpesvirus 1 StHV-1 Owl hepatosplenitis herpesvirus

Suid herpesvirus 2 SuHV-2 Swine cytomegalovirus

“Type species of genera are in italics.

b Some viruses have several common names. Only one is given for each.

¢ The list is restricted to abbreviations used in this publication.
Adapted from Davison et al. (2005).



glycoproteins, in addition to some cellular proteins. The
protein composition of the tegument and envelope varies
widely across the family.

Serological criteria

In contrast to virion morphology, which operates as a cri-
terion at the level of the family, serological relationships are
useful only for detecting closely related viruses. Neutraliz-
ing antibodies form a subset of serological tools, and are
directed against some of the envelope glycoproteins.

Biological criteria

The observation that several distinct herpesviruses have
been found in the most extensively studied animals implies
that the number of herpesvirus species in Nature must far
exceed that catalogued to date. The natural host range of
individual viruses is usually restricted to a single species.
Occasional transfer to other species can occur, although
it could be argued that the settings involved (farms, zoos
and keeping pets) are the results of human activities. In
experimental animal systems, some members of the Alpha-
herpesvirinae can infect a wide variety of species, whereas
Beta- and Gammaherpesvirinae are very restricted. The
same general observation characterizes growth in cell
culture.

Herpesviruses are highly adapted to their hosts, and
severe symptoms of infection are usually limited to very
young or immunosuppressed individuals. Natural trans-
mission routes range from aerosol spread to mucosal
contact. Most herpesviruses establish a systemic infec-
tion associated with a cell-associated viraemia, although
infection with some members of genus Simplexvirus is
limited to the epithelium at the inoculation site and to
innervating sensory neurons. Herpesviruses have elabor-
ate means of modulating the host responses to infection,
and are able to establish lifelong latent infections. In sim-
plified, general terms, the cell types involved in latency are
the neuron for the Alphaherpesvirinae, the monocyte lin-
eage for the Betaherpesvirinae, and lymphocytes for the
Gammaherpesvirinae.

Genomic criteria

Herpesvirus genomes studied to date range in size
from about 125 to 240 kbp, and the most extensively
characterized contain from about 70 to 165 genes. Prior to

Overview of classification

the generation of extensive sequence data, genome struc-
tures (see Chapter 2) were an aid to classification. How-
ever, the usefulness of this criterion is limited, since similar
structures have evidently evolved more than once in the
family. Nucleic acid hybridization data also provided input
and, like serological data, arelimited to demonstratingrela-
tionships between closely related viruses. As with other
groups of organisms, data derived from nucleotide and
amino acid sequences have gained increasing prominence
and now dominate herpesvirus taxonomy. Figure 1.1 shows
one example of such data, a phylogenetic tree based upon
amino acid sequence alignments (McGeoch et al., 1994,
1995, 2000). Another approach yielded different schemes
of relationships, but was based on analytical criteria not
widely accepted in depicting evolutionary relationships
(Karlin et al., 1994).

It has long been thought from the apparent adaptation
of herpesviruses to their hosts that a substantial degree of
co-evolution has occurred. Similarities between the phylo-
genetic relationships among the viruses and those among
their hosts provide strong support for this model, and in
some instances indicate that co-speciation has occurred.
A number of possible exceptions have been noted and are
discussed in further detail in Chapter 2.

Species definition

A virus species is defined as a polythetic class of viruses
constituting a replicating lineage and occupying a par-
ticular ecological niche (Van Regenmortel, 1989, 1990).
Members of a polythetic class share a subset of prop-
erties, with each property possessed by several mem-
bers but no property possessed by all. Herpesviruses are
defined as separate species if their nucleotide sequences
differ in a readily assayable and distinctive manner across
the entire genome and if they occupy different ecologi-
cal niches by virtue of their distinct epidemiology and
pathogenesis or their distinct natural hosts (Roizman
et al., 1992; Roizman and Pellett, 2001; Davison et al.,
2005). However, genomic data have come to dominate
biological properties, with taxa corresponding to genetic
lineages defined by sequence comparisons and identifi-
cation of genes unique to certain lineages. An increas-
ing number of herpesviruses in the tissues of vari-
ous animals are being inferred from short PCR-derived
sequences, usually from a single locus in the genome and
often in the absence of any other information. These
“virtual viruses” cannot readily be classified under the
current species definition. However, their incorporation
(perhaps in a special category) could be facilitated by
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Fig. 1.1. Composite phylogenetic tree for herpesviruses. The tree is based on amino acid sequence alignments of eight sets of

homologous genes, constructed from maximume-likelihood trees for subsets of these genes, with molecular clock imposed. Thick lines

designate regions of uncertain branching. Formal species abbreviations and designations for genera and subfamilies are given on the

right (see Table 1.1). Viruses that are not yet incorporated formally into genera are denoted in italics. Three unclassified viruses are

included (RFHYV, retroperitoneal fibromatosis herpesvirus of macaques; PLHV-1 and PLHV-2, porcine lymphotropic herpesviruses

1 and 2). Modified from McGeoch et al. (2000) with permission from the American Society for Microbiology.

addition to the species definition of a third criterion, that
of phylogeny based on the relatedness of conserved genes.
Recognition that taxonomy should reflect evolutionary his-
tory would also aid rational incorporation of herpesviruses
oflower vertebrates and invertebrates into a taxonomy that
is currently dominated by herpesviruses of higher verte-
brates. Current problems in this area, and a suggested solu-
tion, are given in Chapter 2.
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Introduction

Members of the family Herpesviridae replicate their
genomes in the infected cell nucleus and have a char-
acteristic virion morphology, which consists of the enve-
lope, tegument, capsid and core (Davison and Clements,
1997). An extensive description of virion structure is given
in Chapter 3. The present chapter focuses on the viral
genome, which occupies the core of the virus particle. Elec-
tron microscopy of negatively stained capsids gives the
impression that the core consists of the viral DNA molecule
wrapped toroidally around a protein spindle (Furlong ez al.,
1972). Images reconstructed from electron micrographs of
virions frozen in ice in the absence of stain, a technique by
which morphology is better preserved, show that the core
consists of the DNA packed at high density in liquid crys-
talline form, probably as a spool lacking a spindle (Booy
etal., 1991; Zhou et al., 1999).

Herpesvirus genomes consist of linear, double-stranded
DNA molecules that range in size from about 125 to
240 kbp and innucleotide composition from 32 to 75% G+C,
dependingonthevirusspecies (Honess, 1984). The genome
termini are not covalently closed (as in the Poxviridae;
Moss, 2001) or covalently linked to a protein (as in the
Adenoviridae; Shenk, 2001). In those herpesvirus genomes
that have been examined in sufficient detail, unpaired
nucleotides are present at the termini; for example, HSV-
1, VZV and HCMV have a single 3'-overhanging nucleotide
at each terminus (Mocarski and Roizman, 1982; Davison,
1984; Tamashiro and Spector, 1986). Larger herpesvirus
genomes are accommodated in larger capsids, but the rela-
tionship is not proportional, as the packing density of the
DNA varies somewhat between species (Trus et al., 1999;
Bhella ez al., 2000). The reasons for the striking range in
nucleotide composition of herpesvirus genomes are not
clear, but a similar phenomenon is found in other virus

families and in cellular organisms. In contrast to the Alpha-
and Betaherpesvirinae, the genomes of most Gammaher-
pesvirinae are generally deficient in the CG dinucleotide
(Table 2.1). In vertebrate genomes, this phenomenon is
thought to be due to spontaneous deamination of 5-
methylcytosine residues in DNA to thymidine residues, fol-
lowed by fixation through DNA replication. CG depletion
in herpesviruses, and concomitant enrichment in TG and
CA, has been taken as indicative of latency in dividing cell
populations, in which the latent genome is obliged to repli-
cate as host cells divide (Honess et al., 1989). Thus, HSV-1,
which is resident in non-dividing neurons, has a CG con-
tent consistent with its nucleotide composition, whereas
EBV, which latently infects dividing B cell populations, is
depleted. Local CG suppression of the major immediate
early gene locus of HCMV has also been noted (Honess
etal., 1989).

Genome structures

Herpesvirus genomes are not simple lengths of unique
DNA, but characteristically contain direct or inverted
repeats. The reasons for this are not known, butitis intrigu-
ing that similar structures appear to have arisen independ-
ently on several occasions during herpesvirus evolution.
Herpesvirus genomes are thought to replicate by circular-
ization, followed by production of concatemers and cleav-
age of unit-length genomes during packaging into capsids
(Boehmerand Lehman, 1997). The explanation for the pres-
ence of repeats is probably connected in some way with
the mode of DNA replication, rather than with any advan-
tage gained by having multiple copies of certain genes.
Although greater expression would be a consequence of
repeated genes, this appears a simplistic explanation in an
evolutionary context, since subtler processes of nucleotide



Table 2.1. Sequenced herpesvirus genomes

Abbreviation Composition®
Common name Strain“ Common Formal  Accession  Size (bp)? G+C CG Reference
Mammalian herpesvirus group?
Alphaherpesvirinae
Simplexvirus
Herpes simplex virus type 1 17 HSV-1 HHV-1 X14112 152261 68.3 1.01  McGeoch et al. (1988)
Herpes simplex virus type 2 HG52 HSV-2 HHV-2 786099 154746 70.4 1.06  Dolan et al. (1998)
B virus E2490 HVB CeHV-1  AF533768 156789 74.5 1.09  Perelygina et al. (2003)
SA8 B264 SA8 CeHV-2  AY714813 150715 76.0 1.09  Tyler et al. (2005)
Herpes papio 2 X313 HVP2 CeHV-16 DQ149153 156487 76.1 1.08  Tyler and Severini (2006)
Varicellovirus
Varicella-zoster virus Dumas VZV HHV-3 X04370 124884 46.0 1.14  Davison and Scott (1986)
Oka vaccine AB097932 125078 Gomi et al. (2002)
Oka parental AB097933 125125 Gomi et al. (2002)
MSP AY548170 124883 Grose et al. (2004)
BC AY548171 125459 Grose et al. (2004)
Varilrix DQO008354 124821 Vassilev (2005)
Varilrix DQO008355 124815 Vassilev (2005)
HJO AJ871403 124928 Fickenscher et al.
(unpublished)
Simian varicella virus Delta SVV CeHV-9  AF275348 124138 40.4 1.12  Gray et al. (2001)
Bovine herpesvirus 1 [Cooper] BHV-1 BoHV-1  AJ004801 135301 72.4 1.19  Schwyzer & Ackermann
(1996)
Bovine herpesvirus 5 SSV507/99 BHV-5 BoHV-5  AY261359 138390 74.9 1.17  Delhon et al. (2003)
Pseudorabies virus [Kaplan] PRV SuHV-1 BK001744 143461 73.6 1.12 Klupp et al. (2004)
Equine herpesvirus 1 Ab4 EHV-1 EHV-1 AY665713 150224 56.7 0.99  Telford et al. (1992)
V592 AY464052 149430 Nugent et al. (2006)
Equine herpesvirus 4 NS80567 EHV-4 EHV-4 AF030027 145597 50.5 0.93  Telford et al. (1998)
Mardivirus
Marek’s disease virus type 1 Md5 MDV-1 GaHV-2  AF243438 177874 44.1 1.01  Tulman et al. (2000)
GA AF147806 174077 Lee et al. (2000)
Md11 [AY510475] 170950 Niikura et al. (unpublished)
Marek’s disease virus type 2 HPRS24 MDV-2 GaHV-3  AB049735 164270 53.6 1.23  Izumiya et al. (2001)
Turkey herpesvirus FC126 HVT MeHV-1  AF291866 159160 47.6 1.11  Afonso et al. (2001)
Iltovirus
Infections laryngotracheitis [SA-2] ILTV GaHV-1 NC006623 148687 48.2 1.01  Thureen and Keeler (2006)
virus
Psittacid herpesvirus 1¢ 97-0001 PsHV-1 PsHV-1  AY372243 163025 60.9 1.21  Thureen and Keeler (2006)
Betaherpesvirinae
Cytomegalovirus
Human cytomegalovirus Merlin HCMV HHV-5 AY446894 235645 57.5 1.19  Dolan et al. (2004)
AD169 X17403 229354 Chee et al. (1990)
AD169 BK000394 230287 Davison et al.(2003a)
AD169 [AC146999] [233739] Murphy et al. (2003b)
Towne [AY315197] [231236] Dunn et al. (2003)
Towne [AC146851] [229483] Murphy et al. (2003b)
Toledo [AC146905] [226889] Murphy et al. (2003b)
PH [AC146904] [229700] Murphy et al. (2003b)
TR [AC146906] [234881] Murphy et al. (2003b)
FIX [AC146907] [229209] Murphy et al. (2003b)
Chimpanzee cytomegalovirus - CCMV PoHV-4  AF480884 241087 61.7 1.11  Davison et al. (2003a)
Rhesus cytomegalovirus 68-1 RhCMV CeHV-8  AY186194 221454 49.1 0.99  Hansen et al. (2003)
Unassigned
Tupaiid herpesvirus 2 THV TuHV-1 ~ AF281817 195859 66.6 1.28  Bahr & Darai (2001)
Muromegalovirus
Murine cytomegalovirus Smith MCMV MuHV-1  U68299 230278 58.7 1.22  Rawlinson et al. (1996)
Rat cytomegalovirus Maastricht RCMV MuHV-2  AF232689 230138 61.0 1.25  Vink et al. (2000)
Roseolovirus
Human herpesvirus 6 U1102 HHV-6A  HHV-6 X83413 159321 42.4 1.13  Gompels et al. (1995)
729 HHV-6B AF157706 162114 42.8 1.10  Dominguez et al. (1999)
HST AB021506 161573 Isegawa et al. (1999)

(cont.)



Table 2.1. (cont.)

Abbreviation Composition®
Common name Strain® Common Formal Accession  Size (bp)? G+C CG Reference
Human herpesvirus 7 JI HHV-7 HHV-7 U43400 144861 35.3 0.80  Nicholas (1996)
RK AF037218 153080 Megaw et al. (1998)
Gammaherpesvirinae
Lymphocryptovirus
Epstein—Barr virus [B95-8] EBV HHV-4 AJ507799 171823 59.5 0.61  deJesus et al. (2003)
GD1 AY961628 171656 Zeng et al. (2005)
AG876 DQ279927 172764 Dolan et al. (2006)
B95-8 V01555 172281 Baer et al. (1984)
Marmoset lymphocryptovirus ~ CJ0149 marmoset CalHV-3  AF319782 149696 49.3 0.70  Rivailler et al. (2002a)
LCV
Rhesus lymphocryptovirus LCL8664 rhesus LCV CeHV-15 AY037858 171096 61.9 0.68  Rivailler et al. (2002b)
Rhadinovirus
Human herpesvirus 8 BC-1 HHV-8 HHV-8 U75698 [137508] 53.5 0.81
U75699 801 84.5 0.92  Russo et al. (1996)
- U93872 [133661] Neipel et al. (1997)
Rhesus rhadinovirus 17577 RRV CeHV-17 AF083501 133719 52.2 1.11 Searles et al. (1999)
26-95 AF210726 130733 Alexander et al. (2000)
Murine herpesvirus 68/ WUMS MHV-68 MuHV-4  U97553 119450 47.2 0.43  Virgin et al. (1997)
g2.4 AF105037 119550 Nash et al. (2001)
Bovine herpesvirus 4 66-p-347 BHV-4 BoHV-4  AF318573 108873 41.4 0.23  Zimmermann et al. (2001)
AF092919 2267 71.2 0.42
Herpesvirus ateles 73 HVA AtHV-3 AF083424 108409 36.6 0.40  Albrecht (2000)
AF126541 1582 77.1 0.79
Herpesvirus saimiri All HVS SaHV-2 X64346 112930 34.5 0.33  Albrecht et al. (1992)
K03361 1444 70.9 0.61
C488 AJ410493 113027 Ensser et al. (2003)
AJ410494 1458
Equine herpesvirus 2 86/67 EHV-2 EHV-2 020824 184427 57.5 0.63  Telford et al. (1995)
Alcelaphine herpesvirus 1 C500 AHV-1 AIHV-1 AF005370 130608 46.2 0.42  Ensser etal. (1997)
AF005368 1113 72.0 0.69
Ovine herpesvirus 2 BJ1035 OvHV-2 OvHV-2  AY839756 135135 52.9 0.58  Stewart et al. (unpublished)
Fish herpesvirus group?
Undefined subfamily
Ictalurivirus
Channel catfish virus Auburn 1 CCV IcHV-1 M75136 134226 56.2 1.1 Davison (1992)
Bivalve herpesvirus group?
Undefined subfamily
Undefined genus
Ostreid herpesvirus 1 - OHV OsHV-1 AY509253 207439 38.7 0.68  Davison et al. (2005)

“Square brackets indicate the strain that was used most extensively in assembling a sequence combining data from several strains. A hyphen indicates
that the strain was not specified.

b Sizes were obtained from the latest version of the accessions, and may differ from those in the references through correction of errors. Square
brackets indicate sequences that fall marginally short of full length: for MDV-1 and HCMV strains, sequences are for bacterial artificial chromosomes,
the sizes representing a deleted form of the genome plus the vector; for HHV-8 strains, the sequence at the right end of the unique region was not
determined. For members of subfamily Gammaherpesvirinae other than EHV-2, actual genome sizes are larger than those listed (approximately
150-180 kbp), owing to the presence of variable copy numbers of terminal repeats at both ends of the genome. Where a single value is given, this
represents either the unique region flanked by partial terminal repeats or the unique region only. Where two values are given, the first is for the unique
region and the second is for the terminal repeat.

¢ G+ C content is given as moles %, CG content is given as observed/expected frequency, taking into account overall nucleotide composition. Where
multiple strains have been sequenced for a species, values are given for one strain only. For members of the Gammaherpesvirinae, values are given for
the deposited sequences, which consist either of the unique region flanked by partial terminal repeat sequence, the unique region only, or separate
accessions for the unique region and terminal repeat.

4 This taxon is used for the purposes of discussion, and, unlike the others in the Table, has no formal standing.

¢ PsHV-1 is the closest relative of ILTV and is placed informally in this genus.

/ MHV-68 strains g2.4 and WUMS are essentially identical, since the latter was derived from the former.
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Fig. 2.1. Classes of herpesvirus genome structures (not to scale)
as defined by Roizman and Pellett (2001). Unique and repeat
regions are shown as horizontal lines and rectangles, respectively.
The orientations of repeats are shown by arrows. The
nomenclature of unique and repeat regions, including the
terminal redundancy (a) and its internal, inverted copy (a ), is
indicated for the class E genome.

substitution can readily alter transcriptional levels over a
much greater range. In addition, repeats often do not con-
tain protein-coding regions. As elaborated below, certain
genomes exhibit a further structural complexity known as
segment inversion, in which unique regions flanked by
inverted repeats are found in both orientations in virion
DNA. Thus, a genome with two such unique regions would
produce either two or four isomers depending on whether
one or both regions invert. This phenomenon is prob-
ably a consequence of recombination between repeats
in concatemeric DNA. Isomers are functionally equiva-
lent (Jenkins and Roizman, 1986), and segment inversion
appears to be unrelated to the biology of the virus.

Figure 2.1 shows the major classes of genome struc-
ture found among the herpesviruses, as summarized by
Roizman and Knipe (2001). The class A genome consists
of a unique sequence flanked by a direct repeat. It was
first described for CCV (Chousterman et al., 1979), but
is also represented among the Betaherpesvirinae (HHV-6:
Lindquester and Pellett, 1991; Martin et al, 1991; HHV-
7: Dominguez et al., 1996; Ruvolo et al, 1996) and one
member of the Gammaherpesvirinae (EHV-2; Browning
and Studdert, 1989). In these examples, the direct repeat is
several kbp in size. Other members of the Betaherpesvirinae
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also have this arrangement, but the repeat is smaller, at 504
bp in RCMV (Vink et al., 1996) and 30-31 bp in MCMV
(Marks and Spector, 1988; Rawlinson et al., 1996).

Class B genomes also have directly repeated sequences
at the termini, but these consist of variable copy num-
bers of a tandemly repeated sequence of 0.8-2.3 kbp.
This arrangement characterizes most Gammaherpesviri-
nae in the Rhadinovirus genus, such as HVS and HHV-8
(Bornkamm et al., 1976; Russo et al., 1996). The repeated
regions may comprise up to 30% of the DNA molecule
(Bornkamm et al., 1976; Lagunoff and Ganem, 1997).
The presence of additional terminal repeat sequences in
inverse orientation internally in the genome gives rise to
a related structure, which is present in another member
of the Gammaherpesvirinae, cottontail rabbit herpesvirus
(Cebrian et al., 1989). The virion DNA of this virus exhibits
segment inversion because the two unique regions are
flanked by inverted repeats. The class C structure rep-
resents another derivative of class B, in which an inter-
nal set of direct repeats is present but is unrelated to the
terminal set. EBV, a member of the Gammaherpesviri-
nae in the Lymphocryptovirus genus, has this arrange-
ment (Given and Kieff, 1979). Segment inversion does not
occur because the internal and terminal repeats are not
related.

Class D genomes contain two unique regions (Uj,
and Ug), each flanked by inverted repeats (TRp/IRpand
TRs/IRg). This structure is characteristic of Alphaher-
pesvirinaein the Varicellovirus genus, such as PRVand VZV
(Rixon and Ben-Porat, 1979; Dumas et al., 1981), and has
also evolved separatelyin salmonid herpesvirus 1 (Davison,
1998). Segment inversion occurs inasmuch as equimolar
amounts of genomes containing the two orientations of Us
are found in virion DNA, but Uy, is present predominantly
or completely in one orientation. The latter feature cannot
be explained solely by recombination, and is probably due
also to the presence of the cleavage signal solely orlargely in
theregion comprising TRy /IRy and one end of Uy, (Davison,
1984; Rall ez al., 1991).

Class E is the most complex genome structure, and was
thefirsttobedescribed, for HSV-1 (Sheldrick and Berthelot,
1975). It is similar to class D, except that TRy/IR;, is much
larger and segment inversion gives rise to four equimo-
lar genome isomers (Wadsworth et al., 1975; Hayward
et al., 1975; Delius and Clements, 1976; Clements et al.,
1976; Wilkie and Cortini, 1976). Also, class E genomes
are terminally redundant, containing a sequence of a few
hundred bp (termed the a sequence) that is repeated
directly at the genome termini and inversely at the IR;-
IRs junction (Sheldrick and Berthelot, 1975; Grafstrom
etal., 1975a,b; Wadsworth et al., 1976; Hyman et al., 1976).
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Minor proportions of genomes contain multiple copies of
the a sequence at the left terminus or the IR -IRs junc-
tion (Wilkie, 1976; Wagner and Summers, 1978; Locker and
Frenkel, 1979). The class E arrangement is characteristic
of Alphaherpesvirinae in the Simplexvirus genus, and has
evolved independently in the lineage giving rise to HCMV
and CCMV, members of the Betaherpesvirinae (Weststrate
etal., 1980; DeMarchi, 1981; Davison et al., 2003a). A struc-
ture similar to both class D and E genomes has also evolved
in an invertebrate herpesvirus, OsHV-1 (Davison et al.,
2005). This contains two segments, each consisting of a
unique region flanked by an substantial inverted repeat,
linked viaan additional small, non-invertingunique region.
Asin class E genomes, the two segments undergo inversion,
but, like class D, the genome is not terminally redundant.
Class Fisrepresented by amember of the Betaherpesviri-
nae, THV, which apparently lacks the types of inverted and
directrepeats that characterize other herpesvirus genomes
(Koch et al., 1985; Albrecht et al., 1985). However, since the
genome ends of THV have not been analyzed directly, the
existence of this unusual structure is considered tentative.

Genome sequences

Table 2.1 lists the 39 herpesvirus species for which genome
sequences are currently available in the public databases.
Additional strains have been sequenced for some species,
yielding a total of 63 sequenced strains. The ease of gen-
erating data will continue to expand the number of her-
pesvirus species and strains sequenced in coming years.
Indeed, substantial inroads have been made into large-
scale studies of strain variation for certain of the human
herpesviruses. It appears that the scale and extent of vari-
ation is lineage dependent, with Betaherpesvirinae more
variable than Gammabherpesvirinae, and Alphaherpesviri-
nae the least variable (Murphy et al., 2003b; Dolan et al.,
2004; Poole et al., 1999; Midgley et al., 2003; Muir et al.,
2002; Gomi et al., 2002). The development of tools to study
variation in increasing detail will enhance understanding
ofviral epidemiology, in terms both of its relation to human
evolution and migration and of the changes that are occur-
ring in human populations at the present time.

Gene content

Sequencing herpesvirus genomes is now routine, but the
process of describing gene content (annotation) is not triv-
ial. Thus, as with other groups of organisms, the quality of

annotation of herpesvirus entries in the public databases
varies widely. It is an unfortunate fact that no set of objec-
tive criteria is sufficient to interpret the gene content of
a sequence completely. Although most genes can be cat-
alogued relatively easily, there are genuine difficulties in
identifying all of them, even in the best characterized
herpesviruses.

A primary criterion in defining gene content involves
identifying open reading frames (ORFs), usually those ini-
tiated by methionine (ATG) codons. A tendency to include
ORFs that do not encode proteins may be reduced by set-
ting a minimum size. Comparative genomics, which oper-
ates on the principle that genes are conserved in evolution,
and algorithms that compare sequence patterns within
ORFs to the protein-coding regions of known genes, are
also useful. However, these tools yield results with least
confidence when applied to small, spliced, overlapping or
poorly conserved ORFs, and in instances where translation
initiates from internal codons, alternative splicing occurs,
or esoteric translational mechanisms are employed (e.g.,
suppression of termination codons and forms of transla-
tional editing). In addition to sequence analysis, experi-
mental data on production of an RNA or protein from an
ORF provides important imput, although even this falls
short of proving functionality. Also, most approaches are
aimed at identifying protein-coding genes, and cannot
detect genes that encode functional transcripts that are not
mRNAs.

The use of different criteria for gene identification may
create a degree of uncertainty and debate, and lead to dif-
ferent pictures of gene layout. The case of HCMV provides a
contemporary example. In the first analysis of the gene con-
tent of HCMV strain AD169, Chee et al. (1990) catalogued
189 protein-coding ORFs (counting duplicates once only).
Later, the gene number was reduced to 147 by comparing
the HCMV and CCMV genomes, allowing, where appro-
priate, for the presence of genes unique to either genome
(Davison et al., 2003a,b). As modified criteria were applied,
thisnumberreboundedinaseries ofincrements, firstto 157
(Yu et al., 2003), next to 171 (Murphy et al., 2003a), then to
220 (Murphy et al., 2003b) and finally to 232 (Varnum et al.,
2004). Although the conservative numbers in this exam-
ple are more supportable, the existence of unrecognized
genes should not be ruled out even in well-characterized
genomes, and candidates should be examined rigorously.
For example, new genes were identified in previously anal-
ysed sequences for VZV (Kemble et al., 2000) and HHV-8
(Glenn et al., 1999).

The genes of HSV-1, presumably like those of all her-
pesviruses, are transcribed by host RNA polymerase II



(Wagner, 1985; Roizman and Knipe, 2001). Transcription
of the first genes to be expressed, the immediate early
genes, does not require ongoing protein synthesis, and
is enhanced by a tegument protein at low multiplici-
ties of infection (O’Hare, 1993). Some of the immedi-
ate early proteins regulate expression of early and late
genes (Honess and Roizman, 1974). Early genes, defined as
those expressed in the presence of immediate early pro-
teins and before the onset of DNA replication, include
enzymes involved in nucleotide metabolism and DNA
replication and a number of envelope glycoproteins. Some
late genes are expressed at low levels under early condi-
tions, but full expression of “leaky” and “true” late genes
is dependent on DNA replication; these genes encode
mainly virion proteins. Although the details differ, a simi-
lar pattern of regulated gene expression is characteristic of
all herpesviruses examined; for example, HCMV (Stinski,
1978), HHV-8 (Sarid et al., 1998) and CCV (Silverstein
etal.,1995).Inaddition, herpesviruses express RNAs whose
functions apparently do not involve translation. The best
characterized are small RNAs probably transcribed by RNA
polymerase IIT in Gammaherpesvirinae such as EBV (Rosa
etal., 1981) and MHV-68 (Bowden et al., 1997). Larger non-
coding RNAs transcribed by RNA polymerase II include
the latency-associated transcripts in HSV-1 (Stevens
et al., 1987) and several virion-associated RNAs in HCMV
(Bresnahan and Shenk, 2000).

With the exception of a small number of genes that are
expressed by splicing from a common 5'-leader, such as
the EBNA genes of EBV (Bodescot et al.,, 1987) and the
IE1 and IE2 genes of HCMV (Stenberg et al., 1985), her-
pesvirus genes have individual promoters. However, it is
common for genes to share a polyadenylation site, lead-
ing to families of 3'-coterminal transcripts (Wagner, 1985).
Apart from families of duplicated genes, there is no pro-
nounced clustering of genes on the basis of function or
kinetics of expression. Splicing is uncommon throughout
the family, affecting no more than about 20% of the gene
number in any genome. Most splicing involves genes that
are relatively recent evolutionary developments, and Beta-
and Gammaherpesvirinae have more spliced genes than
Alphaherpesvirinae.

Genome comparisons and evolution

The availability of extensive sequence data for her-
pesviruses has facilitated detailed phylogenetic analyses
of the family based on amino acid sequence comparisons
of conserved genes, as described in Chapter 1. In this
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section, an overview is given of genetic relatedness at
selected levels in the phylogenetic tree, starting with
the three major groups that encompass all known her-
pesviruses, proceeding to the best characterized of these
groups, and ending with one subfamily in this group. In
chronological terms, this proceeds from earlier to more
recent evolutionary events. Detailed information on the
gene content of, and the relationships between, the human
herpesviruses is available elsewhere in this book.

Three major groups

Three major groups of viruses possess the herpesvirus mor-
phology, including closely similar capsid structures, but
share very little genetic similarity (Davison, 1992; Booy
etal., 1996; Davison et al., 2005). Viruses in the best charac-
terized group infect mammals, birds and reptiles, viruses
in the second group infect amphibians and fish, and the
third group contains the single known herpesvirus of an
invertebrate, the oyster. Currently, the family Herpesviri-
dae comprises the first group classified into three sub-
families and component genera, one member (CCV) of
the second group representing an unassigned genus, and
the oyster virus is a floating species. The most logical
means of accommodating all known herpesviruses taxo-
nomically would be to establish three families under the
umbrella of a new order (Herpesvirales), containing her-
pesviruses of mammals, birds and reptiles, of amphibians
and fish, and of bivalves, respectively. Since these taxa are
presently a proposal and lack any formal standing, the
terms mammalian, fish and bivalve herpesvirus groups
are used to denote the proposed families in the following
discussion.

Only three genes have clear counterparts in all three
groups that are detectable by amino acid sequence com-
parisons. The proteins encoded by two (DNA polymerase
and dUTPase) have ubiquitous cellular relatives and could
have been captured independently from the host reper-
toire. The third gene apparently lacks a counterpart in the
host cell but has distantrelatives in T4 and similar bacterio-
phages (Davison, 1992; Mitchell et al,, 2002). The T4 gene
is known to encode the ATPase subunit of a DNA packag-
ing enzyme complex called the terminase (Rao and Black,
1988; Bhattacharyya and Rao, 1993), and the HSV-1 gene
has properties that are consistent with a similar function
(Yu and Weller, 1998).

The existence of groups of viruses that exhibit close
morphological similarities but generally lack detectable
genetic relationships is not unique to the herpesviruses,
and may be explained as the result either of convergence
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from distinct evolutionary sources or as divergence from
an ancestor so ancient that sequence similarities have been
obliterated. The latter hypothesis is currently favored, but
the existence of a common ancestor of all herpesviruses
and any contingent dates for divergence of the groups
must be viewed cautiously. More speculatively, apparent
similarities in aspects of DNA packaging (Booy et al., 1991)
and capsid maturation (Newcomb et al., 1996) could be
interpreted as supporting an even earlier common evolu-
tionary origin between herpesviruses and certain double-
stranded DNA bacteriophages, including T4.

Phylogenetic analyses strongly support the view that
herpesviruses have largely co-evolved with their hosts,
often co-speciating with them. As would be expected
of evolutionary phenomena, a number of problematic
observations and exceptions have emerged as data have
multiplied, especially in relation to early divergences. From
comparisons between the phylogenies of the viruses and
their hosts, McGeoch and Cook (1994) proposed an evo-
lutionary timescale for the Alphaherpesvirinae in which
the Simplex- and Varicellovirus genera diverged about
73 million years ago, roughly coincident with the period
of the mammalian radiation. Even at this stage, poten-
tial exceptions to the co-evolution model were appar-
ent. For example, the taxonomical position of avian
herpesviruses among the Alphaherpesvirinae did not fit
well, and prompted the suggestion of ancient interspecies
transfers between mammals and birds. In this scheme,
a similar argument may be necessary to explain the
position of reptilian (turtle) herpesviruses in the same
subfamily (Quackenbush et al., 1998; Yu et al, 2001;
Coberley et al., 2002), especially given their distance from
amphibian herpesviruses (Davison et al., 1999 and unpub-
lished data). Assuming the constancy of the molecu-
lar clock derived for the Alphaherpesvirinae, McGeoch
et al. (1995) tentatively dated the divergence of the
Alpha-, Beta- and Gammabherpesvirinae at 180-220 mil-
lion years ago. Given the contrasting lack of relationships
between the groups and substantial relationships within
them (see below), this date did not fit well qualitatively
with a model in which the fish and mammalian her-
pesvirus groups co-speciated when teleosts separated from
other vertebrates. In a recent analysis utilizing improved
algorithms and the latest estimates for host divergence
dates, McGeoch and Gatherer (2005) pushed back the
common ancestor of the Alpha-, Beta- and Gammaher-
pesvirinae to about 400 million years ago, which permit-
ted a greater degree of support for co-evolution of the
Alphaherpesvirinae, including avian and reptilian mem-
bers. In this scheme, a much earlier, non-co-speciative

divergence may be indicated for the mammalian and fish
herpesvirus groups (along with one of similar or greater
antiquity for the bivalve herpesvirus group). However, this
would lack the advantage of explaining the segregation
of the viral groups to distinct parts of the animal king-
dom and necessitate additional arguments involving viral
extinction.

The mammalian herpesvirus group

In contrast to the lack of extensive relationships between
the three groups, members of the mammalian herpesvirus
group are clearly related to each other (Davison, 2002),
as are those in the fish herpesvirus group (Bernard and
Mercier, 1993; Davison, 1998; Davison etal., 1999; Waltzek et
al., 2005, and unpublished data). Figure 2.2 shows the gene
layoutin representatives of two genera for each of the three
subfamilies in the mammalian herpesvirus group. The sub-
families share 43 genes, termed “core genes,” which were
presumably inherited from a common ancestor (McGeoch
and Davison, 1999). This number assumes a small degree
of approximation, since amino acid sequence conserva-
tion among the set varies from substantial to marginal.
The core genes are shaded grey in Fig. 2.2, and are largely
confined to the central regions of the genomes, as is espe-
cially apparent with HCMV. Accumulation of more recently
evolved genes near the terminiis a feature oflinear, double-
stranded DNA genomes from other virus families, such as
the Poxviridae (Upton et al., 2003; McLysaght et al., 2003;
Gubser et al., 2004) and the Adenoviridae (Davison et al.,
2003c), and also of eukaryotic chromosomes (Kellis et al.,
2003). The core genes are ordered similarly in the same sub-
family, except for certain members of the Alphaherpesviri-
nae in which different arrangements are apparent: PRV in
the Varicellovirus genus (Ben-Porat et al., 1983; Davison
and Wilkie 1983; Dezelee et al., 1996; Bras et al., 1999) and
ILTVin the Iltovirus genus (Ziemann et al., 1998). However,
as shown in Fig. 2.2, the core genes are arranged differently
in the different subfamilies, in the form of blocks, some
of which are inverted (Davison and Taylor, 1987; Gompels
et al., 1995; Hannenhalli et al, 1995). As indicated in
Table 2.2, core genes are involved in vital aspects of her-
pesvirus growth, and many are involved directly or indi-
rectly in DNA replication, in packaging of replicated DNA
into capsids, and in capsid formation and structure. Most
of the core genes are essential for growth of virus in cell cul-
ture (Ward and Roizman, 1994; Yu et al., 2003; Dunn et al.,
2003).

Most core genes are present in all three subfamilies
of the mammalian herpesvirus group, but three (encod-
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Fig. 2.2. Layout of genes in mammalian herpesvirus genomes. Repeat regions are shown in thicker format than unique regions.

Protein-coding regions are shown as arrows shaded grey (core genes) or white (non-core genes), and introns as narrow white bars. Blocks

of core genes that are rearranged between the subfamilies are indicated by rectangles I-VII for HSV-1, HCMV and EBV, with inverted

blocks marked with a prime (Chee et al., 1990). Block II also contains a local inversion and transposition of one gene (encoding DNA

polymerase) that is not indicated. Genome coordinates and gene locations were obtained from accessions X04370 (VZV), X14112
(HSV-1), X83413 (HHV-6) as modified by Megaw et al. (1998), AY446894 (HCMV), U93872 (HHV-8) as extended at the right end of the
unique region by Glenn et al. (1999), and AJ507799 (EBV). Variable numbers of terminal repeats are present in HHV-8 and EBV, but are

shown at one end or the other other according to the accessions.

ing thymidine kinase, the small subunit of ribonucleotide
reductase and the helicase that binds to the origin of DNA
synthesis) have been lost from individual lineages. Thus,
the origin-binding helicase gene has been retained in the
Roseolovirus genus, but lost from other genera in the Beta-
herpesvirinae. This is mirrored in the presence of an origin
of lytic DNA replication with similar structure in lineages
that have retained this gene (Dewhurst et al., 1993; Inoue
etal., 1994).

In addition to protein-coding regions, certain cis-acting
sequences are conserved. These include the origin of lytic
DNA replication, which is located similarly in each sub-
family in comparison with adjacent genes, allowing for
rearrangement of gene blocks. Certain members of the
Alpha- and Gammaherpesvirinae contain additional lytic
origins. Also, short elements near the genome termini
that are involved in cleavage and packaging of unit-length
genomes are conserved in all subfamilies (Broll et al.,
1999).

As well as the part played by the gradual processes of
nucleotide substitution, insertion or deletion in generat-
ing diversity, acquisition of genes from the cell or from
other viruses has played an important role throughout

the evolution of the herpesviruses. There are examples
of captured genes in all herpesvirus lineages. Among the
mammalian herpesvirus group, the Gammabherpesvirinae
exhibit a particularly impressive number of such genes,
ranging from one encoding a product related to an enzyme
involved in de novo purine biosynthesis (phosphoribo-
sylformylglycineamide amidotransferase; FGARAT; Ensser
et al., 1997), which is present in all Gammaherpesvirinae,
through a cyclin D gene (Nicholas et al., 1992), which
features in a subset of the Rhadinovirus genus, inter-
feron regulatory factor genes (vIRFs), which are found
only in HHV-8 and RRV (Russo et al., 1996; Searles et al.,
1999), to a relatively recently captured core 2 B-1,6-
N-acetylglucosaminyltransferase-mucin gene in BHV-4
(Markine-Goriaynoff et al., 2003).

Duplication of genes, captured or otherwise, followed
by divergence, is also apparent in all herpesvirus lineages.
For example, up to three copies of the FGARAT gene are
present in Gammaherpesvirinae (Virgin et al., 1997), and
HHV-8 and RRV contain four and eight vIRF genes, respect-
ively (Searles et al., 1999; Jenner et al., 2001; Cunningham
et al., 2003). Examples of duplicated genes among other
members of the mammalian herpesvirus group include
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Table 2.2. Core genes in human herpesviruses, grouped according to functional class. HSV-2 and HHV-7 are not included, since
their nomenclatures are the same as those for HSV-1 and HHV-6, respectively. HSV-1 and HCMV genes that are essential for
growth in cell culture are marked by asterisks

HSV-1 \/AY% HCMV HHV-6 EBV HHV-8  Function

DNA replication machinery

UL30* 28 UL54* U3s BALF5 9 Catalytic subunit of DNA polymerase complex

UL42* 16 UL44* u27 BMRF1 59 Processivity subunit of DNA polymerase complex

UL9* 51 - u73 - - Origin-binding protein; helicase

UL5* 55 UL105* u77 BBLF4 44 Component of DNA helicase-primase complex; helicase

UL8* 52 UL102* U74 BBLF2/BBLF3 40/41 Component of DNA helicase-primase complex

UL52* 6 UL70* U43 BSLF1 56 Component of DNA helicase-primase complex; primase

UL29* 29 UL57* U41 BALF2 6 Single-stranded DNA-binding protein

Peripheral enzymes

UL23 36 - - BXLF1 21 Thymidine kinase

UL39 19 UL45% U284 BORF2 61 Ribonucleotide reductase; large subunit

UL40 18 - - BaRF1 60 Ribonucleotide reductase; small subunit

UL50 8 uL72¢ U454 BLLF3 54 Deoxyuridine triphosphatase

UL2 59 UL114 U8l BKRF3 46 Uracil-DNA glycosylase

Processing and packaging of DNA

UL12 48 UL98* u70 BGLF5 37 Deoxyribonuclease; role in DNA maturation and recombination

UL15* 42/45 UL89* U66 BGRF1/BDRF1 29 Putative ATPase subunit of terminase; capsid-associated

UL28* 30 UL56* U40 BALF3 7 Putative subunit of terminase; pac site-specific binding;
capsid-associated

UL6* 54 UL104* u76 BBRF1 43 Portal protein; forms dodecameric ring at capsid vertex; complexed
with terminase

UL25* 34 UL77* U50 BVRF1 19 Possibly caps the portal after DNA packaging is complete; tegument
protein

UL32* 26 UL52* U36 BFLF1 68 Involved in proper capsid localization in the nucleus

UL33* 25 UL51* U35 BFRFI1A 67A Interacts with terminase

UL17* 43 UL93* U64 BGLF1 32 Involved in proper capsid localization in the nucleus; tegument protein

Egress of capsids from nucleus

UL31* 27 UL53* U37 BFLF2 69 Nuclear matrix protein; component of capsid docking complex on
nuclear lamina

UL34* 24 UL50* U34 BFRF1 67 Inner nuclear membrane protein; component of capsid docking
complex on nuclear lamina

Capsid assembly and structure

UL19* 40 UL86* uUs57 BcLF1 25 Major capsid protein; component of hexons and pentons

UL18* 41 UL85* U56 BDLF1 26 Component of intercapsomeric triplex between hexons and pentons

UL38* 20 UL46* U29 BORF1 62 Component of intercapsomeric triplex between hexons and pentons

UL35 23 UL48A* U32 BFRF3 65 Small capsid protein located on tips of hexons; interacts with dynein
and microtubules

UL26* 33 UL80* U53 BVRF2 17 Maturational protease; generates mature forms of scaffolding proteins

UL26.5 335 UL80.5 U53.5 BdRF1 17.5 Scaffolding protein removed from capsid during DNA packaging

Tegument

UL7 53 UL103 u75 BBRF2 42 Associated with intracellular capsids

UL11 49 UL99* U71 BBLF1 38 Role in virion egress and secondary envelopment in the cytoplasm;
myristylated and palmitylated protein; interacts with UL16 protein

UL14 46 UL95* u67 BGLF3 34 Interacts with UL11 protein; regulates UL13 protein kinase

UL16 44 UL94* U65 BGLF2 33 Interacts with UL11 protein; regulates UL13 protein kinase

UL21° 38 UL88 U59 BTRF1 23

UL36* 22 ULA48* U31 BPLF1 64 Huge virion protein; interacts with UL37 protein; influences release of

DNA from capsids during entry
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HSV-1 \vAY HCMV HHV-6 EBV HHV-8  Function

UL37* 21 UL47 u30 BOLF1 63 Interacts with UL36 protein

UL51 7 UL71* U44 BSRF1 55

Surface and membrane

UL27* 31 UL55* U39 BALF4 8 gB

UL1* 60 UL115* us2 BKRF2 47 gL; complexed with gH

UL22* 37 UL75* U48 BXLF2 22 gH; complexed with gL

UL10 50 UL100* u72 BBRF3 39 gM; complexed with gN

UL49A¢ 9A UL73* U46 BLRF1 53 gN; complexed with gM; not glycosylated in some herpesviruses
Control and modulation

UL13 47 UL97 U69 BGLF4 36 Serine—threonine protein kinase; tegument protein
UL54* 4 UL69 U42 BSLF1/BMLF1 57 Multifunctional regulator of gene expression
Unknown

UL24 35 UL76* U49 BXRF1 20 Nuclear protein

¢ Probably not an active enzyme, as catalytic residues are absent.

b This assignment is tentative and is excluded from the total of 43 core genes given in the text. It depends on positional, rather than sequence,

conservation, and is compromised by that fact that UL21 is not flanked in each subfamily by clear homologues, unlike other core genes assigned on

a positional basis.
¢ Also referred to as UL49.5.

a family of glycoprotein genes in the Alphaherpesvirinae
(McGeoch, 1990) and 12 families, each containing up to
14 genes,in HCMV as arepresentative of the Betaherpesviri-
nae (Dolan et al., 2004). There are four gene families in
the fish herpesvirus, CCV (Davison, 1992), and 12 in the
bivalve herpesvirus, OsHV-1 (Davison et al., 2005). Given
that gene duplication has been widely employed in host
evolution (Prince and Pickett, 2002), and the greater evo-
lutionary rates of herpesviruses, it seems likely that this
means for generating diversity has played a greater part
in herpesvirus evolution than can be detected by primary
sequence comparisons.

The Alphaherpesvirinae subfamily

The employment of gene capture and duplication among
the Beta- or Gammaherpesvirinaeto generate diversity has
received extensive attention in theliterature (for details, see
Chapters 15 and 22). In contrast, the Alphaherpesvirinae
have evolved less adventurously in terms of gene content
since their divergence from a common ancestor, and it is
clear that gene loss has occurred. This mode of survival is
considered in the following paragraphs.

The Alphaherpesvirinae contain four genera, plus the
reptilian herpesviruses. Several complete genomes have
been sequenced for the Simplexvirus, Varicellovirus and

Mardivirus genera (Table 2.1). Data for the Ilfovirus genus
are more sparse. Limited sequence data are available for
reptilian herpesviruses. Figure 2.3 illustrates the genetic
content of members of the Varicello-, Simplex- and Mar-
divirus genera. Three examples (VZV, EHV-1 and BHV-1)
were chosen to represent the major lineages in the Vari-
cellovirus genus (see Chapter 1), plus SVV as a close relative
of VZV. Core genes are shown in grey, and other genes that
have counterparts in all three genera are shown in white.
All of these genes were presumably present in the common
ancestor, which is estimated to have existed 135 million
years ago (McGeoch and Gatherer, 2005), and they com-
prise all or nearly all of the genes in extant Alphaherpesviri-
nae. It seems that only a few genes have developed since
that era, and that the most of these are located near the
genome termini.

Figure 2.4 shows a scheme of relationships between the
genes at the left end of the genome, based on sequence
conversation and the observation that two genes (UL56 and
ORF1) encode potential membrane proteins. Also included
are data for PRV (whose closest sequenced relative is BHV-
1), MDV-2 andILTV. Since Uy invertsin HSV-1, and Uy in the
prototype genome orientation turned out to be inverted in
comparison with the Varicellovirus genus (Hayward et al.,
1975; Wadsworth et al., 1975), the genes at the left end of
HSV-1 U, are presented in the reverse order. In Fig. 2.4,
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Fig. 2.3. Layout of genes in genomes of the Alphaherpesvirinae. Repeat regions are shown in thicker format than unique regions.

Protein-coding regions are shown as arrows shaded grey (core genes), white (other genes shared by two or more genera) or black (other

genus-specific genes that have presumably evolved more recently), and introns as narrow white bars. Genome coordinates and gene
locations were obtained from accessions listed in the legend to Fig. 2.2, and from AF275348 (SVV), M86664 (EHV-1), AJ004801 (BHV-1)

and AF243438 (MDV-1).

UL56 and UL55 thus precede UL54, which is a core gene.
VZV has two extra genes (ORF1 and ORF2) sandwiched
between UL55 and UL56, and the other viruses have
between one and four genes in this region. For example,
SVV lacks ORF2 and has a partial duplication of UL54
near the end of the genome. A parsimonious approach
indicates that the ancestor preceding divergence of the
Iltovirus genus had at least one of the genes at the left
genome terminus (UL56; 180 million years ago; McGeoch
and Gatherer, 2005), that the ancestor preceding diver-
gence of the Mardivirus genus had at least three (UL56
(since lost), UL55 and ORF2; 135 million years ago), that
the ancestor of the Varicellovirus and Simplexvirus genera
had atleast three (UL56, UL55 and ORF2; 120 million years
ago) and that the ancestor of VZV and EHV-1 had all four
genes (82 million years ago). Various of these genes have
been lost during subsequent evolution of the mammalian
viruses.

Gene loss is also apparent at the right genome termi-
nus (Fig. 2.4), where, again, few genes are specific to one
virus or a few closely related viruses. Even the more recently
evolved genes may have substantial histories. Of the three
HSV-1 genes in this category, two at the right end of Us
(US11 and US12) have counterparts in related viruses of
monkeys (HVB and SA8; Ohsawa et al., 2002; Tyler et al.,

2005). HSV-1 and HVB are considered to have co-speciated
with their hosts about 23 million years ago (McGeoch et al.,
2000). The gene at the left genome terminus (RL1; repeated
internally) has a counterpart at a similar location in a wal-
laby herpesvirus genome (Guliani et al., 2002).

Outlook

Investigation of the genome structures, genetic contents
and evolution of herpesviruses is a maturing field that
undergirds the rest of herpesvirology. As with other com-
plex analytical subjects, future advances will require inci-
sive examination of both new data and the framework
into which they are fitted. There is yet room for more
surprises.

“It is a mistake to try to look too far ahead. The chain of
destiny can only be grasped one link at a time.” Winston
Churchill.
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Introduction

The herpesvirus family consists of a group of viruses
distinguished by the large size of their linear double-
stranded DNA genomes (~130-250 kbp) and a common
architecture of infectious particles (Fig. 3.1) (Chiu and
Rixon, 2002; Gibson, 1996; Steven and Spear, 1997). Indeed,
before the birth of molecular biology and the availability
of genomic sequencing, the common hallmark structural
features shared by these viruses were the most important
criteria for the classification of a herpesvirus (Roizman
and Pellett, 2001). All herpesviruses identified to date,
which include eight different types that are known to infect
human, and more than 170 other viruses that are found in
animalsaswellasinfishand amphibians (Roizman and Pel-
lett, 2001), exhibit identical structural design as illustrated
using human cytomegalovirus shown in Fig. 3.1. These
viruses have a highly ordered icosahedral-shape nucleo-
capsid of about 125-130 nm in diameter, which encases
the viral DNA genome. The nucleocapsid is surrounded
by a partially ordered proteinaceous layer called the tegu-
ment, which in turn is enclosed within the envelope, a
polymorphic lipid bilayer containing multiple copies of
more than 10 different kinds of viral glycoproteins that
are responsible for viral attachment and entry to host
cells.

Based on their biological properties such as growth char-
acteristics and tissue tropism, herpesviruses can be further
divided into three subfamilies. Among the eight human
herpesviruses, the alpha subfamily includes neurotropic
viruses and contains the herpes simplex virus (HSV) 1
and 2, and Varicella zoster virus (VZV). The members
of the gamma subfamily are lymphotropic viruses and
include Epstein-Barr virus (EBV) and Kaposi’s sarcoma-
associated herpesvirus (KSHV). The viruses of the beta
subfamily appear to be able to establish infections in many

different types of cells and tissues, and include human
cytomegalovirus (HCMV), and human herpesvirus 6 and
7. This subfamily classification system is largely consis-
tent with the extensive genomic information that is now
available (McGeoch et al., 2000). While studies have been
attempted to investigate the structure and architecture of
each of the eight human herpesviruses, virion and virus-
related particles of herpes simplex virus 1 (HSV-1), the pro-
totype of all herpesviruses, have been subjected to the most
extensive structural studies (Booy et al., 1991; Newcomb
etal., 1993, 2000; Schrag et al., 1989; Trus et al., 1996; Zhou
et al., 1999, 2000). During the last several years, signifi-
cant progress has also been made in understanding the
structure of cytomegaloviruses (Bhella et al., 2000; Chen
etal., 1999; Trus et al., 1999), the prototype of the beta her-
pesvirus family, and KSHYV, a representative of the gamma
herpesvirus family (Lo et al., 2003; Nealon et al., 2001; Trus
et al., 2001; Wu et al., 2000). Using HSV-1, HCMV, and
KSHYV as examples for each of the subfamilies, this chapter
focuses primarily on the structures of these three viruses,
and discusses the recent progress on understanding the
structures of human herpesviruses.

Different virus-related particles found in
infected cells

Summary of virion assembly pathway

Each of the herpesviruses encodes a specific set of pro-
teins that form the different compartments of the virion
(e.g. capsid, Table 3.1). Although many of the primary
amino acid sequences of these proteins are not highly con-
served among different viruses, the assembly pathway of
the virus particles is highly similar (Fig. 3.2) (Gibson, 1996;
Roizman and Knipe, 2001; Yu et al., 2003). The nucleocapsid
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Fig. 3.1. Herpesvirus architecture. (a) Electron cryomicrograph of a human cytomegalovirus virion showing the different compartments
of a herpes virion. (b) Schematic diagram illustrating the multilayer organization of human herpesviruses. Also shown are the electron
cryomicrograph of a non-infectious enveloped particle (NIEP) (¢) and a dense body (d) isolated from HCMYV virion preparations.

(e) Virions and different kinds of capsids observed in the thin sections of human foreskin fibroblasts infected with HCMV by negative

stain electron microscopy.

is formed in the nucleus and follows a pathway that bears
a marked resemblance to those of DNA bacteriophages
(Casjens and Hendrix, 1988). First, a procapsid is assem-
bled with the formation of the capsid shell and the inter-
nal scaffolding structure. Second, the procapsid is con-
verted into mature nucleocapsid, during which time, the
morphogenic internal scaffolding protein is released and
replaced by the viral DNA genome, concomitant with a
major conformation change of the capsid shell (Newcomb
etal.,1999; Yu et al., 2005). Subsequent events, however, dif-
fer from the phage assembly pathway (Fig. 3.2). The mature
nucleocapsid exits the nucleus and acquires its tegument
and envelope, through repeated fusion with and detach-
ment from nuclear membranes and other cellular mem-
branousstructures. Eventually, the mature infectious virion
particles are released into the extracellular space via cel-
lular secretory pathways. During this assembly process,

different virus-related particles and structures, includ-
ing the mature nucleocapsids and virions as well as the
intermediate and aberrant products, can be found in the
infected cells and the extracellular media (Figs. 3.1(c)—(e)
and 3.2).

Different virus-like particles secreted from
infected cells

Since the discovery of the herpesviruses, it has been
long recognized that, in addition to producing infectious
virus particles, the infected host cells also generate non-
infectious particles such as noninfectious enveloped par-
ticles (NIEP Fig. 3.1(c)) and dense bodies (DB) (Figs. 3.1(d)
and 3.2) (Gibson, 1996; Steven and Spear, 1997). Both NIEP
and DB are commonly found in the culture media of cells
that are lytically infected with HSV-1 and HCMV. The ratio
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Table 3.1. Major virion proteins present in HSV-1, HCMV and KSHV
HSV-1 HCMV KSHV

Common Protein Protein Protein
Location name name ORF Size (aa) name  ORF Size (aa) name ORF Size (aa)
inside the protease protease UL26 635 NPlc  UL80a 708 Pr ORF17 553 ~100
capsid

Scaffolding VP22a UL26.5 329 AP UL80.5 373 AP ORF17.5 283 ~1200 in B-capsid, 0 in A- &

C-capsids

MCP VP5 UL19 1374 MCP UL86 1370 MCP ORF25 1376 960; penton & hexon subunit
on the TRI-2 VP23 UL18 318 mCP UL85 306 TRI-2 ORF26 305 640, dimer in triplex
Capsid shell

TRI-1 VP19c UL38 465 mCBP UL46 290 TRI-1 ORF62 331 320, monomer in triplex

SCP VP26 UL35 112 SCP UL48.5 75 SCP ORF65 170 900; hexon tip

Abbreviations: MCP, major capsid protein; TRI-2, triplex dimer protein; TRI-1, triplex monomer protein; SCP, smallest capsid protein; Pr, protease;

AP, assembly protein.

Infectious Dense body

virions
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Non-infectious
enveloped particles

Cell
membrane

X
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@/ B-capsids
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Fig. 3.2. Different virus-like particles and structures during lytic cycle of herpesvirus replication. The infectious virion initializes

infection by either endocytosis or fusion with the cell membrane, which releases the nucleocapsid and some tegument proteins into the
cytoplasm. The nucleocapsid is uncoated and transported across the cytoplasm (Sodeik et al., 1997), allowing injection of the viral DNA
through nuclear pores into the nucleus, where replication and capsid assembly take place. Procapsids mature into the C-capsid by
encapsidating the viral dsDNA. Failure of DNA encapsidation results in the abortive A-capsid. Both B-capsid and C-capsid can acquire a
layer of tegument proteins at the nuclear membrane of the host cell to become cytoplasmic capsids, and are enveloped and released by
exocytosis to become non-infectious (NIEP) and infectious particles, respectively. Dense bodies, which contain a large amount of
tegument proteins but no capsids or viral DNA, can also be found in the extracellular media.
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of these particles to mature infectious virion particles can
sometimes reach 20:1, suggesting that they are produced
in great excess (Gibson, 1996; Steven and Spear, 1997). The
exact function of these non-infectious particles in viral
infection and replication is currently unknown, although
they have been proposed to act as decoys that saturate and
overwhelm the immune surveillance thereby facilitating
the survival of the infectious virions in the hosts (Gibson,
1996; Steven and Spear, 1997).

Structurally, both the NIEP and DB are significantly dif-
ferent from the infectious virion (cf. Fig. 3.1(a), (¢), (d)).
They can be easily distinguished using electron cryo-
microscopy (cryoEM) and separated from the mature
infectious virions using ultracentrifugation approaches. As
described above, all infectious herpesvirus virions share
four common structural features (Fig. 3.1(b)). First, all her-
pesviruses contain a large double-stranded DNA (dsDNA)
genome. The genomic DNA represents a dense core of
~90 nm in diameter, which can be stained with uranyl
acetate and visualized using electron microscopy (Gibson,
1996; Steven and Spear, 1997) and appears as “fingerprint”
patterns when examined by electron cryomicroscopy (Fig.
3.1(a)) (Booy et al., 1991; Zhou et al., 1999). Second, a cap-
sid of icosahedral shape, which primarily consists of many
copies of four different viral proteins, encases the genomic
DNA. Third, a protein layer structure, named as the tegu-
ment first by Roizman and Furlong (Roizman and Fur-
long, 1974), surrounds the capsid and occupies the space
between the capsid and the envelope. The tegument struc-
ture contains many virus-encoded factors that are impor-
tant for initiating viral gene transcription and expression
as well as modulating host metabolism and shutting down
host antiviral defense mechanism (for a brief review, see
Roizman and Sears, 1996). Finally, a lipid-bilayer enve-
lope constitutes the outermost perimeters of the particles,
and contains all the surface virion glycoproteins that are
responsible for viral infectivity and entry (Fig. 3.1).

Unlike infectious virion particles, a NIEP does not con-
tain a genomic DNA core and its capsid core appears to be
B-capsid-like under electron microscopy (Figs. 3.1(c) and
3.2). In contrast, a dense body does not contain a capsid
and appears as a cluster of tegument proteins encased by
the lipid-bilayer membranous envelope (Fig. 3.1(d)). The
presence of NIEP and DB indicates that neither packaging
of viral genome nor capsid formation is required for viral
envelopment.

Different capsid-like structures inside the infected cells

The capsid assembly is a continuous sequential process,
leading to the synthesis of the highly ordered capsid

structures. In cells that are lytically infected with her-
pesviruses, several kinds of virus capsid-like structures
have been identified as representing stable endpoints or
long-lived states (Figs. 3.1 and 3.2). Gibson and Roizman
firstintroduced the terms A-, B-, and C-capsids to describe
these intracellular capsid-like structures in HSV-1 infected
cells (Gibson and Roizman, 1972). Similar capsid structures
have been observed in cells infected with HCMV (Gibson,
1996; Irmiere and Gibson, 1985). Recent work has revealed
A-, B- and C-capsids of comparable chemical composi-
tion and structural features in the nuclei of gammaher-
pesvirus infected cells and this suggests that the gamma-
herpesvirus capsid assembly probably also proceeds in a
similar manner (O’Connor et al., 2003; Yu et al., 2003).
These capsids all have a distinctive polyhedral shape when
examined under electron microscope. Another capsid type,
termed procapsid, can be obtained from in vitro assembly
experiments using recombinant capsid proteins or from
cells infected by a HSV-1 mutant containing a temper-
ature sensitive mutation at the gene encoding the viral
protease (Rixon and McNab, 1999; Trus et al., 1996). The
procapsid has a distinctive spherical shape and is only
transiently stable. They undergo spontaneous structural
rearrangement to become the stable angular or polyhe-
dral form similar to the other types of capsids (Heymann
et al., 2003; Yu et al., 2005; Zhou et al., 1998b). A-capsids
represent empty capsid shells that contain neither viral
DNA nor any other discernible internal structure. They are
thought to arise from abortive, dead-end products derived
from either the inappropriate loss of viral DNA from a
C-capsid or the premature release of scaffolding protein
from a B-capsid without concurrent DNA packaging (Gib-
son, 1996). B-capsids are capsid shells containing an inner
array of scaffolding protein. C-capsids are mature cap-
sid shells that are packaged with viral DNA and do not
contain the scaffolding proteins. B-capsids are believed to
be derived from the procapsids upon proteolytic cleavage
of the scaffolding protein, and their fate in viral maturation
is controversial. Early pulse-chase experiments have sug-
gested that B-capsids can mature to C-capsids, which in
turn serve as the infectious virus precursors (Perdue et al.,
1976), and recent studies suggest that they might also be a
dead-end product in capsid assembly similar to A-capsids
(Trus etal., 1996; Yu et al., 2004). It remains unclear whether
the spherical procapsids first adapt to the stable angular
form before or after the cleavage of its scaffolding protein.
The C-capsid buds through the nuclear membrane usingan
envelopmentand de-envelopment process and acquires an
additional layer of proteins that forms the tegument in the
cytoplasm (for review, see Mettenleiter, 2002). Enveloped
virions are then released by exocytosis (Fig. 3.2).



Assembly of viral capsid

A-, B- and C-capsids represent the stable intermediates or
the end products of the herpesvirus capsid assembly pro-
cess (Figs. 3.1(e) and 3.2). In HSV-1, capsid assembly begins
with the formation of the spherical procapsid through the
association of the carboxyl terminus of the scaffolding pro-
tein with the amino terminus of the viral major capsid pro-
tein (MCP), similar to bacteriophage proheads (Conway
et al., 1995; Jiang et al., 2003). Previous experiments have
shown that the procapsid can be assembled in vitro from
the capsid and scaffolding proteins, in the absence of the
viral capsid maturation protease (Newcomb et al., 1999) or
from cells infected with viruses containing a temperature-
sensitive protease mutant (Heymann et al., 2003). These
procapsids can spontaneouslyrearrange into alarge-cored,
angular particle resembling the B-capsid, but these large-
cored particles do not encapsidate DNA or become mature
virions. Past studies have also shown that cells infected with
a HSV-1 mutant containing a temperature-sensitive muta-
tion in the protease gene produced capsids that assemble
at the non-permissive temperature, similar to the in vitro-
assembled procapsids (Rixon and McNab, 1999). The cap-
sids matured when protease activity was restored (Rixon
and McNab, 1999), demonstrating that the procapsid is
the precursor to the angular capsid (Fig. 3.2). The proteo-
lytic cleavage of the intra-capsid scaffolding proteins at
their C-termini by the viral protease (Hong et al., 1996; Liu
and Roizman, 1991, 1992; Preston et al., 1992; Welch et al.,
1991) interrupts the interactions between the scaffolding
proteins and the major capsid proteins (Zhou ez al., 1998b).
Theinteractions between the scaffolding protein, the major
capsid protein, and viral protease are important targets for
antiviral drugdesignin treatingand controlling herpesvirus
infections (Flynn et al., 1997; Qiu et al., 1996; Shieh et al.,
1996; Tong et al., 1996, 1998). Proteolytic cleavage of the
scaffolding protein is followed by the recruitment of the
smallest capsid protein, VP26, through an ATP-dependent
process (Chi and Wilson, 2000), leading to the formation
of the intermediate or B-capsids. The mature procapsids
are believed to arise spontaneously by packaging the viral
genome DNA, a process that is currently not completely
understood (Yu et al., 2005).

Compositions and three-dimensional structural
comparisons of alpha, beta and
gammaherpesvirus capsids

A-, B-, and C-capsids (Yu et al., 2005) can be isolated from
the nucleus of the host cells lytically infected by herpes-
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viruses and they have been subjected to three-dimensional
structure studies for HSV-1 (Zhou et al, 1998a, 1994),
HCMYV (Butcher et al., 1998; Chen et al., 1999; Trus et al.,
1999), and KSHV (Nealon et al., 2001; Trus et al., 2001; Wu
etal., 2000; Yu et al., 2003). While these three types of cap-
sidshave different composition (e.g., viral DNA and internal
scaffolding protein), they all have acommon shell structure
that consists of 150 hexameric (hexon) and 12 pentamet-
ric (penton) capsomers, which are connected in groups of
three by the triplexes, asymmetric structures that lie on the
capsid floor (Fig. 3.3). During the last few years, consid-
erable progress of the three-dimensional structure of the
capsids and the assembly of the capsomers and triplexes
has been made on the studies.

The capsid, approximately 1250-1300 A in diameter, is
a T = 16 icosahedron with 12 pentons forming the ver-
tices, 150 hexons forming the faces and edges, and 320
triplexes interconnecting the pentons and hexons (Rixon,
1993; Steven and Spear, 1997). One of the 20 triangular faces
of the icosahedral capsid is indicated by the dotted trian-
gle in Fig. 3.3(a) with three fivefold (‘5’), a twofold (‘2’) and
threefold (through triplex Tf) symmetry axes labeled. The
six fivefold axes pass through the vertices, the ten threefold
(3f) axes pass through the centers of the faces, and the 15
twofold (2f) axes pass through the middle of the edges. The
structural components in one asymmetric unit are labeled,
including1/5ofapenton (‘5’), one P (peri-pentonal) hexon,
one C (center) hexons a half E (edge) hexon (Steven et al.,
1986), and one each of Ta, Tb, Tc, Td and Te triplex and 1/3
of Tf triplex (Fig. 3.3(a)) (Zhou et al., 1994).

HSV-1 is the easiest to grow among all human her-
pesviruses and has been subjected to the most thorough
structural analyses, and its capsid has been reconstructed
to 8.5 A resolution (Fig. 3.3(a)) (adapted from Zhou et al.,
2000 with permission from the publisher). The capsid shell
hasatotal mass ofabout200 MDa. The structural features of
the capsid are built from four of the six capsid proteins: 960
copies of the major capsid protein (MCP), VP5; 320 copies
of triplex monomer protein (TRI-1), VP19c; 640 copies of
triplex dimer protein (TRI-2), VP23; and 900 copies of the
smallest capsid protein (SCP), VP26. At this high resolu-
tion, details of secondary structure can be resolved that are
not visible at lower resolution. Alpha-helices, for example,
appear as extended, cylindrical rods of 5-7 A diameter. The
VP5 major capsid protein of HSV-1 was found to contain 24
helices. These assignments of helices to densities were cor-
roborated by docking the cryoEM structure with X-ray crys-
tallographic data which were subsequently obtained for the
upper domain of VP5 (Fig. 3.3(¢c)) (Baker et al., 2003; Bow-
man et al., 2003). A group of seven helices is clustered near
the area of the protein that forms the narrowest part of the
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Fig. 3.3. HSV-1 capsid at 8 A resolution (Zhou et al., 2000) and atomic model of upper domain of the major capsid protein (MCP), VP5
(Bowman et al., 2003). (a) Radially color-coded surface representation of the HSV-1 B capsid structure at 8.5 A. One of the 20 triangular
faces is denoted by dashed triangle. The penton and three types of hexons are indicated by ‘5’, B, E and C. Also labeled are the six
quasi-equivalent triplexes, Ta, Tb, Tc, Td, Te, Tf. (b) Two hexon subunits were shown in wire frame representation with « helices identified
in one of the VP5 subunit illustrated by orange cylinders (5 A in diameter). The red arrowhead points to the 7 helix bundle in the middle
domain and the white arrow identifies the long helix in the floor domain that connects adjacent subunits.

(c) Ribbon representation of the atomic structure of the HSV-1 MCP upper domain determined by X-ray crystallography (Bowman et al.,
2003). The helices identified in the hexon VP5 subunit in the 8.5 A HSV1 capsid map (Zhou et al., 2000) are shown as cylinders: those in
green match with helices present in the X-ray structure and those in yellow are absent in the X-ray model, suggesting possible structural
differences of MCP packed in the crystal and inside the virion. (d) One single triplex is shown as shaded surface representation with
individual subunits in different colors: VP19c in green and the two quasi-equivalent VP23 subunits in light and dark grey, all situated on
the capsid shell domains of VP5 (blue). (e) a-helices identified in the two quasi-equivalent VP23 molecules (in red and yellow cylinders of
5 A diameter, respectively). Adapted with permissions from publishers. (See color plate section.)

axial channel of the pentons and hexons (indicated by the
red arrowhead in Fig. 3.3(b)). Shifts in these helices might
be responsible for the constriction that closes off the chan-
nel to prevent release of packaged DNA. The floor domain
of VP5 also contains several helices, including an unusually
long one that interacts with the scaffolding core and may
also interact with adjacent subunits to stabilize the capsid
(arrow in Fig. 3.3(b)). Structural studies of in vitro assem-
bled capsids that are representatives of capsid maturation
stages suggest that substantial structural rearrangement at
this region is directly related to the reinforcement of pen-
ton and hexons during morphogenesis (Heymann et al.,
2003).

Thehigherresolution of this reconstruction also revealed
the quaternary structure of the triplexes, which are com-
posed of two molecules of VP23 and one molecule of
VP19c (Fig. 3.3(d), (e)). The lower portion of the triplex,
which interacts with the floor of the pentons and hexons,
are threefold symmetric with all three subunits roughly

equivalent. This arrangement alters through the middle
of the triplex such that the upper portion is composed
mostly of VP23 in a dimeric configuration. It appears that
all three subunits of the triplex are required for the correct
tertiary structure to form because VP23 in isolation exists
only as a molten globule with no distinct tertiary structure
(Kirkitadze et al., 1998).

The capsids of otherhuman herpesviruses have alsobeen
studied by electron cryomicroscopy, including HCMV and
simian cytomegalovirus (SCMV), and KSHV, members of
the beta and gammaherpesviruses, respectively (Fig. 3.4)
(Bhella et al., 2000; Chen et al., 1999; Trus et al., 1999, 2001;
Wu et al., 2000). The HCMV capsid structure is very sim-
ilar to HSV-1 in overall organization, with four homolo-
gous structural proteins at the same stoichiometries (Fig.
3.4(a) and (b)). The main difference is that the HCMV capsid
had a larger diameter (650 A) than HSV-1 (620 A), resulting
in a volume ratio of 1.17 (Bhella et al., 2000; Chen et al.,
1999; Trus et al., 1999). The increased size of the HCMV
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Fig. 3.4. Comparison of the three-dimensional structures of
alpha, beta and gammaherpesvirus capsids. The capsid maps of
HSV-1 (a), HCMV (b) and KSHV (¢) are shown as shaded surfaces
colored according to particle radius and viewed along an
icosahedral three-fold axis. The resolution of the HSV-1 and KSHV
capsid maps is 24 A and that of the HCMV capsid (Butcher et al.,
1998) is 35 A. The right two columns are detailed comparisons of a
penton and an E hexon, which were extracted computationally
from each map and shown in their top and side views. (See color
plate section.)

capsid despite the similar molecular mass of its component
proteins results in a greater center-to-center spacing of the
capsomers compared to HSV-1 (Fig. 3.4(b)).

The structure of KSHV capsids was also determined
by cryoEM to 24 A resolution and exhibit structural fea-
tures very similar to those of HSV-1 and HCMV capsids
(Fig. 3.4(c)) (Trus et al., 2001; Wu et al., 2000). The KSHV
and HSV-1 capsids are identical in size and capsomer
organization. However, some notable differences are seen
upon closer inspection. The KSHV capsid appears slightly
more spherical than the HSV-1 capsid, which exhibits a
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somewhat angular, polyhedral shape. When viewed from
the top, the hexons in the KSHV capsid appear flower-
shaped, whereas those of HSV-1 have slightly tilted sub-
units and as a result appear more gear-shaped (see below).
Also, the KSHV triplexes are slightly smaller and deviate
less from threefold symmetry than the much-elongated
triplexes in the HSV-1 capsid. The differences in the upper
domains of HSV-1 and KSHV triplexes indicate that the
HSV-1 triplexes are slightly taller. The radial density pro-
files show that the KSHV and HSV-1 capsids have identical
inner radii of 460 A (Wu et al., 2000). Because both viruses
also have similar genome sizes, their identical inner radii
suggest that their DNA packing densities inside the cap-
sids are similar. In contrast, betaherpesvirus capsids, such
as those of HCMV, have a somewhat larger internal vol-
ume than HSV-1 or KSHYV capsids (Bhella et al., 2000; Chen
et al, 1999; Trus et al.,, 1999). However, the increase in
volume is disproportionate to the large increase in the
size of the HCMV genome over the HSV-1 and KSHV
genomes. This implies that the viral DNA is more densely
packed into HCMV virions than into HSV-1 or KSHV
virions.

In herpesvirus capsids, both the penton and hexon have
a cylindrical shape (about 140-A diameter, 160-A height)
with a central, axial channel approximately 25 Ain diame-
ter (Fig. 3.4). The penton and hexon subunits both have an
elongated shape with multiple domains, including upper,
middle, lower, and floor domains. The middle domains of
the subunits interact with the triplexes. The lower domains
connect the subunits to each other and form the axial chan-
nels. While the upper domains of adjacent hexon subunits
interact with one another, adjacent penton subunits are
disconnected at their upper domains, resulting in the V-
shaped side view of the pentons (Fig. 3.4). Another major
difference between the penton and hexon concerns their
floor domains. These domains play an essential role in
maintaining capsid stability, as suggested by the higher-
resolution structural studies of the HSV-1 capsid (Zhou
et al., 2000), where a long a-helix inserts into the floor
domain of the adjacent subunit (Fig. 3.3(b)). The relative
angle between the floor and lower domains is about 110°
in the penton subunit and becomes less than 90° in the
hexon subunit, making the penton to appear longer in its
side view.

The HSV-1 penton and hexon subunits have the same
basic shape as the HCMV and KSHV subunits (Fig. 3.4).
Each consists of upper, middle, lower, and floor domains.
However, the upper domains of the HSV-1 penton sub-
units point inward toward the channel, whereas those
of the HCMV and KSHV penton subunits point outward.
The upper domain of the KSHV subunit has a rectangular
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Fig. 3.5. Packing of dsDNA inside herpesvirus capsid (Yu et al., 2003). (@) The upper half of a 100-A thick central slice extracted from the
21 A resolution reconstruction of the C-capsid of the rhesus rhadinovirus (RRV), a gammaherpesvirus and the closest KSHV homologue.
The slice exhibits high-density features organized as multiple spherical shells inside the inner surface of the capsid floor. At least six
concentric shells can be distinguished before the pattern becomes indistinct toward the center of the capsid. (b) Radial density
distribution of the C-capsid obtained by spherically averaging the C-capsid reconstruction and plotted as a function of radius. It is

evident that the distance between neighboring peaks is about 25 A.

shape, while that of the HSV-1 penton subunit appears as a
triangle. The most striking difference is that the HSV-
1 hexon subunits contain an extra horn-shaped density
whichisnotfoundin the HSV-1 penton (Fig. 3.4(a), arrowin
rightpanel). This extra density binds to the top of each HSV-
1 hexon subunit and has been shown to be the SCP, VP26,
by difference imaging (Trus et al, 1995; Zhou et al., 1995),
which associate with one another to form a hexameric ring
around the hexon at a radius of approximately 600 A. This
accounts for the tilted or gear-like appearance of the HSV-
1 hexon top view. The KSHV homolog of HSV-1 VP26 is
ORF65. Difference map of anti-ORF65 antibody labeled
and unlabeled KSHV capsids also showed that ORF65 binds
only to the upper domain of the major capsid proteins in
hexons but not to those in pentons (Lo ef al., 2003). The
lack of horn-shaped densities on the hexons indicates that
KSHV SCP exhibits substantially different structural fea-
tures from HSV-1 SCP. The location of SCP at the outermost
regions of the capsid suggests a possible role in mediat-
ing capsid interactions with the tegument and cytoskeleton
proteins during infection.

Structure and packaging of viral genomic DNA

The sizes of the dsDNA genomes of different human her-
pesviruses vary substantially, e.g., the HCMV genome is
51% longer than HSV-1 (Davison et al, 2003; McGeoch
et al, 2000). The major point of interest concerns the
packing of their genomes within the capsids. The HCMV
capsid is 117% larger than HSV-1. Besides the volume,
factors such as DNA density, capsid capacity, and capsid

expansion can also influence DNA packaging in viruses.
The genome of HCMV might be more densely packed than
that of HSV-1, or might induce expansion of the capsid
upon packaging. Alternatively, the two viruses might have
a similar capacity but differ in the amount of unoccupied
space at the center of the capsids.

In HSV-1, the genomic DNA within the nucleocapsid is
closely packed into multiple shells of regularly spaced den-
sities, with 26 A between adjacent DNA duplexes (Zhou
et al, 1999). The central slice and radial density plot in
Fig. 3.5 indicate that the C-capsid of Rhesus rhadinovirus
(RRV), a gammaherpesvirus, has an almost identical pat-
tern of DNA organization to those observed in HSV-1,
though slightly more compact, with a 25-A inter-duplex
distance (Yu et al., 2003). Although the RRV capsid, like the
KSHV capsid, has nearly the same diameter as the HSV-1
capsid (1250 A), RRV has a slightly larger genome size than
HSV-1, ~165 vs. 153 kb, respectively (Alexander et al., 2000;
Lagunoffand Ganem, 1997; Renne et al., 1996; Searles et al.,
1999). Therefore, the smaller inter-duplex distance may
merely reflect the need to compact this greater amount of
DNA into the same volume within the capsid. HCMV has
the largest genome (~230 kb) of all human herpesviruses
but has a capsid that is only slightly larger (1300 A diam-
eter), and its DNA was shown to pack with an interdu-
plex distance of only 23 A (Bhella et al., 2000). Based on
the interduplex spacing and the genome sizes, we estimate
that the closely packed DNA genomes of HSV-1, RRV, and
HCMV would occupy a total volume 0f 3.52 x 108 A3,3.51 x
108A3, and 4.05 x 108A3, respectively (Yu et al., 2003). These
volumes would measure approximately 92%, 92%, and 90%
of the total available spaces inside the HSV-1, RRV, and



HCMV capsids, as estimated on the basis of their inner
diameters of 900 A, 900 A and 950 A, respectively. The
23-26 A packing of strands of herpesvirus dsDNA is very
close to the 20-A diameter of B-type dsDNA, suggesting
thatherpesvirus genomes are packed as “naked” DNA with-
out any bound histone-like basic proteins. In this regard,
SDS-PAGE analyses demonstrated that the A-capsids and
C-capsids have the same protein composition (Booy et al.,
1991; O’Connor et al., 2003). In the absence of histone-
like proteins, close packing of naked DNA would lead to
a potentially strong electrostatic repulsion between the
juxtaposed negatively charged DNA duplexes. This would
make the packaging of DNA into procapsid energetically
unfavorable, supporting the need for an energy-dependent
DNA packaging machinery such as the bacteriophage-like
connector recently reported in HSV-1 capsids (Newcomb
et al, 2001). Even so, it is conceivable that the negative
charge of DNA may at least be partially neutralized by bind-
ing polyamines (Gibson and Roizman, 1971) or some other
undiscovered small basic molecules to reduce the strong
electrostatic repulsion.

Structure and assembly of tequment

Composition of viral tequment

The tegument occupies the space between the capsid and
the envelope. Since the capsid and virion are ~125 nm
and ~220 nm in diameter, respectively, the tegument
represents a significant part of the virion space and indeed,
contains approximately 40% of the herpesvirus virion pro-
tein mass (Gibson, 1996;). Since they are components of
virions, tegument proteins are delivered to cells at the very
initial stage of infection and they have the potential to func-
tion even before the viral genome is activated. Extensive
studies, including amino acid sequencing and mass spec-
trometric analyses, have been carried out to determine
the protein content of the tegument. These results have
revealed the compositions of the teguments of HSV and
HCMYV, and provided insight into its function.

The tegument of HSV-1 contains more than 20 virus-
encoded proteins (Roizman and Knipe 2001). The most
notable proteins include the a-trans-inducing factor (aTIE
VP16), the virion host shutoff (vhs) protein (UL41),
and a very large protein (VP1-2). VP16 functions as a
transcription activator to induce the transcription of viral
immediate—early genes, and in addition, plays an essential
function as a structural component in the tegument (McK-
night et al., 1987; Preston et al., 1988; Weinheimer ef al.,
1992). The protein vhs is a non-sequence specific RNase
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that degrades most of the host mRNAs during the initial
stage of viral infection, and facilitates the translation of
viral mRNAs and viral gene expression (Everly et al., 2002;
Read and Frenkel, 1983). VP1-2 is found to be associated
with a complex that binds to the terminal asequence of the
viral genome, which contains the signal for packaging the
genome into the capsid (Chou and Roizman, 1989).

Atleast30virus-encoded proteins have been found in the
HCMYV tegument (Gibson, 1996; Mocarski and Courcelle,
2001). Significant progress has been made to delineate the
function of these HCMV-encoded tegument proteins. For
example, the UL69 protein acts to block cell cycle progres-
sion, while the UL99-encoded pp28 protein is required for
cytoplasmic envelopment of the nucleocapsids (Hayashi
et al., 2000; Sanchez et al., 2000; Silva et al., 2003).

There are five predominant protein species found in
the HCMV tegument: the high molecular weight protein
(HMWP) encoded by UL48, the HMWP-binding protein
encoded byUL47, thebasic phosphoprotein (BPP or pp150)
encoded by UL32, the upper matrix protein (UM or pp71)
encoded by UL82, and the lower matrix protein (LM or
pp83) encoded by UL83 (Gibson, 1996; Mocarski and Cour-
celle, 2001). Although their organization within the virion
is not completely understood, these abundant proteins are
believed to form the structural backbone of the tegument.
UL48 and UL32 products, both of which are essential for
viral replication (Dunn et al.,, 2003; Meyer et al., 1997),
have been proposed to interact intimately with nucleo-
capsids (see below). Blocking UL32 expression resulted in
accumulation of the nucleocapsid, suggesting that this pro-
tein is essential for tegument formation (Meyer et al., 1997).

UL82 is also believed to be involved in direct interaction
with the newly synthesized nucleocapsid, and is import-
ant for initiation of tegument assembly (Trus et al., 1999).
Moreover, the UL82-encoded pp71 protein is a transcrip-
tional activator that helps to induce the transcription of
the immediate-early genes within the infected cells (Liu
and Stinski, 1992). UL83, the most abundant tegument
protein, accounts for more than 15% of the virion protein
mass (Gibson, 1996). The encoded pp65 protein has been
reported to block major histocompatibility complex class I
presentation of a viral immediate—early protein, and more
recently, has been implicated to inhibit the induction of
host interferon response (Browne and Shenk, 2003; Gilbert
et al., 1996). Remarkably, pp65 is not essential for viral
replication and infectious virion production (Schmolke
et al., 1995). However, UL83 constitutes 90% of the pro-
tein mass in the noninfectious dense bodies, which have
similar envelope structure, but lack a capsid core (Gibson,
1996). Non-infectious envelope particles, which contain
B-capsid like core without the viral DNA genome, have a
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reduced amount (30-60% lower) amount of pp65, as do low
passage clinical isolates, compared to the laboratory-
adapted AD169 and Towne strains (Gibson, 1996; Klages
et al., 1989). These observations suggest that UL83 serves
asanonstringent, volume-filling function in facilitating the
assembly of virions, non-infectious enveloped particles,
and dense bodies. Furthermore, the abundance of this pro-
tein in the viral particles and its function in blocking host
immune response is believe to allow the virus to escape
immune surveillance and significantly contributes to CMV
survival (Browne and Shenk, 2003; Gilbert et al., 1996).

Comparative structure of viral tequment

Overview of tegument structure

While significant progress has been made during the last
few years to identify tegument proteins and study their
functions, little is currently known about the structure of
the tegument and the organization of the proteins within
the tegument. Equally elusive is the pathway of the assem-
bly and formation of the tegument, which involves the
packaging of all the tegument proteins and is certainly a
highly regulated, ordered process.

Recent electron cryomicroscopy studies on the virus-
related particles of HSV-1, HCMV, and simian CMV (SCMV)
provide significant insight into the structure and orga-
nization of the herpesvirus tegument (Chen et al., 1999;
Trus et al.,, 1999; Zhou et al., 1999). In these studies, the
three-dimensional structures for the infectious virions or
cytoplasmic tegumented capsids were reconstructed, and
compared to the structures of the intranuclear capsids. The
tegument can be seen in the virion as a region of rela-
tive low density covering an area in the 60-100 nm radius
(Figs.3.1(a), (c)and 3.6(a), (¢)) (Chen etal., 1999; Zhou et al.,
1999). Although the diameters of the nucleocapsids in dif-
ferent particles appear uniform, the sizes and shapes of the
virus particles and the relative locations of nucleocapsids
inside the particles vary. These observed variations suggest
that most of the tegument proteins do not maintain rigid
interactions with the enclosed nucleocapsids, and thus the
bulk of the tegument layer does not possess icosahedral
symmetry (Chen et al., 1999; Zhou et al., 1999).

The protein densities are also unevenly distributed
across the tegument space. Studies on the localization of
the tegument proteins have been reported using immu-
noelectron microscopy with antibodies specifically against
tegument proteins and chemical treatment approaches for
step-wise removal oflayers of virion particles (Gibson, 1996;
Steven and Spear, 1997). Several proteins have been found
to be located at the tegument space distant to the nucleo-
capsids. For example, UL23 and UL24 are localized in the

HCMYV tegument space close to the inner side of the enve-
lope membrane (Adair et al., 2002).

Detailed comparison of the electron cryomicroscopic
images of the intact virion particles, the cytoplasmic
tegumented capsids, and the nucleocapsids, revealed the
unique tegument densities that are present in virion and
tegumented capsids but not in capsid preparations. Some
of these tegument densities, which are closely associated
with nucleocapsid, also exhibit a certain degree of sym-
metry, and their structures were reconstructed to a reso-
lution of 18-30 A (Fig. 3.6) (Chen et al., 1999; Trus et al,
1999; Zhou et al., 1999). Since the surface of the nucleo-
capsid represents the starting site for tegument acquisition
and envelopment, these tegument densities are believed
to involve specific and direct interactions with capsid pro-
teins and serve as anchors to recruit other tegument pro-
teins for initiation of tegument formation. The tegument
densities of HSV1 that are closely associated with the cap-
sids exhibit a dramatic difference from those of HCMV and
SCMV (Chen et al., 1999; Trus et al., 1999; Zhou et al., 1999)
(Fig. 3.6). This may not be unexpected since there is lit-
tle evolutionary conservation in the sequence of tegument
proteins between HSV-1 and CMV, and many CMV tegu-
ment proteins do not have sequence homologues in HSV-1
(Davison et al., 2003; McGeoch et al., 2000).

Tegument structure of HSV-1

Comparison of the maps of HSV-1 intact virion particles
and B capsids revealed the marked differences between
the two maps in the region of the pentons, which are high-
lighted in color in the superposition of the difference map
on the B-capsid map (Fig. 3.6(b)). The most obvious dif-
ference is the presence of additional material extending
from the surface of the pentons. The extra material has a
molecular mass of 170-200 kDa, extends from the interface
between the upper domains of two adjacent VP5 subunits
in the penton and connects to the nearby triplexes that
are made up of VP19C and VP23 proteins (Fig. 3.6(b)). The
restriction of the tegument contacts to the pentons is con-
sistent with previous observations of tightly attached tegu-
ment material at the vertices of capsids in negative stain
and freeze-etchingimages of detergent-treated equine her-
pevirus virions (Vernon et al., 1982). An identical pattern
of tegument protein interaction was observed in a VP26-
minus virion mutant (Chen et al., 2001). This result indi-
cates that the lack of tegument association of the HSV-1
hexons is not due to the presence of VP26 on the hexon
upper domain, but rather likely due to the inherent struc-
tural difference on the upper domains of penton and hexon
VP5.
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Side view

Fig. 3.6. Difference of the anchored tegument proteins between HSV-1 ((a) and (b)) and HCMYV ((¢)-(e)). (@) and (c¢)) Radially
color-coded shaded surface views of the three-dimensional reconstruction of HSV-1 (a) and HCMV (c¢) virions as viewed along an

icosahedral three-fold axis. The bulk of the tegument components and the viral envelope are not icosahedrally ordered or polymorphic,

thus appearing as disconnected low densities in the icosahedral reconstruction. These disconnected densities were masked out for the

right hemisphere to better reveal the icosahedrally ordered tegument proteins, which are shown in blue to purple colors in (a) and in

purple in (¢). ((b) and (d)) Close-up views of the region indicated in (a) and (c), respectively, showing the molecular interactions of the

tegument proteins (yellow) with the penton (red), P hexon (blue) and triplexes (green). In HSV-1, contrary to the extensive tegument

association with all hexons, the tegument densities do not interact with any hexon. (e) Extracted triplex HCMV Tc with its attached

tegument densities. Three tegument densities interact with the upper domain of each triplex (insert Table 3.1). (See color plate section.)

Based on its close association with the capsid and rel-
ative abundance in the tegument, the essential tegument
protein VP1-3 has been proposed to constitute a major part
of the protein complexes representing the tegument mat-
erial (Zhou et al., 1999). VP1-3 is an interesting yet poorly
characterized protein. Ithas been shown that VP1-3is asso-
ciated with a complex that binds to the terminal asequence
of the viral genome, which contains the signal for genome

packaging into the capsid (Chou and Roizman, 1989). A
temperature-sensitive mutant (¢s B7) with a mutation in
VP1-3 fails to release viral DNA from the infecting capsids
into the nucleus during viral decoating process (Batterson
and Roizman, 1983). Since the penton has been suggested
to be the route by which viral DNA leaves the capsid
(Newcomb and Brown, 1994), an interaction between VP1-
3 and the penton proteins would place it in an appropriate
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position to influence the passage of the viral genome. Fur-
ther studies are needed to test these hypotheses and com-
pletely reveal the identity of the proteins coding for the
tegument material.

Tegument structure of CMV
Thetegumentdensities of HCMVthatare closely associated
with nucleocapsid are dramatically different from those of
HSV-1 (cf. Fig. 3.6 (a) and (¢)) (Chen etal., 1999). A difference
map between the HCMV particles and B-capsids revealed a
thinsshell ofloosely connected filamentous densities, repre-
senting theicosahedrally ordered, capsid-proximal portion
ofthe tegumentin HCMV (Fig. 3.6(c)—(e)). Unlike HSV-1, the
tegument densities interact with all of the structural com-
ponents of the nucleocapsid: penton (made up of major
capsid protein UL86), hexon (consisted of UL86 and small-
est capsid protein UL48.5), and triplex (composed of minor
capsid protein UL85 and its binding protein UL46). Figure
3.6(d) shows the close-up views of a region from the intact
virus reconstruction that includes one penton (red), one
P hexon (blue), and two representative adjacent triplexes
Ta and Tc (green). Superimposed on the penton and hexon
are their associated tegument densities (yellow). Clusters of
five and six tegument densities attach to the pentons and
hexons, respectively. Moreover, neighboring clusters asso-
ciate with each by bridging over the intercapsomer space,
apparently using triplexes as piers. Each of the filamentous
tegument densities, which is about 12 nm in length and 2-3
nm in diameter, acts as the bridge arch. Thus, the capsid
appears to act as the scaffold of the ordered tegument pro-
tein layer. These results imply that the ordered tegument
layer cannot form without the underlying capsid and are
consistent with the observations that no such tegument
layer was found in dense bodies (Chen et al., 1999).
Detailed examination of the interactions between
triplexes and tegument densities further revealed minor
differences between the structures of SCMV cytoplasmic
tegumented capsids and HCMV particles (Chen et al.,
1999; Trus et al, 1999). In SCMV cytoplasmic capsids,
two tegument densities were found to be associated with
each triplex. In contrast, three densities were shown to be
attached to each triplex of the nucleocapsid of the HCMV
particles (Fig. 3.6(e)). It is conceivable that the extra tegu-
ment densities observed in HCMYV structure may represent
those that were loosely associated with the capsids and
probably lost during the purification of the SCMV capsids.
Based on their relative abundance and close association
with the nucleocapsids, two CMV tegument proteins, UL32
and UL82, have been proposed to constitute the major-
ity of the observed tegument material that attach to the
capsids (Chen et al., 1999; Trus et al., 1999). UL82, which

encodes a transcriptional activator (Liu and Stinski, 1992),
has amolecular weight of ~70 kDa, similar to the estimated
molecule mass of the capsomer-capping tegument pro-
tein densities. UL32 has been suggested to be involved in
the transport of DNA-containing capsids through nuclear
membrane during envelopment or in the stabilization of
capsids in the cytoplasm (Meyer et al., 1997). In recent
experiments, CMV virion particles were subjected to differ-
ent chemical conditions, which do not disrupt the integrity
ofthe nucleocapsids, to selectively remove the components
not tightly associated with the capsids. These experiments
showed that most of the known tegument proteins, includ-
ing UL99 and UL83, are removed, but UL32 is not affected
(Yu, X., Lee, M, Lo, P, Liu, E, and Zhou, Z. H., unpublished
results). Thus, these results further suggest that UL99 and
ULB83 are loosely and distantly associated with capsids and
that UL32 is in close proximity and possibly involved in
direct interactions with the capsids.

Structure and assembly of viral envelope

The envelope contains most, if not all, of the virion glyco-
proteins. Each of the herpesviruses encodes a set of 20—
80 glycoproteins, very few of which are highly conserved
among all the herpesviruses (Kieff and Rickinson, 2001;
Mocarski and Courcelle, 2001; Roizman and Knipe, 2001).
For example, HSV-1 encodes at least 20 glycoproteins, 11 of
which are found in the virions (Roizman and Knipe, 2001).
HCMV potentially encodes more than 75 membrane-
associated proteins, at least 15 of which are found in
the virions (Mocarski and Courcelle, 2001). The exact
organization of viral surface glycoproteins in the enve-
lope is not completely understood. Virion glycoproteins
are found to aggregate into complexes on the surface of
the virion. For example, HCMV glycoproteins gH, gL, and
g0 are associated to form a heterotrimeric envelope gly-
coprotein complex (Gibson, 1996; Mocarski and Courcelle,
2001). These proteins may form their complexes in the cel-
lular membrane compartment before trafficking to the viral
envelope. However, it remains possible that further higher-
order complexes are assembled after these protein compo-
nents are delivered in the viral envelope membrane.

In addition to the viral encoded glycoproteins, the enve-
lope also contains numerous host proteins or constituents.
For example, host proteins associated with HCMV enve-
lope include B2-microglobumin, CD55 and CD59, and
annexin Il (Grundy et al, 1987a, b; Wright et al., 1995).
These molecules may participate in the induction of host
cellularresponses. Itis conceivable that these host proteins,
in combination with the viral encoded G protein-coupled



receptors associated with the HCMV envelop, play an
importantrole in modulating host cell response during ini-
tial virus attachment, as observed in recent studies (Comp-
ton et al., 2003; Zhu et al., 1998).

Herpesvirus envelopment is believed to take place ini-
tially at the inner nuclear membrane, and then further pro-
ceeds with an envelopment/de-envelopment process that
allows the capsid to cross the double nuclear membranes
and other cytoplasmic membrane structures (Gibson, 1996;
Steven and Spear, 1997). Cytoplasmic envelopment of HSV-
1 and CMV capsids can also take place in endosomes
as well as Golgi networks (Eggers et al, 1992). Thus, it
is not surprising that the envelope contains diverse lipid
components that are associated with different parts of
the cytoplasmic membrane system in addition to the
nuclear membrane. These components include the phos-
phatidylcholine, phosphatidylethanolamine, phosphati-
dylserine, and phosphatidylinositol (Roby and Gibson,
1986). Whether these lipid components may be important
in maintaining the integrity of the viral envelope has not
been determined and their functional role in stabilizing
virion structure is unknown.

The envelopment process appears to be not affected
in the absence of a mature capsid since noninfectious
enveloped particles and dense bodies can be produced and
contain similar envelop contents. In the case of HCMV,
pp65 constitutes at least 90% of the dense body protein
mass (Gibson, 1996). It is conceivable that this protein may
contain signals that promote its own envelopment. There
are presumably interactions between proteins of the tegu-
mentand envelope that promote the envelopment process.
Indeed, recent results indicate that HCMV UL99, a tegu-
ment protein, facilitates the cytoplasmic envelopment of
the nucleocapsid (Sanchez et al., 2000; Silva et al., 2003).
Two HSV-1 membrane proteins, UL34 and UL31, are also
implicated to be essential for viral envelopment (Reynolds
etal., 2001). Further studies on the organization of the pro-
teins in these particles and their potential interactions with
envelope components will provide insight into the process
of their assembly.

Other constituents in the virions

Recent studies indicated that viral mRNAs were found in
HSV-1 and HCMYV virions (Bresnahan and Shenk, 2000;
Sciortino et al., 2001). These mRNAs appear to be pack-
aged selectively into the infectious virion particles. They
have been proposed to function to facilitate the initiation
of viral infection upon viral entry. It is unknown whether
these virion mRNAs play a role in maintaining the integrity
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ofthevirion structure, as ribosomal RNAs provide the back-
bone for ribosome assembly.

Depending on the approach of how the virions are pre-
pared and the quality of the preparations being analyzed,
numerous host constituents, including lipids, polyamines,
and cellular enzyme and structural proteins, are also found
to be associated with the viral particles. In particular, two
of these host constituents, polyamines and actin-related
protein (ARP), may play an important role in stabilizing
and maintaining the intact structure of the infectious par-
ticles. Two kinds of polyamines, spermidine and spermine,
have commonly been found in herpesvirus virions, includ-
ing HSV-1 and HCMV (Gibson and Roizman, 1971; Gibson
et al., 1984). In highly purified HSV-1 virion preparations,
there are about 70 000 molecules of spermidine and 40 000
molecules of spermine per virion (Gibson and Roizman,
1971). The functions of these polyamines are believed to
provide positive charges to neutralize the highly negatively
charged viral DNA genome during the genome replica-
tion and packaging. This hypothesis is consistent with the
observations that none of the herpesvirus capsid proteins
are highly positive charged and addition of arginine facil-
itates capsid assembly and virion production (Mark and
Kaplan, 1971). Spermidine appears to be in the tegument
while spermine is localized in the nucleocapsid. It is esti-
mated that the spermine contained in the virion has the
capacity to neutralize about 40% of the DNA phosphate,
consistent with its role in stabilizing the packed genomic
DNA in the nucleocapsid core.

In analyzinghighly purified HCMV virions as well asnon-
infectious enveloped particles and dense bodies, Baldick
and Shenk first reported the presence of a substantial
amount of a cellular actin-related protein (ARP) in the
tegument compartment (Baldick and Shenk, 1996). The
exact localization of the ARP is currently unknown, and
preliminary studies using stepwise chemical treatment of
HCMV virion for removal of different parts of the parti-
cles have suggested that ARP is localized in the tegument
space distant from the nucleocapsid (Yu, X., Lee, M., Lo,
P, Liu, E, and Zhou, Z. H., unpublished results). Based on
their roles for providing cytoskeleton and maintaining cel-
lular structure and morphology, it is conceivable that actin-
related proteins stabilize the tegument structure. Mean-
while, some ARPs have been implicated in participating
dynein-driven microtubule transport system (Lees-Miller
et al., 1992; Schroer et al., 1994). Given the fact that viral
capsid trafficking from cytoplasm to the nuclear pore com-
plex is driven by the dynein-microtubule system (Dohner
etal., 2002; Sodeik et al., 1997), itis possible that these ARPs
are specifically incorporated into the teguments and facil-
itate the transport of the viral particles from the nucleus to
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the cytoplasmic membrane during viral envelopment and
to the nucleus during post-penetration. Further studies are
needed to completely elucidate the function of these pro-
teins in assembly and maintenance of the virus structure.
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Introduction

Despite the evolutionary and biological divergence rep-
resented by the nine human herpesviruses that have
been classified into three broad subgroups, a large
number of herpesvirus-common (core) gene products
are evolutionarily conserved (Table 4.1 see chapter
2). These appear to carry out functions upon which
every herpesvirus relies because all exhibit a common
virion structure, a core genome replication process, and
similar entry and egress pathways. These herpesvirus
common functions are most often recognized through
deduced protein sequence similarity that extends through-
out alpha-, beta-, and gammaherpesviruses subfamilies
infecting mammals, reptiles and birds (see Chapter 2,
Table 2.2). These herpesviruses exhibit conservation that
suggests ashared common ancestoratleast 50 million years
ago. Other evolutionarily distant herpesviruses infecting
fish, amphibians, and invertebrates share less similarity
with these better-studied herpesviruses, suggesting a com-
mon evolutionary origin dating back over 150 million years.
In the more distant relatives, a common virion structure,
genome organization and similarity across a small subset
herpesvirus-common gene products provide the evidence
of a common origin.

A few herpesvirus-common gene products have been
recognized via a common enzymatic or binding activ-
ity long before any systematic genome sequence analy-
sis became available. The homologous function of enve-
lope glycoprotein B, DNA polymerase, alkaline exonucle-
ase and single strand DNA binding protein, to give a few
examples, emerged from biochemical studies in a num-
ber of herpesvirus systems. Given the high level of con-
servation and the importance of DNA synthesis as a tar-
get for antiviral inhibitors, these remain among the most
broadly studied and best understood of the core gene

products. DNA synthesis functions and virion structural
components are also among the most highly conserved
based on sequence comparisons. Importantly, however,
common activity of well-recognized core functions, such
as the DNA polymerase processivity factor, the small-
est capsid protein or a capsid triplex component, is not
based on the level of primary amino acid sequence iden-
tity, but rather is supported by a common role in several
herpesviruses. Additional core functions initially recog-
nized based on activity have undergone evolutionary diver-
gence to take on new functions. For example, the large
subunit of ribonucleotide reductase (HSV-1 UL39 gene
product), which associates with a small subunit to form
an active enzyme in the alphaherpesviruses and gamma-
herpesviruses, is expressed without small subunit in the
betaherpesviruses (HCMV, HHV-6, HHV-7) and completely
lacks enzymatic activity. This leaves a question as to its true
role. Thus, herpesvirus-common proteins may preserve
common function as well as sequence homology, function
with only limited sequence homology, or sequence homol-
ogy with distinct function. Homologs may therefore be pre-
dicted to carry out similar functions in most situations, but
will certainly not behave identically in all settings.
Herpesvirus-common gene products have been recog-
nized as key proteins that form the characteristic her-
pesvirus virion structure and provide key common func-
tions for the replicative cycle, beginning with entry into
cells, continuing through the process of viral DNA syn-
thesis and nucleic acid metabolism and concluding with
capsid maturation and egress of virions. The presence of
herpesvirus-common genes (see Chapter 2) allows predic-
tions about functional conservation; however, most func-
tional information has been derived from studies in a
single or at most two herpesvirus subfamilies. The require-
ment for herpesvirus-common functions varies consider-
ably with cell type, as well as between viruses of the same
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Table 4.1. Identity, function and proposed nomenclature for known and putative functions of herpesvirus-common gene

products of human herpesviruses

Abbrev. HHV
Common name* name HSV VZV HCMV 6/7 EBV KSHV  Key function
Capsid
major capsid protein® MCP UL19 40  UL86 U57 BcLF1 ORF25 hexon, penton, capsid structure
triplex monomer® TRI1 UL38 20  UL46 U29 BORF1 ORF62 TRII and TRI2 assoc to form TRI
complex, capsid structure
triplex dimer® TRI2 UL18 41 UL85 U56 BDLF1 ORF26
small capsid protein® SCP UL35 23 UL48A U32 BFRF3  ORF65 capsid transport
portal protein PORT UL6 54 UL104 U76 BBRF1 ORF43 penton for DNA encapsidation
portal capping protein® PCP UL25 34  UL77 U50 BVRF1 ORF19  covers portal in mature virions
Tegument and cytoplasmic egress
virion protein kinase VPK UL13 47  UL97 U69 BGLF4 ORF36 phosphorylation, regulation
largest tegument protein® LTP UL36 22 UL48 U31 BPLF1  ORF64 uncoating, secondary envelopment
LTP binding protein” LTPbp UL37 21 UL47 U30 BOLF1  ORF63
encapsidation and egress protein® EEP UL7 53  UL103 U75 BBRF2 ORF42 nuclear egress
cytoplamsic egress tegument protein?  CETP UL11 49  UL99 U71 BBLF1  ORF38 secondary envelopment, cytoplasmic
egress
CETP binding protein” CETPbp  UL16 44 UL94 U65 BGLF2  ORF33
cytoplasmic egress facilitator-1? CEF1 UL51 7 UL71 U44 BSRF1 ORF55  cytoplasmic egress
encapsidation chaperone protein” ECP UL14 46 UL95 U67 BGLF3  ORF34 TERbp chaperone
capsid transport tegument protein® CTTP UL17 43 UL93 U64 BGLF1  ORF32 capsid transport in the nucleus
cytoplasmic egress facilitator-2? CEF2 UL21 38 UL88 U59 BTRF1  ORF23 egress, interact with CETPbp
UL24 35 UL76 U49 BXRF1  ORF20 putative membrane or tegument
Envelope
glycoprotein B¢ gB UL27 31  UL55 U39 BALF4  ORF8 heparan-binding, fusion
glycoprotein H¢ gH UL22 60  UL75 U48 BXLF2  ORF22 gH assoc, fusion
glycoprotein L¢ gL ULL 37 UL115 U82 BKRF2 ORF47 gL assoc, fusion
glycoprotein M” gM UL10 50 UL100 U72 BBRF3 ORF39 gNassoc
glycoprotein N” gN UL49A 9A UL73 U46 BLRF1 ~ ORF53 gMassoc
Regulation
multifunctional regulator of MRE UL54 4 UL69 U42 BSLF1 ORF57  transcriptional, RNA transport
expression® BMLF1 regulation
DNA Replication, recombination and metabolism
DNA polymerase® POL UL30 28 UL54 U38 BALF5 ORF9 DNA synthesis
DNA polymerase processivity subunit®  PPS UL42 16  UL44 U27 BMRF1 ORF59 POL processivity
helicase-primase ATPase subunit® HP1 UL5 55 UL105 U77 BBLF4 ORF44 HPI1, HP2 and HP3 assoc to form HP,
unwinding and primer synthesis
helicase-primase RNA pol subunit B¢ HP2 UL52 6 UL70 U43 BSLF1 ORF56
helicase-primase subunit C° HP3 UL8 52 UL102 U74 BBLF2  ORF40
BBLF3 ORF41
single strand DNA binding protein® SSB UL29 29  UL57 U4l BALF2  ORF6 DNA fork, recombination
alkaline deoxyribonuclease” NUC UL12 48  UL98 U70 BGLF5 ORF37 recombination
deoxyuridine triphosphatase” dUTPase UL50 8 UL72 U45 BLLF3 ORF54  reduce dUTP
uracil-DNA glycosidase” UNG UL2 59 UL114 U8l BKRF3 ORF46 remove uracil from DNA
ribonucleotide reductase large RR1 UL39 19  UL45 U28 BORF2 ORF61 active enzyme only in viruses with RR2
subunit”
Capsid assembly, DNA encapsidation and nuclear egress
maturational protease‘ PR UL26 33 UL80 U53 BVRF2  ORF17  capsid assembly, scaffolding, DNA
encapsidation
assembly protein® AP (NP)? UL26.5 33.5 UL80.5 U53.5 BdRF1I  ORF17.5
(UL26) (33) (UL80) (U53) (BVRF2) (ORF17)

(cont)
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Table 4.1. (cont.)

Abbrev. HHV
Common name* name* HSV VZV HCMV 6/7 EBV KSHV  Key function
capsid transport nuclear protein® CTNP UL32 26 UL52 U36 BFLF1 ORF68  capsid transport to sites of DNA
replication
terminase ATPase subunit 1¢ TER1 ULI15 42 UL89 U66 BGRF1  ORF29 TERI and TER2 form TER, packaging
45 BDRF1 machinery
terminase DNA binding subunit 2¢ TER2 UL28 30  UL56 U40 BALF3  ORF7
terminase binding protein® TERbp UL33 25  UL51 U35 BFRF1IA ORF67 TERassoc

nuclear egress membrane protein® NEMP UL34 24 UL50 U34 BFRF2  ORF66 nuclear egress, primary envelopment
nuclear egress lamina protein® NELP UL31 27  UL53 U37 BFLF2  ORF69
“ proposed.

b required for replication in some viruses or some settings.

¢ required for replication in all viruses and settings tested.

4 AP and NP are related proteins derived from different primary translation products.

or different subfamilies. Currently, 36 of the 40 core func-
tions have an impact on replication in at least one her-
pesvirus and in at least some experimental setting (Table
4.1), although many are not absolutely essential for repli-
cation in any of the herpesviruses where they have been
studied. The striking cell type dependence of so many her-
pesvirus functions suggests that many of these proteins
carry out activities that are redundant with other viral or
cellular functions. This chapter will seek to deduce the
general role of each core function based on data available
in different systems. The phenotype of mutants showing
even a modest growth defect under any conditions will be
an important component for consideration. All core func-
tions are likely to be important for viral replication and
pathogenesis in the host even when considered dispens-
able for replication in cultured cells. While even limited
information is useful, experimental confirmation across
several distinct viruses builds confidence in the common
role of homologs, but this information is limited in many
cases.

All herpesviruses form particles that have a character-
istic 125-130 nm icosohedral capsid containing a linear
DNA genome, surrounded by a protein-containing tegu-
ment enclosed in a host-membrane derived lipid bilayer
envelope modified by virus-encoded glycoproteins. The
overall virion particle size ranges from 200 to 300 nm,
depending on the particular virus. This common structure
provides the strongest evidence for evolutionary conser-
vation in the replication and maturation processes. The
set of core, homologous open reading frames (ORFs) are
predominantly involved in the processes of DNA repli-
cation through maturation and egress from cells (Fig.
4.1). These also facilitate estimations of the evolution-

ary relatedness of the three major subfamilies (alpha-,
beta-, and gammaherpesviruses) comprising mammalian
and avian herpesviruses (see Chapter 2). Recognizable
sequence homologs of only three of these proteins (DNA
polymerase, DUT and a terminase subunit are conserved in
the genomes of every known herpesviruses, including those
infecting amphibians, fish, and invertebrates. Of these, the
gene for the terminase subunit is remarkable, producing a
conserved spliced mRNA that remains a key genomic fea-
ture (Davison, 2002) of every herpesvirus genome that has
been annotated. The nine distinct human herpesviruses,
including three members of alphaherpesviruses (HSV-1,
HSV-2 and VZV), four members of the betaherpesviruses
(CMV, HHV-6A, HHV-6B and HHV-7) and two members of
the gammaherpesviruses (EBV and KSHV/HHV-8) share 40
of the 43 ORFs that have been included in the core set (see
Chapter 2 Table 2.2). Although widely distributed amongst
alpha- and gammaherpesviruses characterized to date, a
thymidine kinase (TK) and a small subunit of ribonuclease
(RR2) are absent from all betaherpesviruses. Although all
herpesviruses appear to use sequence-specific DNA bind-
ing proteins to initiate DNA replication, a homolog of DNA
replication origin binding protein (OBP) is not conserved
in cytomegaloviruses or gammaherpesviruses.

This chapter stresses common features, while evolu-
tion has clearly provided the herpesviruses with a broad
canvas on which to evolve the remarkable range of bio-
logical properties that characterize individual members.
Genome annotation and comparison has suggested a
higher level of similarity within subfamilies than between
biologically distinct subfamilies. Even though biologi-
cal properties of the individual subfamily members are
distinct, they retain a recognizable evolutionary link.



Comparative analysis of herpesvirus-common proteins

47

CYTOPLASM

*GB
MT C%
Vesicle Transport E :: i

\
o.7 of

6. Cytoplasmic
Egress vPK =z
LTP v

Capsid LTPb
Assembly \ CETPP
mcp CETPbp

Pene
Attachment g8

Release

wmirez O OOO CEF1 \
; DNA CEF2 ]@

Encapsidation
PR VPK

gM:gN

1 ‘ Final

Primary Envelo, t
AP/NP , pmen
CTNP :g':, En\g] lopment
Gene Expression SsB Nuc CTTP TERI De-envelopment
POL:PPS UNG TER } & Transport
HP DUT PCP MNuclear
o (IE) p
gress

B IR= NUCLEUS IMP - Transport via
1
Ty NP NMP 1 vesicles
«INM \ ‘
'ONM; S

Fig. 4.1. Summary of replication functions carried out by herpesvirus-conserved gene products. Major steps in productive replication are

indicated in larger font style and core functions contributing to each step are listed by their proposed abbreviated designations (see Table
4.1). The major entry pathway (black arrows) employs direct fusion at the cell surface (attachment and penetration), which is dependent
upon gB and the gH:gL complex, followed by nucleocapsid transport along microtubules to nuclear pores where viral DNA is released
into the nucleus. Alternatively, in certain cell types, entry follows the endocytic pathway and virion fusion with an endocytic vesicle (grey
arrowheads). Uncoating requires the envelope fusion machinery (gB, gH:gL and in some cases gM:gN) as well as the LTP:LTPbp to direct
docking at nuclear pores and release of virion DNA into the nucleus. Following entry and uncoating, one core regulatory protein (MRE) is
involved in transcriptional and post-transcriptional regulation. DNA replication depends on several core replication fork proteins (SSB,
POL:PPS, HP) as well as accessory functions (NUC, UNG, DUT). Capsid assembly uses MCP, TRI1:TRI2, SCP, and PORT. Pre-formed
capsids translocate to sites of DNA replication where PRO, AP/NP (AP and NP are related proteins), CTNP, TER, TERbp and PCP, with
possible accessory functions EEP, ECP and CTTP complete the encapsidation of viral DNA. Nuclear egress is controlled by NEMP and
NELP. The main pathway of cytoplasmic egress (black arrows) and secondary (final) envelopment is controlled VPK, LTP:LTPbp, CETP,
and CETPbp, with possible accessory proteins CEF1, CEF2 and gM:gN. Nucleocapsids are transported on MT and virion envelope
glycoproteins follow vesicle transport to sites of final envelopment. Alternative maturation pathways of vesicle formation at the outer
nuclear membrane with the mature virion following vesicle transport pathways or release of nucleocapsids directly through nuclear pores
into the cytoplasm for transport to sites of final envelopment remain possible (grey arrowheads). Golgi body (GB), microtubules (MT) and
endoplasmic reticulum (ER) are identified in the cytoplasm, and nuclear pores (NP), inner nuclear membrane (INM) and outer nuclear
membrane (ONM) are identified in the nucleus. The cellular vesicle transport pathway from the ER to GB is also designated (dashed grey
arrows).

There is little doubt that herpesviruses encode additional
structurally related, functionally similar proteins that
are not recognized as sequence homologs and all
herpesvirus-common components cannot be recognized
through sequence information alone. Other structural and
functional properties complement sequence information

and may constitute an independent set of criteria on which
comparisons can be based. Relative position in a cluster of
conserved ORFs, biological activity and the phenotype of
mutant viruses all provide important comparative infor-
mation. The existence of ORFs that fail to show sequence
identity but are included in the list of core proteins due to
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other information, such as the functional information on
DNA polymerase processivity subunit already mentioned,
suggests future work will require consideration of a broader
set of characteristics. Additional structural and functional
homologs will likely emerge as viral proteins are studied
in greater detail by X-ray diffraction as by well as com-
puter programs that model primary amino acid sequence
on known protein structures.

Available information on the activities of core func-
tions has often been generated in only one of the
nine human herpesviruses, sometimes using her-
pesviruses of veterinary interest (e.g, PRV) and
sometimes using rodent herpesviruses (e.g., MCMV).
The remarkable diversity in functional organiza-
tion, replication, latency and disease patterns exhib-
ited by diverse human herpesviruses contrast the
common activities of core functions which are key to
viral replication. Functions will therefore be presented in
relationship to the virus replicative cycle, starting with
virion structure and entry, proceeding through regula-
tion of gene expression, DNA synthesis, processing, and
packaging and, finally, maturation and egress. Some of
the functions involved in entry are structural components
that are also involved with maturation and release of
progeny virus, but most of the core functions can be
implicated in at least one step in the replication pathway,
and this is sometimes dependent on cell type. These core
replication processes, including entry into cells and viral
DNA synthesis, as well as the overall scheme of assembly,
maturation and egress occur via evolutionarily conserved
proteins and mechanisms. The role of core functions
is best understood where they have been subjected to
study by a combination of genetics and cell biology, this is
often in alphaherpesviruses such as HSV-1 and PRV or in
betaherpesviruses such as HCMV and MCMV. There have
been many reviews dealing with herpesvirus-common
features and evolutionarily common themes that have
emerged over the years, both from a biological perspective
(Roizman, 1999; Roizman and Pellett, 2001) as well as
from a variety of analyses derived from genomic sequence
(Davison, 2002; Karlin et al., 1994; McGeoch et al., 2000).

There are several common genome features described in
Chapter 2 beyond the ultrastructural appearance of capsids
and core proteins described in Chapter 3. All herpesviruses
have a linear DNA genome that is cleaved from con-
catemers formed during replication, which where known,
uses a conserved recognition sequence and leaves single
base 3 overhanging nucleotide at each genomic termi-
nus (Mocarski and Roizman, 1982). The position of ori-
gins of DNA replication that control DNA synthesis dur-
ing the replicative cycle is conserved in most herpesviruses

with a common location adjacent to the conserved sin-
gle stranded DNA binding protein gene. While exceptions
exist, the common evolutionary origin of these viruses is
very clear from the range of conserved cis-acting elements
as well as proteins.

Virion structural proteins

The virion particle of herpesviruses consists of a DNA-
containing nucleocapsid with 162 regularly arranged cap-
someres arranged in a T = 16 icosohedral lattice form-
ing the protein shell. Detailed structural information has
been derived from cryo-electron micrograph (cryo-EM)
reconstructions involving studies on several different her-
pesviruses (Chapter 3). In the virion, the nucleocapsid is
covered by a protein matrix or tegument that is surrounded
by a lipid bilayer envelope derived from host cell mem-
branes into which at least a dozen viral envelope pro-
teins are inserted. Human herpesviruses have been esti-
mated to have as few as 37 (e.g., alphaherpesviruses) and
to well over 50 (e.g., cytomegaloviruses) virion proteins
(Bortz et al., 2003; Johannsen et al., 2004; Kattenhorn et al.,
2004; Varnum et al., 2004; Zhu et al., 2005). About half (22)
of the herpesvirus-conserved proteins are components of
the virion, providing a genetic basis for the common ultra-
structural appearance of all herpesviruses. Additional core
proteins collaborate with structural proteins during mat-
uration and egress (see below). Although similar in size,
herpesvirus nucleocapsids package double-stranded DNA
genomes range from a low of 125 kilobase pairs (VZV) to
a high of 240 kilobase pairs (CCMV), which is remarkable
given such a uniform capsid shell. The virion provides pro-
tection of the viral genome during transmission and medi-
ates a two-stage entry process, first a fusion event between
the envelope and cellular membranes that leads to release
of the nucleocapsid into the cytoplasm and second a traf-
ficking event that delivers the viral nucleocapsid to the
nucleus where the genome is released.

Icosohedral herpesvirus capsids are composed of five
herpesvirus-conserved proteins, the major capsid protein
(MCP, HSV-1ULI9 gene product), triplex monomer and
dimer proteins (TRI1 and TRI2, HSV-1 UL38 and ULI8
gene products, respectively), the smallest capsid protein
(SCP, HSV-1 UL35 gene product) and the portal protein
(PORT, HSV-1 UL6 gene product). The 150 hexons that
make up the bulk of the capsid consist of six MCP mole-
cules together with six molecules of SCP. Eleven of the
12 capsid pentons consist of five MCP molecules without
SCP. One specialized penton consists of 12 molecules of
PORT and has an axial channel for entry and exit of viral



DNA. The 125-130 nm diameter capsid has a wall that is
15 nm thick. Although different in shape, each hexon and
penton appears cylindrical. Based on cryo-EM studies of
HSV-1, HCMYV, and KSHV (Chapter 3), the hexons and pen-
tons are held in place by interactions between their bases
ontheinner side as well as by interconnections via triplexes
located midway through the capsid shell. Detailed analyses
suggests that beta- and gammaherpesvirus capsids resem-
ble one another more closely than either resembles alpha-
herpesvirus capsids. Although the least conserved of the
structural proteins, SCPis located at hexon tips, and absent
from penton tips, in all herpesviruses (Yu et al., 2005). There
is a discernible SCP ring around hexons in HSV-1 where
this structure contributes to the shape of the outermost
capsid surface. Although widely conserved, the SCP is not
universally essential for virion maturation and is, for exam-
ple, dispensable for HSV-1 replication in cell lines (Desai
etal., 1998) but essential for HCMV replication (Borst et al.,
2001). Thus, the nucleocapsid of every human herpesvirus
consists entirely of herpesvirus-conserved proteins, but
the functional requirements for capsid maturation vary to
some extent.

Alargenumber of tegument proteins arelocated between
the capsid and envelope in herpesviruses. Tegument pro-
teins carry out a remarkably diverse range of activities
during infection, although the most well-characterized
functions and the most abundant tegument proteins in
any herpesvirus are often not in the core set. Eleven pro-
teins are conserved (see Chapter 2). Many are essential for
replication in those viruses that have been subjected to
systematic study, HSV-1 (Roizman and Knipe, 2001), PRV
(Mettenleiter, 2004) and HCMV (Dunn et al., 2003; Yu et al.,
2003). In HSV-1, five of the conserved tegument proteins
are essential forreplication (HSV-1 UL7, UL17, UL25, UL36,
and UL37gene products), includingalargest tegument pro-
tein (TP, HSV-1 UL36 gene product) and the protein that
binds to the largest tegument protein (LTPbp) encoded by
theadjacent (UL37) gene. These playrolesinentryaswell as
in egress. The viral serine-threonine protein kinase (VPK,
HSV-1 UL13 gene product), and five additional tegument
proteins (homologues of HSV-1 ULI11, ULI4, UL16, UL21,
and UL5I gene products) exhibit compromised growth,
sometimes in specific cell types or under certain growth
conditions. In contrast, HCMV requires an overlapping,
but distinct set of seven homologs to replicate, without
an absolute need for some that are essential in HSV-1. In
HCMYV, the LTP (UL48), UL77 and UL93 (homologs of HSV-1
UL36, UL25, and UL17,respectively) as well as UL99, UL95,
UL94, and UL71 (homologs of HSV-1 ULI11, ULI14, ULI6,
and UL51, respectively) are required for replication when
the entire ORF is eliminated (Dunn et al., 2003). Mutants
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in the LTPbp (UL47) and UL103 (homologs of HSV-1 UL37,
and UL?7, respectively) as well as mutants in VPK and UL88
genes exhibit a reduced level of growth. While it is possi-
ble that some of these differences stem from experimental
variability or the choice of different host cells in which to
study mutants, evolutionary differences are likely to dictate
the extent to which each virus relies on overlapping func-
tions as well as the extent to which functional redundancy
occurs. HSV-1 UL11 and HCMV UL99 proteins are known
as small myristolated tegument proteins, localize to cyto-
plasm of infected cells, and are involved in the latter stages
of virion egress. The HSV-1, ULI1 protein interacts with
two other conserved tegument proteins, UL14 and ULI6as
well as with the envelope glycoprotein, gM, which is part of
the gM/gN glycoprotein complex. Although ultrastructural
analysis does not provide much information on tegument
organization, an association between the LTP:LTPbp com-
plex with the SCP ring or with triplexes in the region of
the capsid vertices has been suggested with HSV-1. Inves-
tigation of tegument protein activities and capsid : tegu-
mentinteractionsremainimportant areas for experimental
investigation.

One additional protein is conserved amongst her-
pesviruses, represented by the UL24 gene of HSV-1 about
which little is known. The HCMV homologue (UL76), a
minor tegument constitutent that is essential for replica-
tion (Dunn et al, 2003), localizes in a pattern that sug-
gests it may be involved in regulating events immedi-
ately following infection or during maturation (Wang et al.,
2004).

One enzyme contained in this set of conserved proteins,
VPK apparently acts in tandem with host cell cycle kinases
to regulate a variety of replication events. VPK ensures
efficient phosphorylation of other viral proteins, some of
which have been reported to increase the efficiency of the
host translation machinery as well as other events in gene
expression and DNAreplication extending from early times
during infection to egress. This enzyme is dispensable
for replication in alphaherpesviruses as well as in rapidly
dividing host cells infected with HCMV where its role is
presumably redundant with host protein kinases, poss-
ibly including Cdk2. A requirement for VPK is most readily
demonstrated in primary, non-dividing host cells that have
lower levels of host cell kinases. VPK is also critical for effi-
cient replication in host animals. Interestingly, the homo-
logue in HCMV (UL97) as well as in HHV-6B is a nucle-
oside kinase required for phosphorylation of the antiviral
drug ganciclovir, in addition to being a protein kinase. The
UL97-encoded VPKis also the primary target of a candidate
antiviral compound, maribavir, which is specifically active
against HCMV and EBV, but not other herpesviruses.
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Human herpesvirus envelopes are estimated to carry
between 12 (HSV-1) and 20 (HCMV) viral integral mem-
brane proteins. Many envelope proteins are specific to each
herpesvirus type. Five, gB, gH, gL, gM, and gN, are con-
served broadly amongst herpesviruses. Sequence conser-
vation resulted in the adaptation of a common nomen-
clature for structural glycoproteins, using names originally
applied to HSV-1 envelope constituents. Although these
names do not imply function, they are now widely used by
investigators in the field. One gene product that is an O-
glycosylated glycoprotein in some herpesviruses, gN, does
not undergo glycosylation in some alphaherpesviruses,
such as HSV-1 and VZV. Furthermore, the specific inter-
action between gH and gL drives stable expression of these
proteins, suggesting that they are molecular chaperones
as well as functional partners. A similar relationship also
appears to occur with gM and gN. Although gB does not
form a complex with other viral proteins, complexes of
gH:gl. and gM:gN form in cells and associate with cel-
lular membranes to be incorporated into the viral enve-
lope of progeny virions during egress. In betaherpesviruses
and gammaherpesviruses, gH:gL. complexes maybe further
modified by additional viral glycoproteins that influence
cell tropism.

Entry into host cells

Attachment and entry, which typically occurs by fusion
with the plasma membrane is followed by translocation
of the nucleocapsid through the cytoplasm and delivery
of viral genome to the cell nucleus (Fig. 4.1). This pro-
cess involves a series of distinct steps that have each
received varying amounts of attention in different human
herpesviruses: (i) binding to specific cell surface recep-
tors, (ii) fusion of envelope with the cellular membrane
to release nucleocapsids into the cytoplasm, (iii) nucleo-
capsid association with cytoskeletal elements and translo-
cation towards the nucleus, (iv) nucleocapsid interaction
with nuclear pores and (v) release of the viral genome into
the nucleus (see Fig. 4.1). These steps are controlled by
unique as well as herpesvirus-common functions. The first
step in this process involves multiple cell surface com-
ponents interacting with viral envelope glycoproteins in
a stepwise process that leads to membrane fusion and
delivery of the nucleocapsid to the cytoplasm of host cells
(Spear, 2004; Spear and Longnecker, 2003) (see specific
chapters on individual viruses). Attachment to cells has
been studied in most human herpesviruses and usually
requires both unique and conserved, sometimes func-
tionally redundant, viral envelope glycoproteins. With the

apparent exception of EBV; cell surface proteoglycans such
as heparan sulfate play a role for initial contact with cells.
Heparan sulfate-dependent entry has been demonstrated
in alpha- (HSV-1, VZV), beta- (HCMV, HHV-6A, HHV-6B,
HHV-7) and gammaherpesvirus (KSHV/HHV-8) subfam-
ily members (Spear, 2004; Spear and Longnecker, 2003). As
a result, many herpesviruses exhibit a broad cell tropism
for attachment and entry steps. In these eight human her-
pesviruses, gB and typically other unique viral envelope
proteins exhibit heparan sulfate binding activity and direct
the first attachment step in entry. Binding appears to be
part of the essential role of gB in the viruses where the pro-
cess has been dissected. In EBV, gB lacks the domain that
controls interaction with the glycosaminoglycan and this
step does not seem to be required for entry. In addition to
the initial binding step, viruses where entry has been stud-
iedin detail engage additional receptors using herpesvirus-
conserved aswell as unique viral envelope proteins. Attach-
ment steps may rely on unique viral envelope proteins
such as EBV gp350/220, which interacts with host CD21
and EBV gH:gl:gp42 complex which interacts with MHC
class II protein, KSHV K8.1A which interacts with proteo-
glycan, or HSV-1 gD, which interacts with nectins as well
as a TNF receptor family member. In some herpesviruses
conserved envelope glycoproteins are responsible for sub-
sequent steps, such as the role of KSHV gB in binding to
integin a3B1 or the role of HCMV gB in binding to the
EGF receptor, although these may be more important in
the fusion step (Spear and Longnecker, 2003). Thus, except
for initial contact with proteoglycan, herpesvirus attach-
ment mechanisms appear unique to each type of virus.

In most cells that have been studied, binding through
specific cellular receptors leads to fusion of the viral enve-
lope and plasma membrane, releasing the viral nucle-
ocapsid into the cytoplasm. Fusion typically occurs at
the plasma membrane and is under the control of the
herpesvirus-conserved envelope glycoproteins, gB and
gH:gL which are essential for this step in all studied her-
pesviruses. In HCMV gH:gl. may associate with additional
unique proteins that provide receptor specificity, either gO
encoded by UL74 or a complex of glycoproteins encoded
by UL128, UL130. In HHV-6, either gO encoded by V47 or
gQ encoded by U100 provide specificity. There are paral-
lels in human beta- and gammaherpesviruses. In EBV, the
presence of gp42-containing complexes reduces epithe-
lial cell tropism, whereas the presence of gp42-free com-
plexes reduces tropism for B lymphocytes (Borza and Hutt-
Fletcher, 2002). gM:gN complex is required for entry in
some settings, a feature that suggests this complex may
also contribute to host cell specificity. Although entry by
fusion at the plasma membrane is the most common entry



mechanism, entry via endocytosis has been characterized
in some systems (Fig. 4.1). EBV entry into epithelial cells
occurs by fusion directly at the cell surface whereas entry
into B lymphocytes involves endocytosis (see Chapter 24).
The viral functional requirements for different entry pro-
cesses are still incompletely understood. Thus, both major
modes of virus entry may be employed by herpesviruses
depending on the setting. Signaling that results from gB
or gH:gL binding to cellular receptors has also been impli-
cated as a step in replication but no common themes have
emerged from such studies. Essential core glycoproteins
seem to play key roles for entry, rather than later in the
replication cycle or during egress. All core glycoproteins are
incorporated into infected cell membranes as well as into
the virion envelope. The evolutionarily conserved manner
in which gB and gH:gL control membrane fusion between
the viral envelope and plasma membrane has been studied
most extensively in the alphaherpesviruses where muta-
tions in each of these gives rise to syncytial viral strains that
have provided initial clues to gene products controlling this
step.

Herpesviruses exploit normal cytoplasmic transport sys-
tems that control cell shape and vesicular traffic, mak-
ing use of tubulin-containing microtubules and actin-
containing microfilaments (Dohner and Sodeik, 2004) to
control nucleocapsid transit through the cytoplasm. Like
many viruses that traverse the cytoplasm, herpesviruses
rely on microtubules to gain access to the nucleus and
nuclear pores where uncoating is completed and the viral
genome is released into the nucleoplasm. This process was
suspected long ago, initially in studies with adenoviruses
and herpesviruses (Dales, 1973) and has been the focus
of growing attention. Microtubule-destabilizing drugs
such as nocadazole and colchacine block transport and
entry (Mabit et al., 2002). Net transport proceeds towards
microtubule minus ends that terminate at the microtubule
organizing center, which islocated adjacent to the nucleus.
The bidirectional nature of microtubule-directed transport
(Welte, 2004) allows these filaments to actas the major high-
ways of virus particle translocation during entry as well
as egress (Fig. 4.1). Microfilaments do not play as direct
a role during entry; however, evidence suggests depoly-
merization of the actin-containing cortex may be a re-
quisite event during entry (Jones et al., 1986). Intracellular
transport mechanisms that have been intensively studied
in neurotropic alphaherpesviruses, predominantly HSV-1,
HSV-2 and PRV, because of the requirement to translo-
cate across long expanses of cytoplasm. Herpesvirus-
conserved capsid proteins appear to rely on common cel-
lular pathways for movement in neurons as well as all
other cell types. Nucleocapsid movement occurs in both
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directions on microtubules (Smith and Enquist, 2002) and
is likely to be regulated in ways similar to vesicle transport
(Welte, 2004). Minus-end-directed transport during entry
depends on the dynein:dynactin motor complex (Dohner
et al., 2002), which is the same motor used for directional
vesicle transport. Although still controversial, contact
between the SCP of HSV-1 and the cellular constituent of
the dynein complex, RP3 (and possibly other proteins) has
been implicated in transport (Douglas et al., 2004), sug-
gesting that this herpesvirus-conserved protein may play
a similar role in other viruses. Thus, a common bridge
may be built between the nucleocapsid and the micro-
tubule to allow an appropriate direction of movement to
initiate infection. Thereafter, capsid and tegument pro-
teins act in concert to release viral DNA into the nucleus
at nuclear pores although the exact process that occurs
once the nucleocapsid reaches the nucleus remains largely
unexplored. A conditional, temperature sensitive HSV-1
mutant together with biochemical studies have long impli-
cated the herpesvirus-common LTP in the uncoating pro-
cess (Chapter 7). The LTP of HSV-1 is needed for uncoating
and release of viral DNA at nuclear pores. Studies of other
tegument proteins have employed null mutants propa-
gated on cells that complement function in egress, and
result in virions that contain the protein. This approach
generally masks any role tegument proteins play during
entry, leaving this an important area for future exploration.

Regulation of gene expression and replication

Most regulatory proteins encoded by herpesviruses are
unique. Only one core protein is purely regulatory, acting
as a multifunctional regulator of expression (MRE). MRE
has been most extensively studied in HSV-1 (see Chap-
ter 9) where it is the product of UL54 called ICP27, and
EBV (Hiriart et al., 2003) where it is the product of BMLF1
called EB2. MRE binds RNA and localizes to sites of tran-
scription in the nucleus and interacts with components
of the RNA polymerase II transcription machinery, the
spliceosome complex and pre-mRNA export machinery.
MRE stimulates late gene transcription (Jean et al., 2001)
and dictates the location of viral transcripts in infected
cells (Pearson et al., 2004). MRE is best known for imped-
ing cellular mRNA splicing to allow the mostly intron-
less viral transcripts to be preferentially exported from
the nucleus (Sandri-Goldin, 2001). During the early phase
of infection, MRE causes splicing to stall by recruiting
host cell kinases to the nucleus to inactivate splicing fac-
tors through phosphorylation. In alphaherpesvirus and
gammaherpesvirus systems, MRE also recruits an export
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adaptor protein (Aly/REF) to sites of viral transcription to
facilitate export. This inhibition is relieved during the late
phase of infection when splicing and export of host and
viral transcripts resumes. Based on studies in HCMV (Lis-
chka et al., 2006; Toth et al., 2006), the function of beta-
herpesvirus MRE interacts with an RNA helicase, UAP56 to
promote cytoplasmic accumulation of unspliced mRNA,
and this process is independent of an RNA-binding motif.
The MRE may also influence shut-off of the host cell
and transcriptional events through a mechanism(s) that
remains to be elucidated. Although the level of sequence
conservation among MRE homologs is quite limited, others
appear to carry out regulatory activities and are sometimes
incorporated into the virion tegument, such as in HCMV
(Mocarski and Courcelle, 2001).

Viral DNA synthesis and nucleotide metabolism

All herpesviruses encode a core set of six DNA synthe-
sis enzymes that direct the synthesis of viral DNA dur-
ing productive (lytic) infection. Herpesviruses initiate lytic
DNA replication at defined sites on the viral genome
that are readily assayed as virus-infection-dependent
autonomously replicating sequences. Some herpesviruses
have a single origin of DNA replication (oriy), such as in
the betaherpesviruses (HCMV, HHV-6A, HHV-6B, HHV-7).
Others have either two (VZV, EBV, KSHV) or three (HSV-1,
HSV-2) oriyy, sites that retain sequence homology, although
the reason for multiple origins in the biology of viruses that
carry them remains a mystery. The relative position of one
copy of oriry, adjacent to the single stranded DNA bind-
ing protein (SSB) gene is conserved in many alpha-, beta-
and gammaherpesviruses, even though the primary DNA
sequence of oriyy, is not conserved in all of these settings.
All herpesviruses appear to rely on virus-encoded DNA
binding proteins to control initiation at oriyy. In alpha-
herpesviruses and the reseolavirus subgroup of betaher-
pesviruses, a dedicated ori binding protein (OBP, HSV-1
UL9 gene product) is essential for replication. Gamma-
herpesviruses and cytomegaloviruses rely on DNA binding
regulatory proteins that control gene expression and also
function during initiation of replication.

In general, DNA replication of herpesviruses, as in other
DNA viruses, starts near nuclear structures, called nuclear
domain 10, which become disrupted in the course of viral
infection. This process overtakes the nucleus and leads
to the formation of large, distinct replication compart-
ments where viral replication proteins and DNA accumu-
late (Wilkinson and Weller, 2003). Viral DNA levels can
equal cellular DNA content at late times of infection. Her-

pesvirus DNA replication proceeds through either of two
potential mechanisms that have continued to be the focus
of experimental investigation. Initial models of herpesvirus
DNA replication have been analogous to bacteriophage
lambda (Kornberg and Baker, 1992), starting with genome
circularization and theta form replication for which evi-
denceis scant and proceeding to arolling circle form which
has been experimentally well documented (Boehmer and
Lehman, 1997; Boehmer and Nimonkar, 2003; Lehman
and Boehmer, 1999). This model is based on the existence
of oripy sites and site-specific DNA binding proteins and
the expectation that the viral genome circularizes upon
entryinto cells. More recently, arecombination-dependent
branching mechanism has been proposed (Wilkinson and
Weller, 2003) and supported by the failure to detect circular
intermediates during infection as well as by the behavior of
HSV-1 mutants that exhibit increased accumulation of cir-
cular genomes early after infection (Jackson and DeLuca,
2003). This model has been reinforced by the observation
that circular forms of HSV-1 DNA do not correlate with pro-
ductive replication, but rather with latency. A mechanism
analogous to that in the T even bacteriophages (Kornberg
and Baker, 1992) has been suggested (Wilkinson and Weller,
2003). Either mechanism of synthesis results in the pro-
duction of multi-genomic length concatemers that are the
substrate for progeny genome packaging using conserved
viral gene products. Distinct DNA replication origins sep-
arate from oriyy, sites that are responsible for the synthesis
of viral DNA during latent infection have been identified in
gammaherpesviruses but not in other subfamilies.

There are two structural categories of oripy,. In alpha-
herpesviruses and non-CMV betaherpesviruses that rely
on OBP the initiation of DNA replication involves a tar-
geted unwinding to enable the assembly of a replication
fork complex. This process is best understood in HSV-1.
An OBP complex with the viral single stranded DNA bind-
ing protein (SSB; HSV-1 UL29 gene product also called
ICP8) unwinds DNA and binds specific sequence motifs
(called Box I and Box II in HSV-1) that are symmetri-
cally arranged within oriy (Macao et al., 2004). This allows
a more dramatic unwinding at an AT-rich region that is
located between Box I and Box II followed by replica-
tion fork machinery initiating uni- or bidirectional repli-
cation (Boehmer and Lehman, 1997). Beta- and gamma-
herpesviruses rely on DNA-binding transactivators that are
not conserved between subfamilies but actin an analogous
fashion to increase transcription across the oripy region
which opens the DNA and allows interaction with repli-
cation machinery Xu et al., 2004). Studies in HCMV, EBV
and KSHV have all provided evidence for a transcriptional
activator-dependent initiation that appears to be distinct



from OBP-dependent initiation in alphaherpesviruses and
the betaherpesviruses like HHV-6. The betaherpesvirus
HCMV encodes a virion-associated transcript that asso-
ciates with orijy to form a three-stranded structure whose
precise role in DNA synthesis is still under investiga-
tion (Prichard et al., 1998). The replication fork machin-
ery includes a highly conserved set of six herpesvirus
gene products: SSB, a viral catalytic subunit of DNA poly-
merase (POL; HSV-1 UL30 gene product) and associated
polymerase processivity subunit (PPS; HSV-1 UL42 gene
product) and a heterotrimeric helicase-primase (HP) con-
sisting of an ATPase subunit (HP1; HSV-1 UL5 gene prod-
uct), a primase subunit (HP2; HSV-1 UL52 gene product)
and an accessory subunit (HP3; HSV-1 UL8 gene prod-
uct). These proteins direct continuous, leading strand viral
DNA replication in a rolling circle mode when used in cell-
free assays (Boehmer and Lehman, 1997; Boehmer and
Nimonkar, 2003; Lehman and Boehmer, 1999). Following
OBP binding to specific sites in ority, an interaction with
single stranded DNA binding protein (SSB) leads to local-
ized unwinding and access of replication fork proteins.
Specific interaction of the HP complex with the OBP and
synthesis of RNA primers may be an intermediary step
leading to DNA replication mediated by the POL-PPS com-
plex. Recombination-directed initiation may be the conse-
quence of SSB and HP activities (Boehmer and Nimonkar,
2003) and may underlie continued viral DNA synthesis
(Wilkinson and Weller, 2003; Wilkinson and Weller, 2004).
Thus, these six functions provide the core DNA synthe-
sis machinery and mediate homologous recombination
during viral replication. Cellular enzymes such as ligase
and topoisomerases are highly likely to be required for
replication; however, a complete understanding of the
steps of herpesvirus DNA replication awaits the develop-
ment of defined cell-free assay conditions.

Although a high level of recombination has long been
associated with herpesvirus replication (Wilkinson and
Weller, 2003) and with the isolated biochemical proper-
ties of replication proteins (Boehmer and Nimonkar, 2003),
only recently has this process received some support as
a component of DNA replication (Jackson and DeLuca,
2003). Under conditions where replication is blocked, the
HSV-1 genome circularizes more efficiently, suggesting an
association of circularization with latency rather than pro-
ductivereplication. Though provocative, thiswork provides
little insight into the steps required for herpesvirus replica-
tion. The circumstantial evidence thatrecombination plays
some role either early or late in replication remains strong.
In addition to its role in coating single stranded DNA at
the replication fork, SSB of HSV-1 appears to direct recom-
bination in a manner similar to E. coli RecA (Kornberg
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and Baker, 1992). Homologous recombination requires SSB
as well as another herpesvirus-conserved gene product,
alkaline deoxyribonuclease (NUC, HSV-1 ULI12 gene prod-
uct) (Wilkinson and Weller, 2003; Wilkinson and Weller,
2004). Interestingly, this DNase is absolutely required for
HCMV replication (Dunn et al., 2003). In addition to the
contribution of sequence specific recombination to DNA
replication, circularization of the genome may itself be
dependentonrecombination and number of herpesviruses
that undergo genome isomerization via a recombination
event mediated by the a sequence which is located at
genomic ends and at an internal junction (Mocarski and
Roizman, 1982).

Two different nucleotide metabolism enzymes are also
broadly conserved, deoxyuridine triphosphatase (DUT;
HSV-1 UL50 gene product) and uracil-DNA glycosidase
(UNG; HSV-1 UL2gene product). These seem to play acces-
sory roles in replication that are redundant with cellular
enzymes. The DUT eliminates pools of dUTP, preventing
the incorporation of deoxyuridine into viral DNA and pro-
duces dUMP which can be converted to TTP through cellu-
lar pathways. The DUT appears to be inactive as an enzyme
in betaherpesviruses. UNG cleaves deaminated cytosines
(uracil) from the sugar backbone of DNA, leading to base
excision and the activation of cellular DNA repair synthe-
sis. In cytomegalovirus, where UNG is required for replica-
tion in quiescent cells, the process of uracil incorporation
and excision has been proposed to introduce strand breaks
thatfacilitate DNAreplication (Courcelle etal.,2001). Func-
tions that are important for replication in nondividing cells
where cellular nucleotide metabolism enzymes would be
low or absent appear to be critical for replication in the host
where differentiated cells lack cellular DNA metabolism
enzymes.

Finally, the large subunit of ribonucleotide reductase
(RR1, HSV-1 UL39 gene product) is conserved in all
herpesviruses; however, RR1 only forms an active enzyme
with a small subunit (RR2, HSV-1 UL40 gene product) in
alphaherpesviruses and gammaherpesviruses. Somewhat
surprisingly, betaherpesviruses retain an RR1 that lacks
enzymatic activity and do not carry a homolog of RR2 at all.
RR1 may have role in cell death suppression in the betaher-
pesviruses as well as in some alphaherpesviruses.

Capsid assembly and DNA encapsidation

The basic features of herpesvirus capsid maturation com-
mon to all herpesviruses have been established through
a combination of work with HSV-1 infected cells, recom-
binant baculovirus-infected cells (Thomsen et al., 1994)
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and, importantly, cell-free systems (Newcomb et al., 1996).
Assembly employs the herpesvirus-conserved compo-
nents of the capsid shell (MCP, SCP, TRI1 and TRI2) work-
ingin conjunction with a precursor of the assembly protein
(pAP, HSV-1 UL26.5gene product). Assembly of HSV-1 cap-
sids can proceed without SCP, but at a lower efficiency. A
protease (PR, also called assemblin) is required to mature
the capsid. This protein is made as a precursor consisting
of PR as its amino terminus fused to a longer polypeptide
thatcontainsthe pAP sequence as its carboxyl end (together
called prePR, e.g., HSV-1 UL26 gene product). PRis a serine
protease that processes both pAP and prePR. The protease
domain self-cleaves in prePR to release PR as well as a vari-
ant of pAP, and also processes the carboxyl terminus of PR,
PpAP and all variants of pAP (Gibson, 1996). This process-
ing leads to the production of multiple forms of pAB all
colinear at the carboxyl terminus. The presence of pAP is
sufficient for capsid assembly, but the presence of prePR, its
self-cleavage to PR and variant pAP, and its cleavage of pAP
to AP are all necessary for DNA encapsidation to proceed
following capsid assembly. In addition, PORT is completely
dispensable for the formation of normal appearing capsids,
however, this protein is absolutely required for encapsida-
tion of viral DNA. PORT associates with pAP in order to
be incorporated into capsids (Newcomb et al., 2003; Singer
et al., 2005). During infection, pNP must be cleaved into
PR and variant AP for encapsidation to follow capsid for-
mation but both of these proteins, as well as AP, are absent
from capsids once encapsidation has occurred. Phospho-
rylation by VPK has been implicated in the encapsidation
step (Wolf et al., 2001).

Once herpesvirus DNA has replicated, encapsidation
is controlled by a conserved cis-acting element (cleav-
age/packaging or pacsite) and a series of seven herpesvirus
conserved trans-acting functions (Yu and Weller, 1998).
Encapsidation has been most extensively studied in alpha-
herpesviruses but these studies have implications for all
herpesviruses. Although initially assigned roles in viral DNA
packaging, two of the conserved proteins playrolesin trans-
porting preformed capsids to DNA replication compart-
ments, the sites of viral DNA synthesis where packagingalso
occurs. These two proteins, capsid transport tegument pro-
tein (CTTP, HSV-1 ULI7gene product) and capsid transport
nuclear protein (CTNP, HSV-1 UL32 gene product) are ne-
cessary for packaging to proceed. Little is known about the
way that these proteins work, except that CTTP is a virion
tegument protein and may bind to the capsid (Thurlow
etal., 2005). CTNP is a non-structural protein and remains
in the nucleus.

Packaging of progeny viral genomes follows a modified
head full packaging process reminiscent of bacteriophage
N\ (Campbell, 1994). Capsid localization, packaging and

cleavage of viral DNA are regulated by the conserved VPK
as well as by cellular kinases. VPK and cellular kinases may
be redundant. The packaging machinery includes a het-
erodimeric terminase (TER) consisting of an ATPase sub-
unit (TER1; HSV-1 UL15 gene product) encoded by a con-
served spliced gene and a DNA recognition subunit (TER2;
HSV-1 UL28gene product). This machinery associates with
the vertex of the specialized portal penton for the introduc-
tion of a free end of a viral DNA concatemer. The PORT pro-
teininteractswith TER and brings the packagingmachinery
and viral DNA to the capsid vertex. This machinery controls
the threading of one genome length of DNA into the capsid
before scanning for a pacsite and determining the position
of DNA cleavage and therefore the genomic ends. Thus,
packaging and cleavage reactions are triggered by pac ele-
ments located near genomic termini, typically within ter-
minal repeats (a sequences). The pac signal is composed
of at least two elements, referred to as pac 1 and pac 2,
and is broadly conserved among herpesviruses such that
the pac from HCMV can direct packaging into HSV-1 viri-
ons (Spaete and Mocarski, 1985). All studies thus far have
suggested that packaging yields single base 3’ extensions at
both genomic ends and that packaging proceeds direction-
ally withregard to the viral genome orientation as originally
determined for HSV-1 (Mocarski and Roizman, 1982). The
conservation of signals, functions and structure strongly
suggests that this process is similar across all herpesviruses.

The heterodimeric TER, which is non-structural, and the
portal complex, which takes the place of one penton of
the capsid, associate with two additional conserved pro-
teins, a TER binding protein (TERbp, HSV-1 UL33 gene
product) that interacts with capsids independent of PORT
and a portal capping protein (PCP; HSV-1 UL25 gene prod-
uct). PCP remains associated with the nucleocapsid after
packaging and thus appears as a minor capsid protein in
mature virions. These five proteins are sufficient for recog-
nition of a pac site on multi-genome DNA concatamers,
docking with the appropriate site on a capsid, threading
viral DNA into the caspid, cleavage at a pac site and seal-
ing the genome into the progeny nucleocapsid (Fig. 4.1).
As such they define a set of viral functions that are likely
to be required for genome packaging in all herpesviruses.
Once DNA has been packaged and PCP has covered the por-
tal, the packaging stage of replication is completed and the
nucleocapsid undergoes initial envelopment at the inner
nuclear membrane (Fig. 4.1).

Two additional nuclear proteins, HSV-1 UL7 and UL14
gene products contribute to events in capsid maturation
or DNA packaging. The ULI4 gene product is a minor
tegument protein that appears to act as an encapsidation
chaperone protein (ECP) to bring SCP and TERbp into the
nucleus (Nishiyama, 2004). The UL7 gene product appears



to act as an encapsidation and egress protein (EEP), colo-
calizing with capsids in patterns that suggest a role in DNA
encapsidation or egress from the nucleus.

Maturation

Following the formation of the nucleocapsid, the best
evidence from several systems suggests that tegument
proteins function together with non-structural proteins to
control a complex two-stage envelopment and egress pro-
cess that starts in the nucleus and leads to virion release by
exocytosis at the plasma membrane. This two-stage envel-
opmentprocess hasbeen controversial but strongevidence
has accumulated in favor of this pathway in all three her-
pesvirus subfamilies. The alphaherpesviruses HSV-1 and
PRV have been extensively studied, along with the betaher-
pesviruses HCMV and MCMV (Mettenleiter, 2002; Metten-
leiter, 2004). Evidence suggests that nuclear egress starts
with primary envelopment at the inner nuclear mem-
brane followed by a de-envelopment event at the outer
nuclear membrane, a process that releases the nucleo-
capsid into the cytoplasm (Fig. 4.1). Secondary envelop-
ment occurs in the cytoplasm at endosomal (or possibly
Golgi complex) membranes with resulting vesicles carry-
ing the fully mature virions to the cell surface using the
cellular exocytic pathway. Alternatively, the older model
of egress has the enveloped viral particle itself following
avesicle transport pathway without deenvelopment (Roiz-
man and Knipe, 2001) (see Chapter 10). These steps, like
the initial entry process, rely on membrane fusion events;
however, envelopment and egress are relatively indepen-
dent of viral envelope glycoproteins that play critical roles
during entry. Non-replicating mutants in gB or the gH:gL
complex mature normally but show defects in entry. Only
the gM:gN complex may contribute to secondary, or final,
envelopment.

Initial envelopment event occurs at the inner nuclear
membrane, following and dependent upon genome pack-
aging that produces nucleocapsids. Capsids lacking DNA
do not mature efficiently and nucleocapsids must localize
correctlyin the nucleus to properly egress. Studies in alpha-
herpesviruses and betaherpesviruses have shown that two
conserved proteins form a nuclear egress complex on the
inner nuclear membrane to control egress from the nucleus
(Mettenleiter, 2004) and disruption of the nuclear lamina.
The nuclear egress membrane protein (NEMP, HSV-1 UL34
gene product) acts asatype [l membrane-spanning protein
to anchor the nuclear egress lamina protein (NELP, HSV-1
UL31 gene product), a phosphoprotein that interacts with
the nuclear lamina as well as with membrane-associated
NEMP. NEMP and NELP are dependent on one another
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for proper transport and localization to the inner nuclear
membrane. Additional viral proteins or the process of viral
maturation itself appear to be necessary for the formation
of the nuclear egress complex. Direct binding to nucleo-
capsids has not been observed, however, the complex
recruits viral and/or cellular protein kinases that appear
to be important for phosphorylation and disruption of the
nuclear lamina to allow egress. Viral mutants in NEMP
or NELP are debilitated for egress, likely unable to bud
through the inner nuclear membrane (primary envelop-
ment) and so accumulate nucleocapsids inside nuclei. The
nuclear egress complex may also participate in membrane
fusion events at the outer nuclear membrane that are
required to deposit the nucleocapsid in the cytoplasm (de-
envelopment). Although NEMBP as a primary envelope pro-
tein, and NELDP as a primary tegument protein, are impor-
tant components of primary virions, neither is retained in
fully mature virions.

Primary envelopment delivers viral particles to the peri-
nuclear space between the inner and outer nuclear mem-
branes, a compartment contiguous with the endoplasmic
reticulum. Over the past 10years evidence hasaccumulated
in several different herpesviruses that final herpesvirus
envelopment occurs in the cytoplasm at late endosomal
or Golgi body membranes. Itis likely that primary envelop-
ment is followed by a de-envelopment step that releases
the nucleocapsid into the cytoplasm. It remains possi-
ble, but topologically unlikely that nucleocapsids move
to the cytoplasm without any envelopment step through
modified nuclear pores. Either way, movement of nucle-
ocapsids to sites of final envelopment appears to be a
microtubule-dependent process. Protein kinases appear to
play regulatory roles in primary envelopment as well as
de-envelopment occurring at the outer nuclear membrane
or endoplasmic reticulum. In alphaherpesvirus, viral US3
kinase facilitates these processes by facilitating phospho-
rylation of NEMP or other proteins. Primary envelopment
and de-envelopment may also rely on cellular kinases. In
HCMYV, the conserved VPK contributes to nuclear egress
(Krosky et al., 2003) whereas in other betaherpesviruses
such as MCMV, host protein kinase C has been implicated
in nuclear egress (Muranyi et al., 2002). All of this data
suggests that there is redundancy and possible interplay
between viral and host kinases (presumably in conjunc-
tion with host phosphatases) in establishing the appropri-
ate phosphorylation state for egress from the nucleus.

While some virion tegument proteins are associated with
nucleocapsids during nuclear egress, many are added in
the cytoplasm. Major tegument proteins, though not con-
served, localize to the cytoplasm in all herpesviruses that
have been studied and it now appears that the bulk of
tegument proteins found in mature herpesvirus virions are
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added to the nucleocapsid as it traverses the cytoplasm or
atsites of final envelopment. There is currently little precise
understanding of how nucleocapsids engage microtubules
to traverse the cytoplasm, how final envelopment at endo-
somal (or Golgi complex) membranes occurs or how tegu-
ment proteins might be added prior to final envelopment.
There is growing suspicion that addition may be nucle-
ated by the conserved, very large LTP:LTPbp protein com-
plex (Mettenleiter, 2004). This and a number of additional
interactions between tegument proteins (Vittone et al.,
2005) may be important in function. Current evidence on
alphaherpesviruses and betaherpesviruses suggests that a
conserved cytoplasmic egress tegument protein (CETP
HSV-1 UL1I gene product) plays a central role in the
secondary, or final, envelopment process. In alphaher-
pesviruses and betaherpesviruses, CETP is a myrisoylated
and pamitoylated protein that localizes to the cytoplas-
mic face of cellular membranes and is known to inter-
act with another herpesvirus-conserved tegument pro-
tein, the CETP binding protein (CETPbp, HSV-1 UL16 gene
product). Together, these may form a complex involved
in transport. An additional tegument protein called cyto-
plasmic egress facilitator 1 (CEF1, HSV-1 UL51 gene prod-
uct) is a palmitated protein that is conserved amongst
herpesviruses and also associates with cytoplasmic mem-
branes (Nishiyama, 2004). In PRV, mutants in CEF1 fail to
egress properly. One final tegument protein, called cyto-
plasmic egress facilitator 2 (CEF2, HSV-1 UL21 gene prod-
uct) enhanced maturation and interacts with CETPbp.
Limited evidence supports a role for the gM:gN complex
in secondary envelopment, particularly when disrupted
together with UL11(Kopp et al., 2004; Tischer et al., 2002),
although this complex is dispensable for replication in
a number of other alphaherpesviruses, including HSV-1.
Both gM and gN are essential for HCMYV replication (Dunn
etal., 2003) as well as for assembly in EBV (Lake and Hutt-
Fletcher, 2000). gM:gN isamajor EBV structural component
and hasrecently been recognized as the major glycoprotein
complex on the HCMV envelope (Varnum et al., 2004).
Thus, final envelopment occurs in the cytoplasm and,
as a consequence the tegument of virions includes small
amounts of cellular proteins, in particularactin (Bortz et al.,
2003; Johannsen et al., 2004; Kattenhorn et al., 2004; Var-
num etal., 2004; Zhu et al., 2005), as well as RNAs (Sciortino
etal.,2001; Terhune et al., 2004) that may represent a quan-
titative sampling of the cytosol, although a role for any
virion component in replication cannot be discounted as
yet. Once final envelopment has occurred, exocytosis is
believed to carry the mature virion inside of a vesicle to
the cell surface for release. Thus, the final step in egress is
fusion of an exocytic vesicle with the plasma membrane,

a process that is likely to follow cellular vesicle trafficking
pathways (Fig. 4.1).

This analysis of the role of herpesvirus-conserved gene
products has attempted to evaluate data generated in a
wide variety of systems. As a result, some data will cer-
tainly have been generalized inappropriately as further
investigation reveals unique characteristics or distinguish-
ing activities. While many common names are already in
use across the different herpesviruses, the hope is that
a common nomenclature for herpesvirus-common func-
tions should emerge to facilitate comprehension of work
in otherwise diverse systems. This presentation is intended
to provide a starting point for evaluation of data on
herpesvirus core functions no matter what virus system
is being studied or discussed.
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Genetic comparison of human alphaherpesvirus genomes

Human herpesviruses 1, 2, and 3 (herpes simplex virus 1
(HSV-1), herpes simplex virus 2 (HSV-2), and varicella-
zoster virus (VZV)) have been classified as alphaher-
pesviruses based originally upon their biological proper-
ties, and subsequently on the sequences of their respec-
tive genomes (Minson et al., 2000; Pellett and Roizman, in
press). All of these viruses maintain latent infections in sen-
sory ganglia, and can productivelyinfect a variety ofhuman
cells, including the living cells of mucous membranes and
skin. These epithelial sites also provide exit points for the
virus to infect other individuals.

The structure of the genomes of the alphaherpesviruses
that infect humans are quite similar at first glance (Fig. 5.1).
All have two unique segments that are flanked by repeats
of different lengths. The unique segments are designated
short (S) and long (L) and the repeats designated as internal
(IR) or terminal (TR). Members of the genus simplexvirus
(HSV-1and HSV-2) existas four roughly equimolarisomers,
eachisomer differing in the relative orientations of the long
and short components. The orientation of one of the HSV
isomers has been designated prototypical, and could there-
fore be designated TRL-Uy -IRL-IRS-Us-TRS. VZV also pro-
duces 4 genomic isomers, but those in which the long com-
ponentisinverted are significantlyreduced in frequency, to
about 5% of total genomes. It is tempting to speculate that
this is a consequence of the shorter repeats flanking the
VZV long component (88.5 bp) as compared to the repeats
flanking Us in human alphaherpesviruses (6000-7400 bp)
and Uy, in HSV-1 and HSV-2 (around 9,000 bp). The shorter
repeatregion would be expected to reduce the frequency of
homologous recombination events leading to less frequent
inversion of the long component in VZV genomes.

The 129 kbp VZV genome is the smallest genome of
the human herpesviruses, whereas the HSV-1 and HSV-2
genomes are over 152 kbp in length. The G + C content of
the human simplexviruses is around 68% whereas the VZV
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genome is only 46% G + C. Thus, considerable numbers
of mutations have occurred since the two lineages arose
from a common progenitor. All three viruses encode well-
conserved sequences that guide lytic replication (oriLyt)
and genome cleavage and packaging (Frenkel & Roffman
1996). Copies of oriLyt are presentin IRS and TRS of all three
viruses, and near the center of L for HSV-1 and HSV-2.

Several features are apparentin the global sequence com-
parisons showninFig.5.2. HSV-1 and HSV-2 are much more
closely related to each other than is either to VZV. HSV-1
and HSV-2 genomes are most similar in their U, compo-
nents, and least similar in the inverted repeats that bound
Uy, (TRLand IRL). The VZV sequence is most closely related
to HSV in their U; components. These observations can be
extended by measuring the level of sequence identity along
the dot plot diagonal, as shown in the nucleotide sequence
similarity plot for HSV-1vs. HSV-2 (Fig. 5.3). As can be seen,
the similarity is highest across Uy, with most of the peaks
corresponding to protein coding regions, and the valleys to
intergenic regions, the exceptions being Uy 42 through UL
44, and Uy 49. The L component repeats are much less well
conserved, with the peak of similarity being in the region
encoding ICP0 (RL2). The most highly conserved region in
the S component repeats is the ICP4 gene (RS1). Overall,
Us is less well conserved than Uy.. This region includes the
Us 4 (gG) gene, which is approximately 1500 bp longer in
HSV-2 than in HSV-1 and represents the region of greatest
dissimilarity between HSV-1 and HSV-2.

The gene arrangement in the long component of the
most common isomer of the VZV genome is inverted rela-
tive to the Uy of the prototypical isomer of HSV (Fig. 5.1).
With this inversion in mind, the genes in the HSV-1 and
HSV-2 Uy segments are mostly collinear with VZV Uy, (Fig.
5.2), and all but a few U, genes are conserved across all
human alphaherpesviruses. This consideration also under-
scores the significance of the overall similarity of the genes,
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Fig. 5.2. Global genome sequence similarity comparisons among the human alphaherpesviruses. Dot similarity plots were constructed
from comparisons of complete genome sequences. For HSV-1 vs. HSV-2, the window was 50 and the stringency was 45 identical residues.
For HSV-2 vs. VZV, the window was 50 and the stringency was 25 identical residues. This reduced stringency was needed, because there
were no dots when the HSV-2 and VZV were compared at the same stringency used for the HSV-1/HSV-2 comparison. Because the
prototypic genomes of HSV-2 and VZV have relatively inverted L components, the HSV-2/VZV comparison was done with a VZV
sequence in which the L component was inverted. Sequence sources and abbreviations are the same as for Fig. 5.1.
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Fig. 5.3. Nucleotide sequence similarity between HSV-1 and HSV-2. HSV-1 and HSV-2 nucleotide sequences were aligned in
approximately 20 kb segments, the aligned segments were joined to generate genome-length alignments, and then the similarity along
the aligned genomes was plotted as a running percentage of identity in windows of 2000 residues. x-axis positions do not correspond
precisely to genomic coordinates because of spaces inserted during the alignment. Boundaries of major architectural features are
indicated, as are the locations of various genes along the plot. Sequence sources and abbreviations are the same as for Fig. 5.1.
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Fig. 5.4. Amino acid sequence identities between proteins encoded by the human alphaherpesviruses. Homologous protein sequences
were aligned, and the percentage of identical residues determined in comparisons between HSV-1 and HSV-2 (triangles), and between
HSV-1 and VZV (squares). Identity scores were plotted as a function of their location in the HSV-1 genome, relative to the major genomic
architectural features. As detailed in the text, some HSV genes do not have identified homologues in VZV, and vice versa, and some genes
are encoded within and in frame with others (and are thus not represented individually in this figure). Sequence sources and

abbreviations are the same as for Fig. 5.1.

suggesting that they are considerably constrained by their
respective functions. The most highly conserved genes
between VZV and HSV-1 (HSV Uy, 5, Uy, 15, Ug, 30, and Uy,
40) are among the most highly conserved between HSV-1
and HSV-2 (Fig. 5.4). Their encoded proteins are enzymes
involved in DNA replication and metabolism. This suggests
that there is both little external pressure for these genes
to change and little tolerance for accepting the products
of random mutation. The least conserved genes between
HSV-1 and HSV-2 are encoded in the S component and
TRL/IRL; as detailed below, many of these genes donothave
homologues between HSV and VZV. These gene products
are likely to be important in defining the precise biological
niche occupied by each virus.

VIV genes that are absent from HSV genomes

Although homologues of mostlong component genes exist
in HSV-1, HSV-2 and VZV, there are some notable excep-
tions. Six VZV Uy, genes have no homologue in the HSV Uy,
(ORF1, ORF2, ORF13, ORF32, ORF57 and ORF S/L). All of
these genes are dispensable for replication in cell culture
in at least some cell types.

ORF1 encodes an integral membrane protein of approxi-
mate M; 17 000 with a C-terminal hydrophobic domain. Its

function is not known, but it is completely dispensable for
growth of the virus in MeWo cells (Cohen and Seidel, 1995).
Equine herpesvirus 1 (EHV-1) and EHV-4 are both mem-
bers of the genus Varicellovirus in the subfamily Alpha-
herpesvirinae (Telford et al., 1992, 1995). Although these
viruses encode a gene (termed EHV gene 2) in a position
that corresponds to VZV ORF1, it has no obvious similarity
with the VZV counterpart.

VZV ORF2 also encodes a phosphorylated membrane-
associated protein that is dispensable for growth in cell
culture and establishment of latency in dorsal root gan-
glia of cotton rats (Sato et al, 2002). Genes with very
limited homology with VZV ORF2 are present in other
Varicelloviruses including gene 3 of EHV-1 and EHV-4. The
functions of these genes are not known.

VZV ORF13 encodes thymidylate synthetase. Interest-
ingly, homologues are not present in other alphaherpes-
viruses, but the genomes of several gammaherpesviruses,
including human herpesvirus 8, herpesvirus saimiri, her-
pesvirus ateles, and equine herpesvirus 2 contain func-
tional homologues. Moreover, human cytomegalovirus
upregulates cellular thymidine synthetase (Gribaudo et al.,
2002). Thus, incorporation into the viral genome, or other
means of upregulation of thymidylate synthetase in the
host cell likely confers a selective advantage to these



viruses, possibly as it promotes availability of nucleotides
for viral DNA replication in quiescent cells. Within the
region corresponding to VZV ORF13, HSV-1 and HSV-2
encode Uy, 45, which is encoded on the opposite strand
and has no homologue in VZV. The U}, 45 gene encodes a
type Il membrane protein that is dispensable for replica-
tion in cell culture (Cockrell and Muggeridge 1998; Visalli
and Brandt 1991).

VZV ORF32is homologous to gene 34 of EHV-1 and EHV-
4, buthas no counterparts in other herpesvirus genera. The
encoded protein of 16,000-18,000 M is posttranslationally
modified by the ORF47 protein kinase and is dispensable
for change replication in cell culture and the establishment
of latency (Reddy et al., 1998; Sato et al., 2003).

VZV ORF57 is located in a region of unusually high
diversity among the U; segments of alphaherpesvirus
genomes. VZVORF57 hasno sequence similarity to genesin
herpesviridae for which DNA sequence data are available.
In HSV, the corresponding region encodes no obvious open
reading frame, and in fact has served as an insertion site for
the expression of exogenous genes and bacterial artificial
chromosome vector sequences without obvious detriment
to the virus in cultured cells or animals (Baines and Roiz-
man, 1991; Tanaka et al., 2003). On the other hand, the
region between Uy, 3 and Uy, 4 in the Suid herpesvirus 1
(Pseudorabies virus or PRV) genome encodes gene Uy, 3.5
that is necessary for viral egress (Fuchs et al., 1996). Like
VZV ORF57, the PRV Uy, 3.5 has no obvious homologue in
any other herpesvirus.

ORF S/L is also unique to VZV. The encoded protein is
located in the cytoplasm of infected cells and varies in size
from about 21 000-30 000 apparent M; among different
VZV strains (Kemble et al., 2000). The initiation codon of
ORF S/Llies at the right end of TRS with translation cross-
inginto the Lcomponent (thisrequires genome circulariza-
tion or concatemerization). VZV ORF B is translated from
within the same ORE but initiates within the L component,
terminating at the same stop codon as ORF S/L
(Mahalingam et al., 2000). The functions of either protein
are unknown.

L component genes unique to the simplexviruses

Unless otherwise noted, it should be assumed that the fol-
lowing genes are encoded by HSV-1 and HSV-2, but not
VZV.

The 248 residue ORF P lies in the repeats bordering Uy,
(TRL and IRL). The associated transcript is antisense to
the RL1 gene encoding ,; 34.5, and ends where the full
length latency associated transcript (LAT) terminates. The
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gene is expressed primarily under conditions where other
HSV genes, including those of the immediate early or alpha
class, are not expressed (Lagunoff and Roizman, 1994).
Deletion of an ICP4 binding site in the ORF P promoter
augments expression, suggesting that ICP4 normally acts
to repress ORF P (Lagunoff et al., 1996). Because HSV alpha
genes are not expressed during latent infection, it has been
speculated that ORF P might be expressed preferentially
in latently infected neurons, although this has not been
demonstrated. The predicted HSV-2 counterpart of ORF P
is 130 amino acids in length and has substantial similarity
over the first 49 codons, after which the similarity drops off
significantly at a site corresponding to an intron in HSV-2
RL1, which is encoded on the opposite strand (Dolan et al.,
1998). It has not been determined if the HSV-2 counterpart
to ORF P is expressed.

ORF O of HSV-1 is shorter than, and entirely con-
tained within, ORF P. The protein is regulated in a similar
fashion to ORF P, and appears to be translated from the
same inititation codon, but shifts frame by an unknown
mechanism after codon 35 to a different reading frame,
resulting in translation of a 20 000 apparent M, protein.
The protein can interact with ICP4 and preclude the latter’s
binding to DNA (Randall ez al., 1997). Similar to ORF P, the
homology to an HSV-2 counterpart is only convincing at
the extreme N-terminus and it is not known if the HSV-2
protein is expressed.

The vy, 34.5 protein is encoded by RL1 in the repeat
region, with the promoter located in the a sequence, and
the open reading frame in the b sequence. The protein is
a major determinant of neurovirulence and has a num-
ber of interesting functions including the recruitment of
phosphatase alpha to dephosphorylate elongation initia-
tion factor alpha and thus preserve translation of viral pro-
teins, even in the presence of PKR (He et al., 1997). The
HSV-2 counterpart contains an intron, but is otherwise
conserved. There is no obvious homologue in VZV or in
herpes B virus (Perelygina et al., 2003).

The Uy 8.5 geneis presentin both HSV-1 and HSV-2. The
gene product, designated OBPC, represents the C terminal
438 amino acids of the UL 9 gene that encodes the origin
binding protein (OBP). OBPC can bind origin sequences
and can interfere with DNA replication in vitro (Baradaran
et al., 1996; Baradaran et al., 1994).

The Uy, 12.5 open reading frame is translated in frame
with Uy, 12 to yield a 60 000 M; protein. It retains some of
the nuclease activity of Uy, 12, but lacks a nuclear local-
ization signal at the N-terminus, perhaps explaining why
Uy 12.5 cannot complement a Ug, 12 null mutant. The pre-
cise function of Uy, 12.5 is not known (Martinez et al., 1996;
Reuven et al., 2004).
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The Uy, 15.5 open reading frame is present in VZV, but in
contrast to the case with HSV-1, it is not known if the VZV
protein is expressed. The open reading frame constitutes
most of exon II of Uy, 15 and the protein is in frame with U,
15. The function is not known (Baines et al., 1994, 1997; Yu
etal, 1997).

The UL 20.5 open reading frame is located upstream of
UL 20. The gene product is expressed in infected cells and
localizes in discrete sites in the nucleus. The open reading
frame is not conserved in HSV-2 or VZV and the function is
not known (Ward et al., 2000).

Uy, 27.5 is encoded in opposite sense to Uy, 27, which
encodes glycoprotein B. The 43000 apparent M, pro-
tein identified in infected cells is much smaller than the
575 codon open reading frame would predict. An HSV-2
protein of similar size that shares epitopes with the HSV-1
gene product is derived from an open reading frame of 985
codons (Chang etal., 1998). The mechanism by which these
large open reading frames lead to production of smaller
than expected proteins is unknown.

UL 43.5isa311 aa ORF thatis encoded completely within
Uy, 43 coding sequences but is translated in opposite sense
to that of Uy 43 (Ward et al, 1996). The genomic region
encoding these openreading frames is dispensable for viral
growth in cell culture (MacLean et al., 1991). The protein
localizes in assemblons, discrete sites within infected cell
nuclei that contain a variety of capsid and tegument pro-
teins. The Uy, 43.5 open reading frame is not conserved in
HSV-2 (Dolan et al., 1998).

The Uy 56 gene is unique to the simplexviruses of
humans. The gene lies in a region that is necessary for a
virulent phenotype of certain HSV-1 strains, but the gene
itself does not contribute substantially to this virulence, at
least in mice (Nash and Spivack, 1994). The gene product
is associated with virions and is not essential for growth in
cultured cells (Rosen-Wolff et al., 1991).

The unspliced latency associated transcript or LAT is
around 7-9 kbp in length, and this is extensively spliced.
The introns of approximately 1.5 and 2.0 kbp are presum-
ably very stable and accumulate to high levels in the nuclei
of latently infected sensory neurons. Both the large and
small transcripts are derived from transcriptional units
within IRL and TRL and are transcribed in a sense oppo-
site to that of RL1 (encoding ICP0) with which they overlap.
Transcription through the repeat regions and antisense to
ICP0is acommon theme among many alphaherpesviruses
including bovine herpesvirus 1 and PRV, but these tran-
scripts are not greatly similar to HSV LAT, other than in
regions that overlap conserved open reading frames (Che-
ung, 1991; Rock et al., 1987). More extensive discussions of

the latency associated transcripts are included elsewhere
in this volume.

S component genes unique to the human
simplexviruses

The short components of the human alphaherpesviruses
are considerably less well conserved than the long com-
ponents (Figs. 5.1 to 5.4). Perhaps the most striking differ-
ence is that homologues of six HSV genes, including Us 6
encoding the essential glycoprotein D, are not present in
the VZV genome (Dolan et al., 1998; McGeoch et al., 1988).
In addition, the order of the existing homologues of Us is
considerably rearranged (Davison and McGeoch, 1986).

The Usl gene of 420 codon encodes ICP22 whereas
the Usl.5 open reading frame of 273 codons is contained
within the Ug 1 gene, and is translated in the same reading
frame as ICP22 but from a different initiation codon (Carter
and Roizman, 1996). A homologous, but highly diverged
gene to that encoded by Us 1.5 is present in HSV-2, but
this lacks an obvious start codon. The VZV counterpart
is ORF 63/70 (the gene is duplicated at the ends of the
short component of VZV); the region of highest similar-
ity with HSV-1 is limited to the C-terminus which includes
US1.5.

The Us2 gene of HSV is present in many other alpha-
herpesviruses, but is conspicuously absent from the VZV
genome. The function of the gene is not known but the
gene product is found in HSV-2 virions and can associate
with cytokeratin 18 in vitro and in infected cells (Goshima
et al., 2001). Us2 is not essential for growth in cell culture
and the HSV-2 gene is dispensable for virulence in mice
inoculated by the footpad route (Jiang et al., 1998; Long-
necker and Roizman, 1987). The homologous gene product
of pseudorabies virus (PRV) is prenylated, a modification
that changes its localization from association with mem-
branes to punctate regions in the cytoplasm (Clase et al.,
2003). The gene product is associated with virions and this
association may be regulated by postranslation modifica-
tion, inasmuch as the virion-associated gene productis not
prenylated.

The Us 4 gene encodes glycoprotein G (gG). The gene
is dispensable for growth in cell culture and differs signif-
icantly in sequence such that the HSV-2 gene is approxi-
mately 1500 bp larger (Ackermann et al., 1986; Dolan et al.,
1998; Longnecker et al., 1987; McGeoch et al., 1988). This
difference is exploited in serologic assays to distinguish
HSV-2 specific antibodies from those induced by HSV-1



(Lee et al., 1985). The function of gG is not known, but
speculation thatithas somethingto do with tropism unique
to HSV-2 vs. HSV-1 seems warranted.

Us5 encodes glycoprotein J (g]) (Ghiasi et al., 1998). gJ
prevents apoptosis in cells infected with HSV-1 gD null
mutants, and precludes apoptosis induced by granzyme B
and Fas ligation, such as would be expected upon attack of
an infected cell by cytotoxic T-lymphocytes (Jerome et al.,
2001; Zhou et al., 2000). Interestingly, HSV-2 does not pre-
clude apoptosisinduced by ultravioletradiation or Fas anti-
body, whereas HSV-1 blocks apoptosis through these stim-
uli, suggesting a difference in function of anti-apoptotic
mechanisms mediated at least partly through gJ (Jerome
etal., 1999).

Us6 encodes gD that is necessary for HSV entry and
has been shown to bind a variety of proteinaceous viral
receptors (Spear, 2004). The fact that a gene essential for
entry of HSV is absent from the VZV genome suggests that
the essential steps mediated by gD must be mediated by
different VZV proteins. This issue is treated extensively in
chapters dealing with herpesvirus entry.

Us8.5 encodes a phosphoprotein that localizes to nucle-
oli (Georgopoulou et al.,, 1995). The gene is dispensable for
replication in cultured cells and the function is not known.
Although Ug8.5 is a late gene, the mRNA is packaged into
virions and presumably delivered to infected cells upon
entry (Sciortino et al., 2002).

The 161 codon Ug11 of HSV-1 is an RNA binding protein
thatis unique to the simplexviruses of humans. If expressed
as an alpha gene, the protein can dephosphorylate EIF2a
and thereby rescue the ability of a -y, 34.5 deletion mutant
toreplicate in neuronal celllines (Mohr and Gluzman, 1996;
Roller et al., 1996).

Us12 encodes ICP47, an 88 amino acid immediate early
protein. ICP47 can block the transporter associated with
antigen transport (TAP) and thus preclude loading of anti-
genic peptides onto class 1 molecules in the ER (York
et al., 1994). Although ICP47 may be unique to human
simplexviruses, it can be viewed as functionally conserved
inasmuch as interference with antigen presentation is a
function common to many viral proteins, including anum-
ber from both gamma- and betaherpesviruses (Vossen
etal., 2002).

In considering the information outlined herein, the
authors would like to include a note of caution. While com-
parison of the sequences of the human alphaherpesviruses
with one another and with other herpesviruses leads to
a series of hypotheses regarding functions of individual
genes, such an analysis is at once both potentially valuable
and misleading. Fortunately, such hypotheses are experi-
mentally testable in the context of the most relevant viral
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genome. It is anticipated that some surprises will result
from these studies. Perhaps thisis bestillustrated by studies
of herpesvirus glycoproteins, as various sequence homo-
logues may have markedly different functions depending
on the viral system studied. At the least, the preceding anal-
yses of similarities in the genetic content of the human
alphaherpesviruses should be considered with this caveat
in mind.
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Introduction

In this chapter the emphasis is on viral replication and
on the viral gene products that define the outcome of
the interaction of the alphaherpesviruses with their host.
Viral replicative and host management functions account
for some of the RNAs and a large number of proteins
encoded by the viruses. There are, however, numerous
viral gene products whose functions have not been identi-
fied or which do not play a prominent role in viral repli-
cation in the systems in which these have been tested.
The objective of the table contained in this section is
to summarize the functions of all known gene products
and provide at least a few references for each product. It
should be noted however that: of the three human alpha-
herpesviruses, we know more about the functions of her-
pes simplex virus-1 and -2 (HSV-1 and HSV-2) genes than
about those of varicella zoster virus (VZV). We have iden-
tified in this table the VZV genes that are related to HSV
by amino acid sequence homology. We note that partial
sequence conservation does not necessarily mean that the
homologous HSVand VZV gene products perform identical
functions.

Thelistunderstates both the number of the products and
their functions. The problem is twofold. The HSV genome
encodesalarge number of openreading frames (ORFs) with
50 ormore codons and not all of the ORFs have been probed
for to determine whether they are expressed. In addition,
standard annotations exclude ORFs that are antisense to

known ORFs or that do not have TATA boxes or other motifs
that indicate that they encode proteins. HSV encodes sev-
eral proteins whose ORFs are antisense to each other. An
additional problem is that transcripts arising late in infec-
tion frequently do not terminate at predicted termination
signals. In addition, several viral RNAs either do not encode
a protein or the protein is made in undetectable amounts.
In several instances, ORFs contain within their domain a
transcriptional unit encoding proteins identical to the C
terminal domain of the protein encoded by the larger ORE
In essence, we do not know the absolute number of tran-
scripts or proteins encoded by the viral genome.

The third limitation of the table stems from the observa-
tion that virtually all viral proteins studied in detail appear
to perform multiple functions. Not all of the functions are
known and, in some instances, the table lists the most
prominent functions of the gene product.

We further note that (i) some alphaherpesvirus genes
are found only in HSV-1 (ORF-O and ORF-P), some in
HSV-1 and HSV-2 (y,34.5), some in HSV-1, HSV-2 and
B virus (the simplexviruses), some in the simplexviruses
plus pseudorabies virus, and some are in all of the above,
plus VZV. This is annotated in the “Conservation” col-
umn. (i) Some genes have positional homologues (con-
served size, orientation, and conserved surrounding genes)
for which no functional data are available. We included
positional homologues, in cases in which good candi-
dates are present in members of all three herpesviruses
subfamilies.
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Entry of alphaherpesviruses into the cell

Introduction

Herpes simplex virus (HSV) represents the most com-
prehensive example of virus-receptor interaction in the
Herpesviridae family, and the prototype virus encoding
multipartite entry genes. Whereas small enveloped viruses
package the functions required for entry and fusion into
one or two fusion glycoproteins, in HSV the same func-
tions are distributed over several distinct glycoproteins,
each with a specialized activity. In addition, HSV encodes
a highly sophisticated system for promoting and block-
ing fusion between the viral envelope and cell membrane.
Because the most obvious models of virus entry into the cell
donot fitwith the HSV complexity, and despite our detailed
knowledge of the HSV receptors and of the crystal structure
of glycoprotein D (gD), the receptor-binding glycoprotein,
and of gB, HSV entry is still, in part, a puzzle (WuDunn and
Spear, 1989; Cocchi et al., 1998b; Geraghty et al., 1998; Carfi
etal., 2001).

The current model of HSV entry envisions that, first, the
virus attaches to cell membranes by the interaction of gC,
and possibly gB, to glycosaminoglycans (GAGs) (Herold
et al., 1991). This binding likely creates multiple points
of adhesion, is reversible, and the detached virus main-
tains its infectivity, indicating that fusion has yet to take
place. Penetrationrequires gD, whose ectodomain contains
two physically separate and functionally distinct regions,
i.e., the region made of the N-terminus that carries the
receptor-binding sites, and the C-terminus that carries
the profusion domain (Ligas and Johnson, 1988; Cocchi
et al.,, 2004). The role of gD in entry is to interact with
one of the entry receptors, to signal receptor-recognition
and thus trigger fusion, by recruiting three additional gly-
coproteins — gB, gH, gL. The trio of gB, gH, gL, execute
fusion with the plasma membrane or endocytic vesicle
of the target cell (Fig. 7.1) (Cai, W. H. et al., 1988; Forrester
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etal.,1992; Roop et al., 1993; Campadelli-Fiume et al., 2000;
Spear et al., 2000; Nicola et al., 2003). Of these, gH carries
elements characteristic of viral fusion glycoproteins, i.e., a
hydrophobic «-helix with attributes of an internal fusion
peptide, and two heptad repeats with propensity to form
coiled coils (Gianni et al, 2005a,b). gB is a trimer with a
coiled coil core; its structure closely resembles that of viral
fusion proteins (Heldwein et al., 2006; Roche et al., 2006).
Following fusion, the released tegumented nucleocapsid
travels along microtubules to the nuclear pore, where
the viral DNA is released into the nucleus (Sodeik et al.,
1997).

Much less is known about varicella zoster virus (VZV)
entry. The process may be very different from that of HSV
inasmuch asvirion-to-cellinfection is inefficientin the VZV
system, and the viral genome presents a striking difference
from that of HSV, namely the lack of gD (Davison and Scott,
1986).

The membrane proteins

The HSV envelope contains at least eleven glycoproteins
(gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, and gM). Additional
membrane proteins not detected in the extracellular virion
envelopeare UL20, UL34, UL45 and possibly US9. The tran-
scripts for UL24, UL43, and UL49.5 ORFs have been recog-
nized, but the proteins have yet to be identified. Asummary
list with references is presented in Chapter 6.

From a structural point of view, the majority of HSV gly-
coproteins are type I glycoproteins. Variants include gL,
which is soluble (Hutchinson ez al., 1992a); gB, which may
carry two or three a-helices in the transmembrane (TM)
region (Pellett et al., 1985) and gK, gM, and UL20, which
carry information for multiple transmembrane segments
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Fig. 7.1. Schematic drawing of HSV entry. Entry can occur either by endocytosis (pathway at the left), or by fusion at the plasma

membrane (pathway at the right). Following attachment to cells, gD binds to a cellular receptor (frame 1), and presumably following a
conformational change it recruits the glycoproteins B, H and L in an active fusogenic complex (frame 2), triggering the fusion between
viral envelope and cellular plasma membrane (frame 3). The naked nucleocapsids are transported to the nucleus (frames 4 and 9). In a

cell line-dependent manner or with modified forms of the receptor (see text for details) bound virions can enter cells by endocytosis
(frame 5). It is conceivable that at this stage the four fusogenic glycoproteins are in a non-fusion-active form. Following
acidification/maturation of the endocytic vesicles, a fusogenic complex may form (frame 6) and fusion ensue between the virion
envelope and the vesicle membrane (frame 7). Nucleocapsids delivered to the cytoplasm are transported to the

nucleus (frames 8 and 9).

(McGeoch et al., 1988). US9 and HSV-2 UL45 are type II
glycoproteins with a C-terminal ectodomain.

At the ultrastructural level, HSV glycoproteins form long
thin spikes, each made of a single species. As visualized
in cryo-electron tomograms of isolated virions, the enve-
lope contains 600-750 glycoprotein spikes that vary in
length, spacings, and in the angle at which they emerge
from the membrane. Their distribution in the envelope
suggests functional clustering (Grunewald et al., 2003). In
contrast, slender spikes have not been seen in varicella
zoster virions (VZV) grown in cultured cells. Instead, the
virion appears to be covered by an envelope studded with
protrusions rather than spikes. An example is shown in
Fig. 7.2. Further studies at even higher resolution will be
required to determine differences between HSV and VZV
envelopes.

HSV

Attachment to cells

Attachment of HSV to cells occurs upon binding of gC to
GAGs that decorate heparan sulphate or chondroitin sul-
phate (Spear et al., 1992) (Fig. 7.1). This step enhances
HSV infectivity, but is not an absolute requirement, as cells
defective in heparan sulphate and chondroitin sulphate
exhibit a 100-fold reduced susceptibility to infection, yet
can be infected (Gruenheid ef al., 1993). A large variety of
viruses use heparan sulphate proteoglycans as receptors;
their broad expression argues that they can not be respon-
sible for any specific viral tropism.

The major actor during attachment is gC, a non essen-
tial glycoprotein encoded by the UL44 gene. gC is a



Fig. 7.2. Scanning electron micrographs of HSV-1 and VZV.
Images of both viruses were taken by SEM after infection of
cultured cells. HSV-1 virions have a more uniform appearance
although indentations are seen in an occasional virion envelope
(a). In contrast, VZV virions are more aberrant (b). Several of the
virions have indentations, while other virions have incomplete
envelopes. Since both viruses were examined under the same
SEM conditions, it is unlikely that the aberrant nature of the VZV
envelope is due to fixation artifacts. Micrographs kindly provided
by Dr. Charles Grose.

mucin-type glycoprotein because of its high content in
N-linked and O-linked oligosaccharides. Its ectodomain
structure is provided in part by 8 cysteines, and harbors
two physically separate antigenic regions, antigenic sites I
and II, that map at the C- and N-termini of the molecule,
respectively (Dolter et al., 1992). Evidence for the role of gC
in attachment rests on several lines of evidence. Initially,
it was observed that the polycations neomycin and polyly-
sine inhibit attachment of HSV-1, but not HSV-2 to cells,
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and this differential effect was mapped to gC (Campadelli-
Fiume et al., 1990). gC and gB bind heparin-Sepharose
columns (Herold et al., 1991). The affinity of binding to
heparan sulphate is on the order of 1078 M (Rux et al., 2002).
The region important for the interaction with heparan sul-
phate maps to the N-terminus of gC (Tal-Singer et al., 1995).
Virion binding to cells is reduced in HSV-1 mutants lacking
gC-typel gene, but not in HSV-2 mutants lacking gC-type2
(Herold et al., 1991; Gerber et al., 1995). The majority of
these studies were performed with mutants constructed
in the background of the HSV-1(KOS) strain. In contrast,
deletion of gC gene in the genetic background of Sc16 and
HFEM strains yielded viruses with unimpaired attachment
activity, suggesting that in different virus strains, attach-
ment may be carried out by different proteins (Griffiths
et al., 1998). gC has also been implicated in virus attach-
mentto thebaso-lateral domain of MDCKpolarized epithe-
lial cells, and to the apical domain of polarized human
CaCo2 cells.

Interaction of gD with its receptors

gD

The ectodomain of gD is required and sufficient to enable
HSV entry into cells. It is made of two separate and dis-
tinct regions, i.e., the N-terminus, carrying the receptor-
binding sites (approximately contained between residues
1 and 250-260), and the C-terminus carrying the profusion
domain (residues 250-260 to 305) (Cocchi et al., 2004).

A breakthrough in our understanding of HSV entry came
from resolution of the crystal structure of a soluble form of
gD, initially up to amino acid residue 259 (Carfi et al., 2001),
and later on up to residue 306 (Krummenacher et al., 2005).
The initial structure was determined for gD alone and for
gD in complex with one of the gD receptors, HVEM (her-
pesvirus entrymediator) (Fig. 7.3). The N-terminus consists
of three portions, an Ig-folded central core (residues 56—
184) made of B-strands forming two antiparallel B-sheets,
and two extensions, one N-terminal (residues 1-37) and
one C-terminal (Fig. 7.3). The N-terminus, which harbors
all the contact residues to HVEM, is disordered in the crys-
tal of gD alone, but forms a hairpin when gD is complexed
with HVEM. gD and HVEM thereby form an intermolecular
B-sheet, which is believed to stabilize the complex. Forma-
tion of the N-terminal hairpin documents a conformational
change to gD when it binds HVEM.

The crystal structure of gD in complex with nectinl
has not yet been solved. The nectinl-binding site on gD,
determined by means of insertion-deletion or substitution
mutants, appears to be more widespread than the HVEM
interactionregion, (Milne etal., 2003; Yoon et al.,2003; Zhou
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Fig. 7.3. Ribbon diagram of the 3D structure of a soluble
truncated form of gD (gD285t, colored in orange) bound to HVEM
receptor (HveA, colored in green) as determined by X-ray
crystallography. The N-terminus (residues 1-37) of gD is devoid of
a specific structure when in the unbound state, but folds into a
hairpin when bound to HVEM receptor. The B-strand formed

by residues 27-29 (indicated with number 1) forms an
intermolecular B-sheet with HVEM residues 35-37 (letter d). The
core of gD (residues 56-184) has a V-type immunglobulin domain
structure, composed of 9 parallel and antiparallel B-strands
(letters A to G) that form two opposing B-sheets, and carries an
additional a-helix (a1). The residues 185-259 form two «-helices
that fold back to the N-ter (a2 and «3), and two B-strands
(numbered 3 and 4). The a3 helix supports gD’s N-terminal
hairpin. An additional B-strand (number 2) is located in the
connector sequence (residues 33-55) that precedes the Ig-like
core. Reprinted from (Carfi et al., 2001), with permission. (See
color plate section.)

etal., 2003; Jogger et al., 2004; Manoj et al., 2004; Connolly
et al., 2005). The only recombinant described so far debil-
itated for interaction with nectin1 carries the V34S substi-
tution (Zhou and Roizman, 2006).

Receptors

Entry receptors interact with gD. This notion was estab-
lished long before the actual receptors were identified, and
rests on two lines of evidence. First, soluble gD binds in
a saturable manner to cells and prevents infection (John-
son, D. C. et al., 1990; Nicola et al., 1997). Second, expres-
sion of gD from a transgene renders cells resistant to
infection, because of its ability to sequester the recep-
tor, a phenomenon designated restriction to infection or

gD-mediated interference (Campadelli-Fiume et al., 1988;
Johnson, R. M. and Spear, 1989).

The search for HSV receptors was an active field in
the 1990s, and a number of molecules were described as
potential receptors. A breakthrough came from Spear and
coworkers, who made use of HSV-resistant CHO cells, and
identified a HeLa cell cDNA clone that encoded HVEM
(Montgomery et al., 1996). However, three observations
in that study suggested the existence of additional recep-
tors. First, HVEM appeared to be expressed by a limited
number of cell lines. Second, antibodies to HVEM failed to
completely block HSV infection. Third, several virus strains
were unable to enter CHO cells expressing HVEM but were
otherwise viable. This boosted further efforts in the field,
which quickly led to the discovery of nectins, and, later
on, of modified heparan sulphate. Altogether, the recep-
tors known to date belong to three unrelated molecular
families. Their present and past nomenclature, and the
viruses for which they serve as receptors are reported in the
table.

Nectins are intercellular adhesion molecules

Research in the field of nectins has proceeded in par-
allel with their characterization as HSV receptors (Takai
et al, 2003). Nectins 1-4 form a subfamily of Ca’*-
independentimmunoglobulin (Ig)-type intercellular adhe-
sion molecules. Together with nectin-like molecules and
poliovirus receptor, they share the same overall struc-
ture consisting of three Ig-type domains. Splice variant
isoforms are designated with Greek letters. Nectins form
homo cis-dimers on the plasma membranes and trans-
dimers with nectins present on the adjacent cell. Each
nectin has a specialized pattern of frans-dimer forma-
tion with itself or other nectins (Reymond et al., 2000;
Takai et al., 2003). Their main attribute is the forma-
tion, together with cadherins, of the adherens junctions of
epithelial cells, and in cooperation or not with cadherins,
the organization of claudin-based tight junctions. In addi-
tion, they are involved in the formation of synapses in neu-
rons and the organization of heterotypic junctions between
Sertoli cells and spermatids in the testis (Takai et al,
2003).

Most nectins carry a C-terminal conserved motif that
binds afadin, thus anchoring the adhesion molecules to
the cytoskeleton (Takai et al., 2003). This domain is absent
fromnectinl@ whichisnotrestricted to adherensjunctions.
Nectin-mediated signalling activity leads to activation of a
variety of extracellular and intracellular molecules, such
as scatter factor/hepatocyte growth factor, Ras, Cdc42 and
Rac small G proteins (Takai et al., 2003).
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Table 7.1. Human HSV receptors and the viral strains for which they serve

Human a-herpesvirus

Unrestricted/ rid Animal a-herpesvirus
Receptor name Alternative name HSV-1 HSV-2  mutants Prv BHV-1
HVEM HveA + + - - -
Nectinl PRR1, HIgR, HveC + + + + +
Nectin2 PRR2, HveB — +/— + + —
Nectinl Insertion mutations alter the binding affinity; insertions

Human nectinl is a broad spectrum receptor for human
and animal alphaherpesviruses (Table 7.1). Three isoforms
are known, two of which: -a and -8 are membrane-bound
(Cocchi et al., 1998a,b; Geraghty et al., 1998; Krummen-
acher et al., 1998; Krummenacher et al., 1999; Campadelli-
Fiume et al., 2000). Their main properties as HSV receptors
are as follows.

(i) Nectinl is broadly expressed in human tissues, includ-
ing tissues and organs targeted by HSV, like CNS, gan-
glia and muco-epithelia (Cocchi et al., 1998b; Haarr et al.,
2001; Matsushima et al., 2003; Richart et al., 2003; Linehan
et al, 2004). It is expressed in virtually all human cell
lines, including epithelial cells, neurons and fibroblasts
(Campadelli-Fiume et al., 2000; Spear et al., 2000). Some of
these cells simultaneously express HVEM (Krummenacher
etal., 2004).

When HSV initially infects mucosal epithelium, the api-
cal domain of polarized epithelial cells are targeted ini-
tially, whereas basolateral domains of epithelial cells are
available to the virus only if a lesion disrupts the integrity
of the lining. It was therefore of interest to know whether
nectinl can serve asan HSVreceptor in polarized epithelial
cells. Human CaCo2 cells can be infected with HSV from
the apical domain (Griffiths et al, 1998), whereas MDCK
cells and primary human keratinocytes are preferentially
infected from the basolateral domain (Schelhaas et al.,
2003; Marozin et al., 2004). These differences may reflect
cell line-dependent differences in the pattern of polariza-
tion of a same molecule, or distribution of receptors like
nectinl-B and HVEM, which do not appear to be restricted
to adherens junctions.

(i) Nectinl interacts physically with gD (Krummenacher
et al., 1999). The interaction requires the first 250 residues
of gD and the V domain of nectinl. The affinity ranges
from 1078 to 1078 molar, with the highest affinity observed
with forms of gD that were truncated at or after residue
250. Affinity decreases by 100-fold with gDse, reflecting a
folding of the most C-terminal portion of gD towards the
core (Whitbeck et al., 1999; Krummenacher et al., 2005).

at the N-terminus (e.g., at residues 34, and 43) modify the
binding to HVEM but not to nectinl (Milne et al., 2003; Jog-
ger et al., 2004). Remarkably, even when the binding affini-
ties are low, or undetectable, the mutant forms of gD main-
tain the ability to mediate HSV entry and cell-cell fusion,
implying that gD functions in virus entry and cell fusion
regardless of its receptor-binding affinity and kinetics, and
thataslongasinteraction with a functional receptor occurs,
entry takes place (Milne et al., 2003; Zhou et al., 2003).

Human nectinl also binds isoforms of gD from animal
a-herpesviruses. The affinity may be even higher than for
HSV-1 gD (in the case of PrV), or very low (in the case of
BHV-1) (Connolly etal.,2001). Even when the affinityis very
low, human nectinl is capable of mediating entry (Cocchi
et al., 1998b; Geraghty et al., 1998).

(iii) The domain of nectinl functional in HSV entry and
in binding to gD was initially mapped to the N-terminal V
domain, and subsequently to the C-C'-C” ridge (Krumme-
nacher etal., 2000; Cocchi et al., 2001; Menotti et al., 2002b).
Critical residues that may be part of the interface with gD
are amino acids 77 and 85 (Martinez and Spear, 2002).

(iv) Nectinl-v is anatural soluble isoform of nectinl gen-
erated by alternative splicing. Although it contains the three
Ig domains, it has a narrow distribution in human tissues,
unlike nectinl-a and -B. Like soluble recombinant forms
of nectinl, it has the capacity to bind to virions and block
infectivity. An unexpected property was that the soluble
nectinl-y molecules suffices to mediate virus entry into
receptor-negative cells. This may be consequent either to
anassociation to endogenous nectins, or to adirect binding
of the soluble receptor to virions (Lopez et al., 2001).

Nectin 2 and the unrestricted or rid mutations

Theremarkable feature about nectin2 is thatasingle amino
acid substitution in gD confers to HSV the ability to use
nectin2 as an alternative receptor, without hampering its
ability to use nectinl (Table 7.1). At the same time, this
mutation abolishes the interaction with HVEM (Connolly
et al., 2003; Yoon et al., 2003). The end result is that the
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host range of the virus is modified. The mutations are L25P,
Q27P, or Q27R, and are present in the unrestricted, or rid
HSV-1 mutants. Nectin2 also serves as a weak receptor for
some strains of HSV-2, butisinactive for wt-HSV-1 (Warner
etal., 1998; Lopez et al., 2000; Krummenacher et al., 2004).
Physical interaction studies were in agreement with these
properties (Warner et al., 1998; Lopez et al., 2000; Yoon
et al., 2003). The nectin2 residues critical for HSV entry
were identified as amino acids 75-81 and 89, which lie adja-
cent to the predicted C'C” B-strands, i.e., the region corre-
sponding to the nectinl region involved in interaction with
wild-type gD.

The TNF receptor family

TNFRs (tumor necrosis factor receptors) form a family
of signal transduction molecules involved in regulation
of cell proliferation, differentiation and apoptotic death.
Structurally, their ectodomain is composed of four typical
cysteine-rich domains (CRDs). The family includes twenty
nine human members, classified into three groups accord-
ing to their cytoplasmic sequences and signaling proper-
ties. Members of the first group (exemplified by Fas) contain
a death domain (DD) in the cytoplasmic tail. After binding
to their ligands they interact with intracellular adaptors,
which, in turn, induce apoptosis by activation of the cas-
pase cascade. Members of the second group (exemplified
by TNFR2 and HVEM) lack a death domain, and instead
contain one or more TRAF (TNFR-associated factor) inter-
acting motifs (TIMs), which trigger a variety of signal trans-
duction pathways, including those for activation of nuclear
factor kB (NF-kB), Jun N-terminal kinase (JNK), p38, extra-
cellular signal-related kinase (ERK) and phosphoinositide
3-kinase (PI3K). Members of the third group (e.g., TNFR3,
TNFR4, etc.) lack intracellular signaling motifs, and act as
decoy receptors.

The naturalligands of the TNFRs are a family of cytokines
whose prototype is TNE and include lymphotoxin (LT)a,
LTB, and LIGHT. They are biologically active as trimers:
their binding to the receptors causes the trimerization of
the intracellular domains, which, in turn, interact with high
affinity with trimeric cellular adaptors (e.g., TRAFs). Each
cytokine interacts with more than one receptor.

HVEM

HVEM was first identified as a HSV receptor and was
classified as a novel member of the TNFR family based
on structural motifs (Montgomery et al., 1996). The
cytoplasmic tail interacts with several members of the
TRAF family, leading to the activation of targets like NF-
kB, Jun N-terminal kinase, and AP-1, and the conse-
quent induction of T cell activation, proliferation, cytokine

release, and expression of cell surface activation markers

(Harrop et al., 1998). Its ligands are LTaz and LIGHT (Mauri

et al., 1998). LIGHT-HVEM interactions contribute to the

cytotoxic T-lymphocyte-mediated immune response.
The main properties of HVEM as an HSV receptor are as
follows.

(i) In early studies HVEM was found to be expressed
mainlyin cells of the immune system, and in anumber
of non-hematopoietic tissues and organs. Expression
was not observed in brain or skeletal muscle (Mont-
gomery et al., 1996; Kwon et al., 1997).

(ii) HVEM serves as receptor for HSV-1 and HSV-2, as a
weak receptor for the U10 HSV mutant (L25P substi-
tution), but not for HSV rid-1 and rid-2 unrestricted
mutants (Connolly et al., 2003; Yoon et al., 2003).

(iii) HVEM binds wild-type gD. The affinity of the binding
is of the same order of magnitude as that of nectin1/gD
binding, and the interaction requires the same region
of gD, i.e,, the first 250 residues, or longer (Willis ez al.,
1998). gD and LIGHT compete with each other for
the binding to HVEM; accordingly, LIGHT interferes
with HSV entry in HVEM-expressing cells (Mauri et al.,
1998).

(iv) The gD contact site on HVEM involves CRD1 and 2,
with the majority of contacts lying in CRD1. Residues
35-37 form the intermolecular antiparallel B-sheet
with gD (Carfi et al, 2001; Connolly et al., 2003).
A systematic structure-based mutagenesis approach
revealed that 17 residues in CRD1 and 4 in CRD2
are directly involved in the HVEM-gD interface. Some
mutations completely abolish the HVEM binding to
gD and its function as an HSV-1 receptor (Connolly
etal., 2002).

Modified heparan sulphate

3-0-sulphated heparan sulphate represents the third iden-
tified HSV receptor, structurally unrelated to nectins and
HVEM (Shukla et al., 1999). It serves as receptor for HSV-1,
but not for unrestricted rid mutants or HSV-2. Thus, HSV-1
can use heparan sulphate GAGs not only for the initial step
of attachment to the target cell, but it also recognizes some
specificallymodified sites on heparan sulphate (Shuklaand
Spear, 2001). The physicalinteraction with gD isin therange
of 107 M, as measured by affinity co-electophoresis, and
was not detectable by ELISA.

The sites on heparan sulphate recognized by gD
are generated by heparan sulphate b-glucosaminyl
3-0-sulfotransferases (3-OSTs). 3-O-sulphates arerare sub-
stitutions in heparan sulphate, generated by at least six 3-
OSTs isoforms identified in humans and mice, 3-OST-35
and 3-OST-3p 3-0OST-2, 3-OST-4 and 3-OST-5 (Shukla and



Spear, 2001). Of note, 3-OST-3s are not receptors per se,
consistent with the finding that gD does not bind to the
purified enzymes; rather, they catalyze the substitutions,
which, in turn, generate the receptors and render CHO cells
susceptible to HSV.

The relevance of this potential receptor to HSV infection
in human cell lines and in humans remains to be ascer-
tained. In terms of distribution, the 3-OST-3s are broadly
expressed isoforms in cells of different origins and tissues;
3-0ST-2 and 3-OST-4 expression is mainly in the brain. 3-
OST-5 expression is limited to the skeletal muscle.

Receptor preference and usage

The availability of multiple alternative receptors raises a
number of questions, such as: What receptor is preferred
in cells that coexpress both molecules? Do both serve as
bona fide receptors in humans? Are they differentially dis-
tributed, or employed in different tissues? Limited infor-
mation is available on these topics.

Two parameters that may guide receptor preference in
cell cultures are the affinity of the binding and the cell sur-
face density of the receptors. Neither appears to be relevant
in the case of gD, since gD affinity to nectinl and to HVEM
is of the same order of magnitude (Krummenacher et al.,
1998). Moreover, cells that appear to be nectinl-negative
by fluorescent antibody cell sorting (e.g., EA-1 cells) can
be infected and entry is inhibited by antibody to nectinl
(our unpublished result), implying that low density recep-
tors suffice to mediate entry. The same phenomenon is
observed with HVEM (Krummenacher et al., 2004).

As far as infection of animal and human tissues is con-
cerned, nectinl is expressed in nearly every neuron of adult
mice, in rat sensory neurons, in some synapses, and serves
as the primary receptor for HSV-1 infection in sensory neu-
rons (Haarr etal., 2001; Mata etal., 2001; Richartetal., 2003).
Nectinl is also expressed in the epithelium of the human
and murine vagina where it mediates HSV-1 and -2 entry
in the genital mucosa of female hosts (Linehan ez al., 2004).
Nectinl-a is detected at the cell-cell adherens junctions in
human skin (Matsushima et al., 2003). Cumulatively, these
data are compatible with a major role of nectinl in the
infection of sensory neurons and mucoepithelia in vivo.
The tissue distribution of HVEM suggests that it serves
as the principal receptor for HSV in activated T lympho-
cytes, or in lymphoid organs (spleen and thymus), in liver
and lung. However, these organs are not target of HSV in
the natural history of infection, except in the rare cases of
disseminated infection. Recent data show that several clin-
ical/primary isolates can use both receptors, as laboratory
strainsdo (Krummenacher etal., 2004). The fact thatviruses
of different origin retain the ability to use both receptors
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suggests that this is a requirement for successful infection
and spread in the host (Krummenacher et al., 2004). The
interaction with HVEM in particular may have a role in
immune evasion (La et al., 2002).

For other viruses, formal proof that a given receptor plays
acritical rolein humans has rested on correlations between
genetic defects in the locus encoding the receptor and a
diminished susceptibility to viral infection. A rare trun-
cation of the nectinl gene has been identified. The phe-
notypes associated with loss of both alleles include cleft
lip/palate, hidrotic ectodermal dysplasia (CLPED1), hair
abnormalities, developmental defects of the hands and, in
some cases, mental retardation. Studies on the serostatus
of these patients for evidence of HSV infection have not
been published. A few studies investigated nectin1, nectin2
and HVEM gene polymorphisms and correlations with HSV
infection. At present, no relatively common polymorphism
has been found to correlate with HSV serostatus or symp-
toms (Patera et al., 2002; Struyf et al., 2002; Krummenacher
et al., 2004). Wild-type HSV can infect CLPED] fibroblasts
through HVEM in vitro, indicating that the ability to exploit
redundant receptors may be favorable to the virus in vivo
as well (Krummenacher et al., 2004).

The animal orthologues of nectin and HVEM
HSV infects numerous mammalian species, some of
which - mice, rabbits and primates — are extensively
employed as animal models. The question arises whether
they are faithful models in terms of receptor usage.
Porcine and bovine alphaherpesviruses promiscuously
use human nectinl, implying that animal orthologs of
nectins serve as receptors of these viruses in their hosts
(Cocchi et al., 1998b; Geraghty et al., 1998; Warner et al.,
1998).Indeed, nectins are conserved among mammals, and
nectinl orthologs have been found in cells derived from
mice, hamsters, pigs, cows and monkeys, and nectin2 has
a mouse ortholog, suggesting a conserved function in the
evolution of these proteins (Milne et al., 2001). A HVEM
ortholog is expressed in mice (Yoon et al., 2003). In turn,
the murine orthologs of nectinl, nectin2, HVEM, and the
porcine and bovine hortologs of human nectinl can serve
as species non-specific HSV receptors when transfected
into receptor-negative cells (Menotti et al., 2000; Shukla
et al., 2000; Menotti et al., 2001; Milne et al., 2001; Menotti
etal.,2002a). The affinity of these potential receptors for gD
ranges from as high as that of human nectinl, to very low
or undetectable. Because the animal orthologs of nectin,
and perhaps also of HVEM serve as receptors of HSV in
mice and other animal species, these systems appear to
relatively faithfully model HSV receptor usage in humans.
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Site of HSV entry into the cell

It has been a long held paradigm that HSV enters cells by
fusion at the plasma membrane. Recent evidence indicates
that in some cells entry is through an endocytic pathway,
and that both the cell type, and the structural features of
thereceptors are determinants that control the site of entry.
Specifically, in cells like HeLa and CHO expressing nectinl
or HVEM, entry is inhibited by drugs that modify the pH
of the endosomal compartment (low pH-sensitive entry)
(Nicola et al., 2003). However, when nectinl or HVEM are
expressed in] cells, they mediate entry at the plasma mem-
brane. Furthermore, when nectinl is retargeted to endo-
somes, by means of a chimeric nectin1-EGFR (epidermal
growth factor receptor) chimera, or is sorted to lipid rafts,
bymeansofanectinl-glycosylphosphatidylinositolanchor
chimera, the pathway of entry into J cells becomes endo-
cytic (Gianni et al., 2004). Of note, when HSV infects cells
carrying wt-nectinl, neither nectin nor gD localize at lipid
rafts, but gB does (Bender et al., 2003). All in all, HSV fusion
glycoproteins are well suited to perform two quite different
pathways of entry.

Role of gD-receptor interaction in triggering fusion

Crucial to our understanding of how HSV enters cells is
the comprehension of how gD binding to its receptor trig-
gers fusion. A hint has come from the unexpected obser-
vation that the soluble gD ectodomain is both necessary
and sufficient to rescue the infectivity of the non infectious
gDnull HSV mutant (Cocchi ef al., 2004). Entry mediated
by soluble gD requires not only the N-terminus, carrying
thereceptor-bindingsites, butalso the C-terminus carrying
the pro-fusion domain, required to trigger fusion but not for
receptor binding. These findings, together with the obser-
vation that a glycosylphosphatidylinositol-anchored form
of gD, or substitution of the transmembrane and cytoplas-
mic tail with heterologous regions leave gD function unal-
tered (Browne et al., 2003) demonstrate that the transmem-
brane region and cytoplasmic tail do not play any demon-
strable function, except to ensure that gD is delivered to
the gD receptor along with the virion, and argue that the
role of gD in HSV entry is to signal receptor-recognition to
the downstream glycoproteins and to trigger fusion (Cocchi
etal., 2004).

Biochemical and structural studies indicate that the
receptor-mediated activation of gD takes the form of a con-
formational change (Cocchi et al., 2004; Fusco et al., 2005;
Krummenacher et al., 2005). In the unliganded state the
virion gD adopts a conformation in which the flexible C
terminus folds back, wraps the N-terminus and masks the
receptor binding sites. At receptor binding, the C-terminus
is displaced from its binding site on the N-terminus, the

receptor binding sites are unmasked and become occupied
by the receptor. The binary complex made of receptor plus
gD with the displaced C-terminus must create a surface
suitable for gB and gH-gL recruitment.

Execution of membrane fusion and its control

gB, gH, gL are essential for entry of all herpesviruses, since
they are conserved among all human herpesviruses, with
the highest extent of sequence conservation seen in gB.
Heterodimer formation between gH and gL is also a con-
served feature amongst herpesviruses. Altogether, gB, gH
and gL appear to be the executors of fusion and consti-
tute the conserved fusion machineryacross the herpesvirus
family.

Critical properties of gH and gB have been elucidated
recently, and provide an intriguing scenario. On one hand,
molecular and biochemical analyses of gH highlighted
properties typical of class 1 fusion glycoproteins. Because
the gH structure has not yet been solved, these properties
wait for confirmation at the structural level. On the other
hand, the crystal structure of gB has been solved, it exhibits
aremarkable similarity to that of vesicular stomatitis G pro-
tein, and to viral fusion glycoproteins in general. Biochem-
ical and mutational confirmation are still to be provided.
At present, a most likely scenario is that both gB and gH-gL.
are fusion executors. How the two glycoproteins cooperate
to execute fusion, and why two, and not one, fusion execu-
tors are required in the herpesviridae family is unclear. It
is worthwhile to note that entry by fusion at plasma mem-
brane, and entry by fusion in endocytic vesicles require all
four glycoproteins (gD, gB, gH and gL) (Nicola et al., 2003;
Nicola and Straus, 2004). These requirements rule out the
possibility that gB serves as fusion executor in one cellu-
lar compartment, and gH-gL serves as fusion executor in
another cell compartment.

The glycoproteins that execute fusion

gH—gL

gHisatype-1virion glycoprotein encoded by the UL22 gene
(Gompelsand Minson, 1986). Soon after its discovery, it was
recognized as an essential glycoprotein for virion infectiv-
ity, as its deletion produced non infectious progeny and
abolished cell-cell fusion (Forrester et al., 1992). Neutral-
izing antibodies to gH block virus entry but permit attach-
ment, indicating a role at a post-attachment step (Fuller
et al, 1989). gH appears to contain elements associated
with fusion of membranes, i.e. a hydrophobic a-helix 1
(residues 377-397) with properties typical of a fusion pep-
tide and two heptad repeats with propensity to form a
coiled coil. a-Helix 1 is positionally conserved in all the



gH orthologs across the herpesviridae family; in HSV-2 it
is located in a loop made of two cysteins. a-Helix 1 is able
to interact with biological membranes, can convert a sol-
uble glycoprotein (gD amino acid residues 1-260) into a
membrane-bound glycoprotein, and can be functionally
replaced by fusion peptides derived from glycoproteins of
other, unrelated viruses (Gianni et al, 2005a). A peptide
with the sequence of a-helix 1 induces fusion of liposomes
and exhibits a strong flexibility documented as ability to
adopt an a-helical conformation (Galdiero, S. et al., 2006;
Gianni et al.,, 2006a). These properties strongly argue in
favor of a-helix 1 as a candidate fusion peptide loop. Two
heptad repeats, capable to form coiled coils and to interact
with each other, form a structure of increased a-helical con-
tent and are potentially suitable to form a six-helix bundle
(Gianni et al., 2005b; Galdiero, S. et al., 2006; Gianni et al.,
2006b). Additional elements in gH are a second predicted
a-helical domain of lower hydrophobicity than the
candidate fusion peptide (aa 513-531), and a pre-
transmembrane sequence (aa 626-644) with predicted
propensity to partition at membrane interface (Galdiero,
S. et al., 2006; Gianni et al., 2006a).

Synthetic peptides corresponding to the heptad repeats
inhibit virus infection if present at the time of virus entry
into the cell (Gianni et al., 2005b; Galdiero, S. et al.,
2006; Gianni et al., 2006b). The presence of coiled coil
motifs predicts that gH must undergo profound confor-
mational changes at fusion. Because fusion peptides and
coiled coil heptad repeats represent characteristic func-
tional domains in type 1 viral fusion glycoproteins, gH is
a candidate fusion executor in HSV.

It remains to be determined whether gH interacts with
cellular receptors. The interaction with an integrin is not
critical given that mutagenesis of a RGD motif did not
reduce virus entry and cell fusion (Galdiero, M. et al., 1997).
It is of interest that the transmembrane and C-terminal
tail regions of gH can not be exchanged with those of het-
erologous proteins, in contrast with what happens with gD
(Harman et al., 2002; Jones and Geraghty, 2004).

A tsmutant, tsQ26, exhibited a phenotype characterized
by the production of non-infectious extracellular virions,
along with the intracellular retention of gH and of infec-
tious virions (Desai et al., 1988). This phenotype suggested
a peculiar mechanism of intracellular retention of gH. A
clue to understanding the intracellular trafficking of gH
came from the observations that, when expressed from a
transgene, gH had a M, lower than that of mature gH, was
not transported to the cell surface, and was retained in the
ER unless the cells were superinfected (Gompels and Min-
son, 1986; Foa-Tomasi et al., 1991; Roberts et al., 1991). The
gene product required for gH trafficking and maturation,
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identified by Johnson and coworkers, is gL (Hutchinson
et al., 1992a); gL is required for proper folding and traf-
fiking of gH in all human Herpesviruses (Kaye et al., 1992;
Liu et al., 1993).

gL is a soluble glycoprotein encoded by UL1 gene; its
presence in the virion envelope is ensured by complex for-
mation with gH (Hutchinson et al., 1992a). In accordance
with gH attributes, an HSV mutant unable to express gL
could not enter cells, and its particles lacked glycoprotein
H (Roop etal., 1993). Both gH and gL are required for fusion
in the cell-cell fusion assay (Turner et al., 1998). The first
323 amino acids of gH and the first 161 amino acids of
gL can form a stable secreted hetero-oligomer, while the
first 648 amino acids of gH are required for reactivity to
conformation-dependent antibodies, indicative of correct
conformation and oligomerization (Peng et al., 1998). gL
is a locus of a syn mutation, confirming a role of the gH-
gL hetero-oligomer in HSV fusion. The exact role of gL in
fusion remains to be elucidated. Because its binding site on
gH maps both upstream and downstream of the hydropho-
bic a-helix, it has been proposed that its role may be to
shield the gH hydrophobic sequence, and thus to enable
gH water solubility and solvent interface (Gianni et al.,
2005a).

gB
gB plays two opposite roles in fusion, i.e. it participates
in fusion execution, and it exerts anti-fusion activity. The
two functions are physically separated and reside in the
ectodomain and the cytoplasmic tail, respectively. gB is a
type-1 virion glycoprotein encoded by the UL27 gene (Bzik
et al., 1984; Pellett et al., 1985). Its crystal structure reveals
a trimer with a coiled coil core. Remarkably, its structure
resembles closely that of vesicular stomatitis virus G pro-
tein (Heldwein et al., 2006; Roche et al., 2006). Despite the
facts that a canonical fusion peptide has not been detected
by biochemical, molecular or structural analyses, and that
the region homologous to the fusion peptide loop in vesic-
ular stomatitis virus G protein appears to be suboptimal
for membrane insertion, the structural similarity between
gB and vesicular stomatitis virus G protein strongly relates
gB to viral fusion glycoproteins. It has been proposed that
the two glycoproteins may represent a novel class of fusion
glycoproteins (Heldwein et al., 2006; Roche et al., 2006).
From a structural point of view, gB is a trimeric spike.
Each of the three protomers (residues 103-730) appears to
be composed of five distinct domains (named I-V), display-
ing multiple contact sites (Heldwein et al., 2006). Domain
I, the “base”, is a continous chain with a fold typical of
pleckstrin homology domains. Domain II, the “middle”, is
made of two discontinuous segments, forming a structure
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reminiscent of a pleckstrin homology superfold. Domain
111, the “core”, comprises three discontinuous segments: its
prominent feature is a 44-residue a-helix that forms the
central coiled coil with its trimeric counterparts. Domain
IV, the “crown”, adopts anovel structure, and is fully exposed
on top of the trimeric spike. Domain V, the “arm”, is a long
extension spanning the full length of the protomer. Ofnote,
its residues do not contact residues of the same protomer,
but instead accommodate into the groove formed by the
“cores” of the other two protomers.

The role of gB in virion infectivity and cell-cell fusion
is inferred by numerous lines of evidence, including (i)
the phenotype of a gB deletion mutant virus which pro-
duces non-infectious particles, (ii) the neutralizing activity
of antibodies to gB, (iii) gB as a genetic locus of syncytial
mutations, and (iv) the requirement for gB in the cell-cell
fusion assay (Manservigi et al., 1977; Cai, W. Z. et al., 1987;
Turner et al., 1998). Functional domains in the ectodomain
were identified by means of two sets of mutations: tempera-
ture sensitive mutations for viral growth, and resistance to
antibodies with potent neutralizing activity. The first ones,
exemplified by the mutants tsB5 and tsJ12, reside in the
gB ectodomain, confer atemperature-sensitive phenotype,
and affect the rate of virus entry (Bzik et al., 1984). Likely,
these mutations affect the gB domain involved in execution
of fusion. Following the determination of gB crystal struc-
ture, it was recognized that the epitopes of potent neutral-
izing antibodies, either centered around single amino acid
residues or formed by continuous regions, reside on the
trimer surface, on the lateral faces of the spike or on the
tip of the crown (Pellett et al., 1985; Kousoulas et al., 1988;
Highlander et al., 1989; Pereira et al., 1989; Qadri et al., 1991;
Heldwein et al., 2006).

The quartet of gD, gB, gH and gL assemble into a
complex at virus entry

Thenature of the interactions between the complexformed
by gD plus its receptor and the executors of fusion is criti-
cal to understand the mechanisms by which HSV (and by
extension all other herpesviruses) enter cells.

The quartet of glycoproteins essential for HSV entry and
fusion (gD, gB, gH and gL) assemble into a complex at
virus entry and in infected cells. Complex assembly strictly
requires one of the gD receptors, either nectinl or HVEM.
The same complex is assembled also in cells transfected
with the quartet, implying that no additional viral protein
other than those that participate in the complex itself is
required. Because the complex is assembled at virus entry
and in transfected cells committed to form polykaryocytes,
and fails to be assembled in the absence of either areceptor

to gD or of gD, complex assembly appears to be a critical
step in the process of virus entry and fusion.

The proteins that negatively control fusion

Cells infected with wt-virus do not form syncytia, despite
the fact that they express the fusion glycoproteins at their
surface. Syncytia are only formed when the virus carries one
ofthe syncytial (syn) mutations, which map to genes encod-
ing gB, gL, gK, UL24, or UL20. By contrast, cells express-
ing the quartet of gB, gD, gH and gL readily form syncy-
tia (Turner et al., 1998). The paradox may be explained
by assuming that the wt-alleles of proteins that are target
of syn mutations exert a negative control on fusion. This
has, in fact, been verified for gB, gK, and UL20 (Fan et al.,
2002; Avitabile et al., 2003; Avitabile et al., 2004). As outlined
below, HSV has evolved at least two mechanisms by which
it blocks fusion. One is exerted through downmodulation
of gB cell surface expression, the other is exerted through
the concerted action of gK and UL20p. Still other proteins
(UL24 and UL45) are likely to exert anti-fusion activity. The
evolution of functional redundancy implies that uncon-
trolled fusion is inimical to HSV-1 replication and spread
in nature, and therefore the virus needs to exert a tight con-
trol on it.

gB

The anti-fusion activity of gB is located in the cytoplasmic
tail, which carries atleast two physically distinct functional
domains: the syn mutation and the endocytosis motifs.
Each of them, separately, appears to reduce fusion. Struc-
turally, the cytoplasmic tail carries two predicted a-helices.
The syn mutations are located immediately downstream of
the most N-terminal a-helix. Embedded in the region of
the C-terminal «a-helix is one, and possibly two functional
endocytosis motifs (YTQV889-892 and LL871 (Fan et al.,
2002; Avitabile et al., 2004; Beitia Ortiz de Zarate et al.,
2004). Deletion of the membrane-proximal «-helix abro-
gates virus infectivity, implying that this region is critical.
Its role, and the molecular mechanism of the syn3 muta-
tion remain to be elucidated. The membrane-distal a-helix
is also implicated in the negative control of fusion, since
its deletion increases fusion in the cell fusion assay, and
confers a syncytial phenotype upon virus-infected cells
(Foster, et al., 2001a; Avitabile et al., 2004). Its antifusion
activity is mainly exerted through endocytosis, which acts
to decrease the steady state amounts of gB from the cell
surface, such that gB becomes a limiting factor in fusion.
Of note, the gB-decorated endocytosis vesicles-vacuoles
represent the hallmark of gB localization in infected
cells.



gK
gK is a polytopic glycoprotein encoded by the UL53 gene,
whose topology is still debated (Hutchinson et al., 1992b;
Foster, et al., 2001b). It carries an N-terminal extracellular
domain, and two or three TM regions connected by loops
(Foster, et al., 2003b). Its hydrophobicity, poor immuno-
genicity and overall problems in its detection have made
this glycoprotein a difficult one to study. In infected cells,
gK localizes mainly to the Golgi apparatus. One contro-
versial aspect is whether it localizes to the plasma mem-
branes and to virions. When expressed from a transgene,
gK is primarily located is at the ER (Hutchinson et al.,
1992b; Avitabile et al., 2003; Foster, et al., 2003a). When
coexpressed with UL20, both proteins localize to the Golgi
apparatus (Avitabile et al., 2004).

gK exerts anti-fusion activity in the cell-cell fusion assay
(Avitabile et al., 2003). Mutant viruses carrying a partial
or a complete deletion in the gK gene have two major
phenotypes (Hutchinson and Johnson, 1995; Foster, and
Kousoulas, 1999). First, they form syncytia, arguing that the
anti-fusion activity is exerted also in the context of infected
cells. Second, they are defective in virus egress, arguing
that the anti-fusion activity of gK is exerted not only at the
plasma membrane, but also in the membranes of the exo-
cytic compartment. This would provide an explanation as
to why these membranes are heavily decorated with fusion
glycoproteins, yet do not fuse one with the other. According
to this model, the gK role in virion egress may be exerted
by maintaining a functional exocytic pathway. It should
be stressed that, if indeed gK is also a virion constituent,
then, at virus entry into the cell, the trigger to fusion must
simultaneously relieve the block to fusion exerted by gK
(Avitabile et al., 2004).

UL20

UL20p is a polytopic unglycosylated protein with several
analogies to gK. Its hydrophobicity and scarce immuno-
genicity have hampered its characterization. UL20p is pre-
dicted to carry4 transmembrane segments (McGeoch etal.,
1988; Melancon et al., 2004). In the infected cells UL20p
localizes at the Golgi apparatus and the nuclear mem-
branes, and is not detectable at the plasma membrane.
It has not been detected in virions. When expressed from
a transgene, UL20p predominant localization is at the ER
(Avitabile et al., 1994; Ward et al., 1994). It relocalizes to the
Golgi apparatus, when coexpressed with gK (Foster, et al.,
2003b; Avitabile et al., 2004).

Two mutant viruses deleted in UL20 gene have been con-
structed, both of which are highly defective in secretion of
virions to the extracellular space (Baines et al., 1991; Foster,
et al, 2004). The first deletion virus was subsequently
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reported to carry an in-frame fusion between UL20.5 (not
known at the time the deletion virus was constructed) and
the C-terminus of UL20 gene, and was characterized by
syncytia formation and by the entrapping of virions in the
perinuclear space (i.e., the space between the inner and
outer nuclear membranes) — a phenotype particularly evi-
dent in cells whose Golgi apparatus became fragmented
following infection (Baines et al., 1991). This phenotype
can be interpreted as indication that the UL20p exerts a
negative control on fusion. Cells infected with the second
deletion virus showed enveloped virions as well as unen-
veloped nucleocapsidsaccumulatingin the cytoplasm, and
occasionally virion envelopes containing multiple capsids
within intracytoplasmic vacuoles. These phenotypes were
also interpreted to mean that UL20p acts as an inhibitor of
membrane fusion, and, interestingly, that UL20p may act
to maintain a single nucleocapsid for each envelope and
to prevent fusion of enveloped virions among themselves
(Foster, et al., 2004). The complexity of these phenotypes
reflects both direct and indirect effects of UL20p, including
the role of UL20p in the intracellular transport of gK and
possibly of the fusion glycoproteins.

The possibility that UL20p exerts an anti-fusion activity
was probed in the cell-cell fusion assay, which showed a
block to fusion in cells coexpressing UL20p and gK, but
not in cells expressing UL20 alone. The block was cell line
dependent (Avitabile et al., 2004). The similar behavior of
gK and UL20p, their colocalization, their mutual ability to
influence each otherlocalization, and their concerted anti-
fusion activity make it likely that the two proteins act in a
complex, and that they share a common target.

Nucleocapsid transport to the nuclear pore

Virus entry culminates in the release of capsids and app-
roximately twenty tegument proteins into the cytosol. The
capsids and some of the tegument proteins, e.g., o TIE travel
to thenuclear pore. Since diffusion of molecules larger than
500 kDa is restricted in the cytoplasm, viruses and nucleo-
capsids require a transport system. This is particularly true
forneurotropicviruses that travel long distances in the axon
during retrograde or anterograde transport (Enquist et al.,
1998). It has been calculated that in the absence of an active
transport mechanism, it would take a herpes virus capsid
231 yearsto diffuse 10 mm in the axonal cytoplasm (Sodeik,
2000).

Microtubules represent the cytoplasmic highways on
which HSVis transported (reviewed in Déhner and Sodeik,
2005). Atvirus entry, capsids co-localize with microtubules,
and their depolymerization reduces capsid transport to
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the nucleus (Sodeik ez al., 1997; Mabit et al., 2002). Micro-
tubules are polar structures with fast growing plus-ends
typically localized in the cell periphery, and less dynamic
minus-ends that are usually anchored in close proximity of
the nucleus at the microtubule organizing centre (MTOC).
Molecular motors use ATP-driven conformational changes
to transport cargo along microtubules. Transport to the
plus-ends is catalyzed by kinesins and that to minus-end
by cytoplasmic dynein and dynactin (D6hner and Sodeik,
2005). Dynein and dynactin mediate capsid transport to
the cell centre, since incoming capsids colocalize with these
motors (Sodeik etal., 1997; Déhner et al., 2002), and overex-
pression of dynamitin, a subunit of the dynactin complex,
inhibits capsid transport (D6hner et al., 2002). How capsids
move further from MTOC to the nuclear pore complex is
unclear.

Analysis of HSV-1 entry by digital time-lapse fluores-
cence microscopy showed that GFP-tagged capsids can
move along microtubules both towards and away from the
nucleus, with maximal speeds of 1.1 pum/s. The transport
is saltatory and bidirectional, but in neuronal processes
it shows a retrograde bias towards the cell body (Smith
etal., 2001). Efforts are underway to identify the virion pro-
teins that may interact with kinesins as well as dynein or
dynactin. Two candidates are UL34p, which, however, is
absent from mature virions, and US11, which appears to
bind the heavy chain of conventional kinesin (Diefenbach
et al., 2002). Once the capsids have reached the proximity
of the nucleus, they seem to bind to filaments emanating
from the nuclear pores (Batterson et al, 1983; Sodeik et al.,
1997). This dockingis believed to induce capsid destabiliza-
tion, release of the viral DNA, and its translocation through
the nuclear pore into the nucleoplasm (Ojala et al., 2000).
Temperature-sensitive mutants in the UL36 gene accumu-
late filled viral capsids at the nuclear pore complexes at
the non-permissive temperature, suggesting that the large
tegument protein VP1-3 isinvolved in uncoating of the viral
genome (Batterson et al., 1983; Ojala et al., 2000).

VIV

There are several remarkable differences between VZV
and HSV entry. Because the respective viral glycoproteins
undoubtedly influence these differences, the VZV gene
products will be briefly summarized.

Is VZV gE a substitute for functions of HSV gD?

All but one of the proteins that have been illustrated above
for HSV have a counterpart in VZV. For those glycoproteins

for which sufficient information is available, a substantial
functional similarity is observed. The single most notable
difference between VZV and HSV in terms of the glyco-
proteins is the absence of gD in the VZV genome. At the
same time, VZV is well suited for cell-to-cell spread, which
takes place by fusion of the infected cell with an adjacent
uninfected cell, whereas HSV is better suited for virion-to-
cell infection (atleast in cultured cells). So, it is tempting to
speculate that the absence ofaVZV gD gene may contribute
to these differences.

Despite the fact that gD plays such a pivotal role in
HSV entry, gD is not conserved throughout the alphaher-
pesviruses. Inthe porcine herpesvirus Prv, gD isrequired for
virion-to cell infectivity but not for cell-to-cell spread of the
virus. Consistently, gD is not a requirement for the PrV cell-
cell fusion assay, although its presence greatly enhances
fusion efficiency. Assuming that common basic mecha-
nisms are shared by all of the alphaherpesviruses and given
that the triplet gH-gL-gB is conserved, the question then
arises: which VZV glycoprotein substitutes for the func-
tions encoded in HSV gD, i.e., receptor recognition and
triggering of fusion. The two functions might well be dis-
tributed over different entities, but a trigger to fusion con-
sequent to virion interaction with a receptor appears to be
essential.

InVZV, four glycoproteins are known to be essential. They
are gB, gH, gL and gE (Keller ez al., 1984; Montalvo and
Grose, 1986; Forghani et al., 1994; Duus et al., 1995; Mal-
lory et al., 1997; Mo et al., 2002). Of note, the HSV gE gene
lies in the S component of the genome, proximal to gD; as
stated above, VZV lacks the gD gene. Instrumental to our
understanding of the role of gE are the results of VZV glyco-
protein cell—cell fusion assays. In transfected cells, fusion
is induced by coexpression of either gH-gL or of gB-gE
(Duus et al., 1995; Duus and Grose, 1996; Maresova et al.,
2001). With regard to genome stability, VZVis considered to
be one of the more genetically stable herpesviruses. How-
ever, viral mutants carrying missense mutations in the gE
ectodomain are being isolated from humans; one of them
is more fusogenic in cell cultures and in the SCID-hu mice
(Santos et al., 1998, 2000). Cumulatively, both circumstan-
tial and genetic evidence supports the possibility that VZV
gE subsumes at least some of roles of HSV gD.

Endocytosis of the VIV glycoproteins gE, gB, gH, and
the negative regulation of fusion

Three VZV glycoproteins carry functional tyrosine-based
endocytosis motifs; they are gE, gB and gH.



The gE cytoplasmic tail has a YAGL sequence beginning
with a tyrosine residue 582. As determined by mutagen-
esisstudies, the tyrosine residue is part of a conserved YXXL
endocytosis motif. The internalized gE trafficks to the trans-
Golgi orisrecycled to the cell surface. In addition, the C-tail
also contains phosphorylation sites (Kenyon ez al., 2002).
It has been suggested that serine/threonine and tyrosine
phosphorylation of gE may serve as sorting signals for inter-
nalized receptors and that formation of a gE-gl complex
facilitates gE endocytosis (Olson and Grose, 1997; Olson
etal., 1998).

VZV gB contains three predicted endocytosis motifs
within its cytoplasmic domain: YMTL (aa 818-821), YSRV
(aa 857-860), and LL (aa 841-842). Both tyrosine-based
motifs mediate gB internalization, but only the YSRV motif
is absolutely required for endocytosis. The YMTL motif
functions in trafficking of internalized gB to its subsequent
localization in the trans Golgi. The third potential endocy-
tosis motifis a dileucine sequence, whose function is under
study (Heineman and Hall, 2001). Of note, VZV gI, the part-
ner of VZV gE, also contains a dileucine endocytosis motif
in its C-tail (Olson and Grose, 1998).

Like VZV gE and gB, VZV gH contains a functional but
previously unrecognized tyrosine based YNKI motif in its
short cytoplasmic tail, which mediates clathrin-dependent
and antibody-independent endocytosis. Alignment analy-
sis of the VZV gH cytoplasmic tail with other herpesvirus
gH homologues reveals two interesting features: (i) her-
pes simplex virus types 1 and 2 homologues lack an
endocytosis motif while all other alphaherpesvirus gH
homologues contain a potential motif, and (ii) the VZV
gH C-tail is actually longer than predicted in the original
sequence analysis and thus can provide the proper context
for a functional endocytosis motif (Pasieka et al., 2003).
Surprisingly, the endocytosis-deficient VZV gH mutant
plasmid effects greater cell-cell fusion than the wild-type
gH plasmid. This result leads to the conclusion that VZV
gH endocytosis represents a mechanism through which
cell-cell fusion is negatively regulated, i.e., by modulating
the amount of fusogenic gH on the cell surface (Pasieka
etal.,2004). In thisrespect, therefore, VZV gH shares a basic
mechanism of negative regulation of fusion with HSV gB.

Cumulatively, this comparison of the VZVand HSV-1 sys-
tems is very instructive as it highlights that both viruses
have evolved an essentially similar mechanism of control of
fusion, based on endocytosis and consequent limitation of
cell surface expression of the fusion executors themselves.
A notable difference between the two viruses is that this
type of control appears to be is exerted in HSV-1 mainly by
gB and in VZV mainly by gH.
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The regulated transcription of the HSV IE (immediate—
early, o) genes has been a model system for elucidating
principles and mechanisms of combinatorial-differential
regulation, basic RNAPII-directed transcription, and mul-
tiprotein assembly specificities. The regulation exemplifies
viral mechanisms dedicated to the recruitment of cellular
componentsinto complexviral-hostinteractions thatillus-
trate general parameters of protein—protein, DNA-protein,
RNA transcription, and protein complex assembly. Con-
tinued studies hold promise of advancing the understand-
ing of the complexities of biochemical interactions in gene
expression as well as complex cellular response pathways.
The regulation of the IE genes within specific contexts may
also lead to the understanding of signals and pathways
which modulate viral infection and determine the extent
of lytic-latent infection. While HSV has been extensively
studied and will represent the focus of this review, the regu-
latory domain of the VZV IE gene (IE62) contains similar
elements and is regulated by similar mechanisms.

The HSV IE regulatory domains: multiple sites
for differential regulation

The regulatory domains of the HSV IE genes have been
the focus of numerous studies that have defined the
sequence elements and their contributions to the basal and
induced levels of transcription. These IE domains typically
consist of a reiterated inducible enhancer core element
(consensus: TAATGARAT) that is flanked by binding sites
for members of the ets and kruppel transcription family
(Fig. 8.1, left) (Roizman and Sears, 1996; Vogel and Kristie,
2001).

The primary focus has been on the regulated induction
of the expression of the IE genes by the HSV IE transac-
tivator (VP16, oTIE ICP25) via the enhancer core element

(Phillips and Luisi, 2000; Roizman and Sears, 1996; Roizman
and Sears, 1996; Vogel and Kristie, 2001; Vogel et al., 2001;
Wysocka and Herr, 2003). This focus led to the identifica-
tion of cellular proteins (Oct-1 and HCF-1) thatare required
for the stable enhancer complex assembly and the induc-
tion of the IE gene transcription (Kristie et al., 1989, 1995;
Kristie and Sharp, 1993; Roizman and Sears, 1996; Vogel and
Kristie, 2001; Vogel et al., 2001; Wilson et al., 1993; Wysocka
and Herr, 2003). Extensive characterization of these com-
ponents illustrates the multiple levels of complex regula-
tory interactions inherent in this process.

The assembly of the HSV IE enhancer core complex

The assembly of the HSV IE enhancer core complex illus-
trates the basic elements of the specificities governing the
regulatory process. The stages of the assembly are modeled
upon in vitro studies of protein-DNA recognition, protein-
protein interactions, selective recognition, affinities, and
cooperative interactions. As shown in Fig. 8.1 (Right), the
cellular Oct-1 POU domain protein recognizes the diver-
gent octamer element in the IE core and provides a nucle-
ation point for the association of the heterodimeric pro-
tein complex consisting of VP16 and HCF-1. Specificity for
the HSV IE element is determined by selective recognition
of the Oct-1 POU-homeobox and the enhancer core DNA
sequences by VP16 while the complex is stabilized by HCF-
1interactions. The full enhancer domain complex contains
additional cellular transcription factors such as GABP and
Sp1. The activation potential is dependent upon the core
complex, likely through additional protein—protein inter-
actions. The complexity of the regulatory complex provides
for multiple levels of regulation dictated by various protein
combinations, interactions, and the specific regulation of
the individual components. Therefore, each component
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Fig. 8.1. The HSV IE enhancer domain elements, components, and assembly process. (Left) Representation of a typical HSV IE
enhancer-promoter domain containing the reiterated enhancer core (EC), GABP (GA), and Sp1 (Sp1) binding sites. The enhancer core
components (HCF-1, Oct-1, VP16) and ancillary transcription factors (GABP, Sp1) are represented. (Right) Specificities and interactions in
the assembly of the multiprotein enhancer core complex. Oct-1 binds to the octamer element in the 5" end of the ATGCTAATGARAT
enhancer core and nucleates the association of the heteromeric HCF-1/VP16 protein complex. VP16 cooperatively interacts with the
Oct-1 POU-homeobox and recognized the 3’ sequences of the core element. The stable enhancer core complex may recruit or interact
with the additional factors to form the fully assembled enhancer complex.

will be described with respect to its defined structure,
function, interactions, and regulatory mechanisms.

Oct-1

Oct-1 is a representative of the POU family of proteins (Pit,
Oct, unc86) containing bipartite DNA binding domains
(POU-specificbox, POUs and POU-homeobox, POUh) con-
sisting of helix-turn-helix structures that cooperate to rec-
ognize the consensus element (ATGCAAAT) (Clerc et al.,
1988; Phillips and Luisi, 2000; Sturm et al., 1988). The struc-
ture and DNA contacts of the POU-specific box are anal-
ogous to the \ repressor in which all four helices make
significant network DNA backbone contacts while DNA
recognition by the POU-homeobox is characteristic of
homeodomains in which helix 3 lies in the major
groove and provides sequence recognition. The two DNA
binding units recognize bases (POUs, ATGC; POUh, AAAT)
in the major groove on opposite sides of the helix and
are separated by a flexible and disordered linker region
(Fig. 8.2-Oct-1) (Klemm et al., 1994).

In the case of the HSV IE domains, Oct-1 nucleates the
enhancer core assembly by binding the divergent octamer
sequences of the core consensus (ATGCTAAT). Selective
recognition of the Oct-1 POU-homeobox by VP16 was elu-
cidated by comparative analysis of Oct-1 and the highly
related Oct-2 protein. While only seven amino acids differ
between the exposed homeodomain surfaces of these two
proteins, VP16 selectively interacts with Oct-1(Lai et al.,
1992; Pomerantz et al., 1992). As shown (Fig. 8.2-Oct-1),
four amino acids (K18, S19, E22, E30) in helixes 1 and 2
are required for high affinity recognition by VP16. Strik-
ingly, only the single position 22 (Oct-1, E22) determines
the specificity that accounts for the affinity difference in
the recognition of Oct-1 over Oct-2 by VP16. This selective
recognition by VP16 elucidated a principle of homeobox
protein interaction and specificity that has been reflected
in multiple Oct-1 interactions in differential positive, neg-
ative, and inducible regulatory events. Studies addressing
these contextual interactions elucidate the functions of the
protein and illustrate the various diverse mechanisms used
to regulate these processes:
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Fig. 8.2. The protein components of the HSV IE enhancer complex.
Oct-1: The transactivation (TA-Q and TA-S/T) and POU (POUs and POUh) domains are shown. The POU-specific box recognizes ATGC while the
POU-homeobox recognizes TAAT within the enhancer core element (ATGCTAATGARAT). Proteins that bind to the Oct-1 POU domain are listed.
The inherent flexibility of the POU domain and the potential orientations of the POUs box in recognition of the core element are depicted. In the
schematic representation of the Oct-1 POU-homeobox, the residues which are important for the recognition by VP16 are indicated. (cont.)
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(i) The stimulation of transcription preinitiation complex
formation via theinteraction of the Oct-1 POU domain with
TBP in a non-DNA dependent manner has suggested that
the interaction enhances TBP-TATA box binding by alle-
viating TBP autorepression, thus resulting in synergistic
activation of octamer containing promoters (Mittal et al.,
1999; Zwilling et al., 1994). Similarly, snRNA transcription
isregulated via Oct-1/SNAPc interaction in which SNAPc is
recruited to the snRNA proximal element via interactions
that relieve SNAPc autorepression (Mittal et al., 1999). The
interaction of Oct-1POU with SNAPc utilizes the same POU
interaction surface as is bound by specific Oct-1 coactiva-
tors illustrating that the DNA site context is a determining
factor in the selection of cofactors and coactivators (Hovde
etal., 2002).

(i) Oct-1 stimulates transcription from TATA-less pro-
moters via recruitment of TFIIB, functioning in lieu of TBP
to orient the basal factor for RNAPII positioning (Phillips
and Luisi, 2000).

(iii) Numerous synergistic interactions with other tran-
scription factors also determine the roles of Oct-1 in pos-
itive, negative, and inducible regulation of gene expression.
This regulation may be DNA dependent, promoter con-
text dependent, or via DNA-independent protein-protein
interactions. At the mouse mammary tumor virus (MMTV)
promoter, interaction of the glucocorticoid receptor with
the Oct-1 POU domain mediates glucocorticoid induc-
tion. Similarly, interaction with the androgen receptor pro-
motes SRC-1 coactivator recruitment and transcription
enhancement (Phillips and Luisi, 2000). In contrast, Oct-
1 POU-homeobox interaction with the zinc finger domain
of RXR disrupts the thyroid hormone receptor TR/RXR het-
erodimer, leadingto repression of TR-dependent transcrip-
tion (Gonzalez and Robins, 2001).

At the cyclin D1 promoter, interaction of CREB with the
Oct-1 POU domain occurs independently of an octamer

115

element and results in CBP coactivator recruitment in
the absence of the normally responsive mechanism that
depends upon CREB phosphorylation (Boulon et al., 2002).
Induction of GADDA45 following UV-induced DNA damage
is a second example of Oct-1 mediated regulation that is
distinct from the defined primary p53 dependent regula-
tory mechanism (Jin et al., 2001).

(iv) Another level of regulation is exemplified by Oct-
1 interactions with cell-type or process-specific coactiva-
tors (Phillips and Luisi, 2000; Wysocka and Herr, 2003).
The stimulation of immunoglobulin gene transcription by
Oct-1 is mediated by binding of the B-cell specific coacti-
vator OCA-B that interacts in a hydrophobic pocket with
both subdomains of the Oct-1-POU domain. This inter-
action requires the Oct-1-DNA assembly, preferentially
interacting with Oct-1 bound to the consensus ATGCAAAT
vs. the HSV ATGCTAAT. The selection of site-specific Oct-
1-DNA complexes by OCA-B is determined by binding a
different surface of the Oct-1 POUs/POUh subdomains
than VP16 that is positioned to the center of the con-
sensus octamer element and includes OCA-B-DNA con-
tacts (Babb et al., 1997; Chasman et al., 1999). Recent
studies have identified a second process-specific coacti-
vator, OCA-S that is involved in the S-phase, cell-cycle
dependent stimulation of the histone H2B promoter by
Oct-1. Strikingly, this coactivator contains the enzyme
GAPDH that may link cellular metabolism to cell growth
and division (Zheng et al., 2003). These differential inter-
actions illustrate the structural versatility in Oct-1 protein
interactions.

(v) Oct-1 also plays arole in the stimulation of DNA repli-
cation as exemplified by the binding of the adenovirus pTP-
Pol to the POU-homeobox (Coenjaerts et al., 1994; Phillips
and Luisi, 2000). The interaction enhances the association
of the pTP-pol with the origin-binding complex. In this
case, the interactions are via the DNA binding surface of the

Fig. 8.2. (continued) VP16 The structure and protein interactions of VP16 are represented. The core structure contains the clustered residues
that are critical for the assembly of the IE enhancer complex (HCF-1, Oct-1, DNA) while the transactivation domain (TA, aa 412-490) interacts with
anumber of basal factors and chromatin modifying components. A schematic representation of the VP16 protein structure is shown (left)
indicating the various protein interaction surfaces oriented in recognition of the Oct-1 POU-homeobox/ DNA complex.

HCF-1I: The amino-terminal kelch, mid-aminoterminal, proteolytic processing (PPD), autocatalytic (Auto), transactivation (TA), WYF-rich, FN3
repeat, and nuclear localization signal (NLS) regions are represented. The proteins that interact with each region are listed below the appropriate
domain. The PPD is represented as a series of consensus (large oval) and divergent (small oval) reiterations of the HCF-1 cleavage sequence shown
above. (Bottom left) A stylized representation of the HCF-1 kelch domain is shown illustrating the seven predicted blades (antiparallel sheets, E1
through E4; loops, L1-2 through L4-1). For HCF-1, the predicted ring closure utilizes E4 from the animoterminus and E1-2-3 from the
carboxyterminus of the domain (NH2 closure). (Bottom right) The derived molecular model of the HCF-1 kelch domain structure is depicted.

Sp1: The inhibitory domain (INH), transactivation domains (TA-1, TA-2), and DNA binding domains (C2H2, Zn fingers) are represented. Proteins or
protein complexes that interact with Sp1 are listed. The structure of the C2H2 Zn finger domain is schematically represented: C, cysteine; H,
histadine; F/Y, phenylalanine or tyrosine; y, hydrophobic residue. Light circles represent amino acids that are predicted to make DNA contacts.
GABP: The o subunit contains the ets DNA binding domain recognizing the GA box and the heterodimerization domain (/). The 8 subunit
contains ankyrin repeats (/B heterodimerization region), nuclear localization signals (NLS), transactivation domain (TA), and tetramerization
sequences (B—p). The sequence of the transactivation domain is shown and the residues that are critical for both transactivation and interaction

with HCF-1 are boxed. (See color plate section.)
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POU-homeobox and are distinct from those of the VP16-
Oct homeobox complex (de Jong et al., 2002).

Clearly there are a number of distinct mechanisms by
which Oct-1 may regulate the basallevel expression, induc-
tion, or repression of target genes via interactions with spe-
cific sites, transcription factors, and coactivators that are
mediated through the POU domain. In addition, the pro-
tein contains two transactivation domains (Fig. 8.2-Oct-1)
that flank the POU domain and function in a promoter
context dependent manner, suggesting thatadditional pro-
tein interactions at a given promoter further modulate the
regulatory process (Tanaka et al., 1992). The multitude of
promoter targets and protein interactions and the diverse
regulatory mechanisms involving Oct-1 is reflective of an
innate flexibility of the protein conferred by the linker seg-
ment separating the POU subdomains (Phillips and Luisi,
2000; Wysocka and Herr, 2003). This flexibility allows for
the recognition of sequences and contexts that are diver-
gent from the consensus octamer element. As illustrated
by binding to both octamer + and octamer — TAATGARAT
elements, the flexibility of the Oct-1 POU domain allows for
alternative configurations or positions of the POU-specific
box relative to the POU-homeobox (Fig. 8.2-Oct-1). This
ability allows for interaction of these domains with pro-
teins in nonconsensus configurations. The configuration
is dictated by the sequence of the DNA element and can
provide distinct interfaces for various coregulators that are
promoter dependent.

Theactivity of Oct-1isalsoregulated byanumber of post-
transcriptional mechanisms including: (i) enhancement of
DNA-binding activity following UV-induced DNA damage
(Zhao et al., 2000); (ii) phosphorylation by PKA, PKC, and
CKII (Grenfell er al., 1996); (iii) interaction with HMG2
which may function to order the DNA-binding domain
for high affinity recognition (Zwilling et al., 1995) and (iv)
enhanced phosphorylation of Oct-1 via interaction with
MAT1 cyclin dependent kinase activating kinase (Inamoto
et al.,, 1997). Similarly additional levels of regulation exist
which impact the function of Oct-1 as illustrated by the
modulation of the levels of the OCA-B coactivator by the
ring finger protein Siah-1 (Tiedt ef al, 2001). The various
types of interactions and levels of regulation that impinge
on the function of Oct-1 will clearly have implications for
the function of the protein in the stimulation of the HSVIE
genes in different cellular contexts.

VP16

Vpl6 (ICP25, VMW®65, oTIF) is the HSV-encoded com-
ponent of the enhancer core complex that determines
the specificity for the HSV elements. Approximately 900

molecules of the protein are packaged within the tegument
structure of a virion and are released into the cytoplasm
of the cell upon infection (Roizman, 1996). The protein is
transported to the nucleus and assembled into the stable
enhancer core complex. VP16 is a critical component of the
complex as it determines the specificity of the HSV IE core
complex by direct recognition of the TAATGARAT DNA ele-
ment and by selective recognition of the DNA bound Oct-1
(Figs. 8.1 and 8.2) (Kristie and Sharp, 1990; Lai ef al., 1992;
Pomerantz et al., 1992).

The 490 amino acid protein consists of a conserved struc-
tural core (aa 49-403) that contains the specificity surfaces
for interaction with Oct-1, DNA, and HCF-1 (Lai and Herr,
1997; Simmen et al., 1997; Wysocka and Herr, 2003) as well
as a highly characterized transcription activation domain
(aa 412-490) that interacts with both basal transcription
factors and chromatin remodeling/nucleosome modifica-
tion factors (Fig. 8.2-VP16). Surprisingly, the protein lacks
a nuclear localization signal and nuclear transport is pro-
vided by protein interaction with HCF-1 (La Boissiere et al.,
1999). As HCF-1 is a key cell-cycle component, this inter-
action may play a significant role in the initial “sensing” of
the cell state for viral replication.

Advances in the determination of the structure of
VP16 have provided an understanding of the protein—
protein and protein-DNA interactions that are critical
for the protein’s selective induction of the HSV IE genes.
The highly structured core domain consists of internal
symmetry that is dominated by two-stranded antiparal-
lel coiled coils. The resulting structure resembles a “seat”
complete with bottom, back, and headrest regions (Fig.
8.2-VP16). Interestingly, the region representing the inter-
action domain for Oct-1, HCF-1, and DNA (aa 350-394)
is disordered in the crystal, suggesting that this domain
adopts a structure upon binding these components (Babb
et al., 2001; Liu et al., 1999). Correlation of the structure
with numerous mutagenesis studies clearly indicates that
there are distinct surfaces for interaction with components
involved in virion assembly (right surface) vs. transcrip-
tion (left surface) while the DNA recognition surface is
formed by a cleft in the seat structure (Fig. 8.2-VP16, bot-
tom right) (Babb et al, 2001; Liu et al., 1999). As differ-
ent VP16 orthologs such as those encoded by VZV and
BHV recognize different TAATGARAT elements dependent
upon the 3’ sequences, the VP16 structure presents a model
by which the unstructured region may also contribute to
DNA binding by adopting a structure to specifically rec-
ognize the GARAT sequences while the “seat” recognizes
the 3’ portion of the element. Furthermore, the DNA bind-
ing model predicts that the Oct-1 POU-specific box may
lie to either side of the TAAT in the enhancer complex
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(refer to Fig. 8.2 -VP16) and may modulate the VP16-DNA
interaction.

The specific residues that are important for the inter-
actions of VP16 in the IE enhancer core complex have
been defined by numerous mutagenesis and peptide inhi-
bition studies (Vogel and Kristie, 2001; Wysocka and Herr,
2003). This work elucidated a clustered core of residues
for interaction with HCF-1 (E361, H362, Y364) that is now
recognized as the HCF-1 interaction (D/E HXY) motifin a
number of cellular proteins that interact with this coac-
tivator protein (Freiman and Herr, 1997; Lu et al, 1998;
Wysocka and Herr, 2003). Mutations in residues (Y373,
G374, S375) affect the VP16- Octl interaction while muta-
tions in residues (R360, R366, R368, K370) affect DNA bind-
ing (Lai and Herr, 1997). Interestingly, S375 is a target for
CKII-dependent phosphorylation. This residue is normally
modified in cell extracts and is required for efficient com-
plex formation, suggesting post-transcriptional modula-
tion of the VP16 interactions required for the IE complex
assembly (O’Reilly et al., 1997).

The second unstructured region in the crystal deter-
mination is the transcription activation domain (TA, aa
412-490) that is located at the “bottom” of the determined
structure (Liu ef al., 1999). The VP16 TA domain has been
perhaps the most utilized tool in studies of the mecha-
nisms involved in transcription activation. Initially, muta-
genesis studies defined the TA domain and determined that
this region consisted of two distinct subdomains contain-
ing important aromatic and hydrophobic residues (Regier
et al., 1993). The effects of substitutions at these positions
also suggested that the structure of these subdomains were
distinct and were likely to be involved in different stages
of transcription stimulation. The unstructured nature of
the domain both in solution and in the crystal determin-
ation suggests that this region also becomes structurally
constrained upon protein-protein interactions (Shen et al.,
1996).

Many studies on the mechanisms of transcription acti-
vation have utilized the VP16 TA domain, generally in the
context of a DNA binding domain fusion protein. These
studies have elucidated protein interactions and general
principles or mechanisms in the regulation of transcription
activation. While early studies demonstrated that activa-
tors promote “open complex” formation by enhancing the
formation of the RNAPII preinitiation complex and pro-
moter assemblies; later analyses addressed the rate lim-
iting stages, protein interactions, and stepwise activation
stages that were affected by the TA domain in given pro-
moter contexts. The data from many such studies have
resulted in general models for promoter activation via mul-
tiple steps which are not necessarily strictly ordered but
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can be affected by activators including: activator access
and binding, histone modification and chromatin remod-
eling, binding and assembly of the basal factor-RNAPII
complexes, open complex formation, RNAPII promoter
escape, RNAPII pausing, transcription elongation, coupled
transcription-mRNA splicing, and transcription reinitia-
tion (Cosma, 2002).

Studies that focus upon protein interactions of the
VP16 TA domain have suggested that the unstructured
domain adopts conformations upon binding specific tar-
gets. This flexibility allows for numerous conformations
and sequential interactions with factors involved in dif-
ferent stages of promoter activation (basal factors TFIIB,
TFIIH, TBP; histone modification SAGA; and chromatin
remodeling SWI2/SNF2) (Gold et al., 1996; Hall and Struhl,
2002; Herrmann et al, 1996; Herrera and Triezenberg,
2004; Krumm et al., 1995; Memedula and Belmont, 2003;
Nishikawa et al, 1997; Vignali et al, 2000; Walker et al.,
1993; Xiao er al, 1994; Yudkovsky et al., 2000). Con-
sistent with early studies, the two subregions of the
TA domain interact with distinct factors and function
in multiple steps or activation stages including: (i) the
ATP-dependent chromatin remodeling and histone modi-
fications that allow factor access and promoter targeting
(SWI, SAGA, p300) as demonstrated by the ability of the
TA domain to mediate large scale chromatin remodeling;
(ii) the assembly of the RNAPII preinitiation complex by
alleviating TBP autorepression or by direct recruitment of
the protein followed by competition with TBP-basal TAFs
interactions to promote enhanced activation; (iii) recruit-
mentof TFIIBleading to RNAPII positioningand open com-
plex formation; (iv) recruitment of TFIIH and CTD kinases
that mediate RNAPII promoter escape; (v) regulation of the
efficiency of the initiation complex formation that func-
tions to increase the elongation competency of the com-
plexes, thereby affecting the coupled mRNA splicing
efficiency; and (vi) stabilization of the reinitiation scaffold
(TFIID, TFIIA, TFIIE, mediator and TFIIH) via interactions
with TFIIH, leading to efficient reassembly and reinitiation.

These studies have resulted in significant advances in
the understanding of general transcription initiation and
promoter activation and have suggested mechanisms by
which the VP16 TA domain may participate in the acti-
vation of the IE gene transcription. It remains, however,
to be determined exactly what the inherent rate-limiting
steps are for the activation of the IE genes and what the
contribution(s) of the VP16 TA domain are within this con-
text. In addition, clearly the contributions of all of the core
and ancillary factors will be affected by the interplay of
the regulatory proteins and signals within a given cellular
milieu.
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HCF-1

The last required component for the stable assembly of
the core enhancer protein complex is the cellular coacti-
vator HCF-1. Originally identified as a required compo-
nent derived from extracts of insect or mammalian cells
for the formation of a stable core complex in vitro, HCF-
1 was subsequently biochemically purified and the gene
encodingit was cloned (Kristie et al., 1989, 1995; Kristie and
Sharp, 1993; Vogel et al., 2001; Wilson et al., 1993; Wysocka
et al., 2003). Interestingly, rather than a single polypep-
tide, the protein is actually a family of polypeptides ranging
from 68-230 kD that are derived from a common precur-
sor via site-specific proteolysis (Kristie et al., 1995; Vogel
and Kristie, 2000a; Wilson ez al,, 1993). The protein is ubig-
uitously expressed and localized in the nucleus of all cell
types with a notable exception (discussed below). Numer-
ous studies in recent years have illuminated both the func-
tions of the protein in HSV IE gene expression as well as
its functions in basic cellular processes. The importance
of both lies in the strict requirement for HCF-1 in the ini-
tiation of HSV lytic cycle as well as the importance of the
protein in several basic cellular processes that may impact
the viral cycle.

As shown in Fig. 8.2, multiple functional domains and
protein interactions have been defined which have iden-
tified HCF-1 as a critical component of processes such as
cell-cycle control, positive and negative transcription regu-
lation, chromatin modulation, DNA replication, and mRNA
splicing. Many studies have focused upon the amino ter-
minal domain of the protein as this region is required for
the formation of the HSV IE enhancer core complex as
well as for cell cycle progression (Goto et al., 1997; Hughes
et al., 1999; LaBoissiere et al., 1997; Wilson et al., 1997).
The predicted structure of the amino-terminus of HCF-1
is based upon structural alignments to related “kelch”
domain proteins (Adams et al.,2000; Wilson et al., 1997) and
a molecular model has been derived based upon the crys-
tal structure of galactose oxidase “kelch” domain (Fig. 8.2
-HCF-1, bottom right) (J.L. Vogel and T.M. Kristie, unpub-
lished data). The domain model consists of seven reitera-
tions of four antiparallel B sheets that form the blades of a
propeller-type structure. The ring is closed via the E4 sheet
of the aminoterminus with the E1-E2-E3 sheets at the car-
boxyterminus of the domain to form the 7th blade (Fig. 8.2-
HCF-1, bottom left). Kelch domain proteins are involved
in a broad range of functions from structural assemblies
to signal transduction and the domain presents several
distinct protein interaction surfaces formed by the seven
L2-3 loops, the L4-1 loops, and the E4 sheets (Adams et al.,
2000).

As defined in numerous studies, the kelch domain medi-
ates the high affinity interaction of HCF-1 with VP16 in
the assembly of the HSV IE enhancer complex. The anal-
ysis of this interaction led to the elucidation of the HCF-
1 interaction motif (D/E HXY) recognized in VP16 and
subsequently determined to be a common motif found
in cellular proteins that interact with the HCF-1 kelch
domain (Freiman and Herr, 1997; Lu et al., 1998; Sim-
men et al., 1997). However, selective mutagenesis has sug-
gested that distinct surfaces within the reiterated kelch
structure are involved in the interactions that are medi-
ated by this short common motif (Mahajan and Wilson,
2000). Differences between HCF-1 and the highly related
HCEF-2 in blades 5 and 6 encode part of the specificity
for the preferential binding of VP16 to HCF-1 in a man-
ner analogous to the discrimination between Oct-1 and
Oct-2 (Johnson et al, 1999). While the kelch domain is
the minimal domain required for the assembly of the VP16
enhancer core compleg, it is unlikely to represent the only
domain involved in this assembly. Some studies have sug-
gested that additional domains are required, perhaps to
constrain or alter the positioning of the VP16 activation
domain for stable assembly into the complex (La Boissiere
et al., 1997). Notably, multiple other cellular proteins that
interact with the kelch domain have also been isolated
including transcription factors (LZIP, Zhangfei) E2F1, E2F4,
Krox 20 (Freiman and Herr, 1997; Knez et al., 2006; Lu and
Misra, 2000b; Lu et al., 1997; Luciano and Wilson, 2002,
2003), transcription coactivators (PGC, PRC) (Lin et al.,
2002), a nuclear export protein (HPIP) that may control
the nucleo-cytoplasmic pool of HCF-1 (Mahajan et al.,
2002), and chromatin modification components (setl/Ash
HMT) (Wysocka et al., 2003); suggesting that the protein
is involved in numerous or global cellular transcription
functions.

In its role during the initial stages of the HSV lytic
cycle, the protein is described as the coordinator of the
HSV IE enhancer complex assembly as it has interactions
with each of the enhancer components (VP16, Oct-1, Sp1,
GABP) and may orient the assembled factors for effective
activation of the IE gene transcription (Vogel and Kristie,
2000b; Vogel et al., 2001). The interactions may also reflect
a central role in the activation of the IE transcription in
response to multiple distinct regulatory signals that are
mediated by the various factors involved (see below). An
additional function of the protein in the regulation of the
IE genes is evidenced by its activity as a mediator or coac-
tivator of transcription via interaction with various tran-
scription factors, chromatin modification components and
other coactivators (Fig. 8.2 -HCF-1). Several lines of evi-
dence support the proposal that HCF-1 can function as
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a general coactivator and mediates transcription activa-
tion of the assembled IE complex including: (i) an acti-
vation domain in the carboxyterminus of HCF-1 func-
tions synergistically with the VP16 TA domain and may
affect a distinct rate-limiting stage (Luciano and Wilson,
2002); (ii) HCF-1 is required to mediate the transcriptional
activation potential of LZIP at CRE sites (Lu et al., 1997);
(iii) HCF-1 interacts directly with the TA domain of GABP
where mutations which affect the transactivation poten-
tial correlate directly with affects upon the GABP-HCF-1
interaction (Vogel and Kristie, 2000b); (iv) HCF-1 inter-
acts with chromatin modifying proteins presumably to
recruit these enzymes in early stages of transcription acti-
vation (Wysocka et al., 2003); and (v) depletion of HCF-1
results in ablation of HSV 1E expression (Narayanan et al.,
2005). Significantly, HCF-1 dependent transcription events
such as defined for GABP can provide a VP16-independent
alternative mechanism for the induction of the HSV
IE gene expression outside of the TAATGARAT element
core.

In addition to its role in the direct assembly of the IE
enhancer core complex, studies delineating the HCF-1 NLS
(aa 2015-2035) have demonstrated that HCF-1 is required
for the nuclear transport of VP16 during productive infec-
tion (La Boissiere et al., 1999). These results suggest that
the pool of HCF-1 that is utilized by HSV is likely to be free
cytoplasmic protein and that preassociation with VP16 is a
critical stage in the enhancer complex assembly. Proteins
such as the nuclear export factor HPIP, which interacts with
the kelch domain of HCF-1, may play a role in regulating
the nucleo-cytoplasmic shuttling of the protein, can there-
fore have a significant regulatory impact on the availability
of cytoplasmic HCF-1 for the HCF-1/VP16 interaction and
transport.

HCF-1 is also a critical control component of the cell-
cycle as initially demonstrated by the isolation of a ts
mutant (P134S) that resulted in GO-G1 cell cycle arrest
(Goto et al, 1997). While the exact mechanism(s) of
HCEF-1 dependent cell-cycle progression remain unclear,
studies indicate that the protein has multiple roles in pro-
moting several cell-cycle stages: (i) the dissociation of ts-
HCF-1 from cell chromatin at the non-permissive tem-
perature suggests a global effect on cellular transcription
(Wysocka et al., 2001); (ii) the interaction of HCF-1 with
the TA domain of Miz-1 results in repression of Miz-1 acti-
vation of cdk p15™K*> expression, potentiating cell cycle
progression (Piluso et al, 2002); (iii) the WYF domain
(aa 1793-2005) in the carboxyterminus of HCF-1 inter-
acts with PDCD2 which can suppress complementation
of growth arrested ts-HCF-1 cells suggesting that PDCD2
may negatively regulate HCF-1 functions possibly through
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the association with additional transcription repression
components such as NcoR (Scarr and Sharp, 2002); (iv)
RNAi-mediated depletion of HCF-1 results in defects in
both Go-G, progression and cytokinesis/exit from mitosis
which can berescued by expression of the HCF-1 aminoter-
minus or carboxyterminus, respectively (Julien and Herr,
2003; and (iv) array studies have implicated HCF-1 in the
expression of critical cellular proteins involved in gen-
eral transcription, cell cycle progression, DNA replication-
repair, and signal transduction (Khurana and Kristie, 2004).
These studies collectively suggest that HCF-1 regulates
cell cycle progression through its multiple roles in the
regulation of gene expression. Interestingly, observations
that novel HCF-1 aminoterminal polypeptides accumu-
late in the cytoplasm of cells arrested in Gy may indicate
that specific subdomains of the protein are localized in a
regulated manner to control cell-cycle progression (Scarr
etal., 2000).

Located in the central region of the 230 kD HCF-1 pre-
cursor is one of the more unusual domains consisting of a
series of 20 amino acid reiterations that are sites of the spe-
cific proteolytic cleavages that results in the family of HCF-
1 amino and carboxyterminal polypeptides (PPD domain,
Fig. 8.2 -HCF-1). However, the amino and carboxyter-
minal proteins do not segregate but remain tightly asso-
ciated via interactions between fibronectin type II repeats
in the carboxyterminus (aa 1800-2000) and the 7" blade
of the kelch domain (Kristie et al., 1995; Kristie and Sharp,
1993; Wilson et al., 2000). The processing of the protein
has been determined to be autocatalytic and requires
the PPD and residues carboxyterminal to this domain for
efficient processing in vitro (Vogel and Kristie, 2000a). The
functional role of the processing remains elusive but may
represent a regulatory mechanism for controlling HCF-1-
protein interactions and amino-carboxyterminal coopera-
tivity. A novel regulatory function is proposed by the iden-
tification of a series of protein-protein interactions within
the PPD in which specific reiterations encode an inher-
ent specificity for particular protein binding partners. This
model predicts that processing of HCF-1would regulate the
ability of the resulting cleavage products to interact with a
specific subset of cofactors, thereby determining the
activity of the particular HCF-1 cleavage product (Vogel
and Kristie, 2006). Ultimately, the processing may con-
trol the protein’s nuclear transport, cell-cycle functions,
and/or determine its transcription activation or repression
potential.

While the emphases of HCF-1 studies have been the
roles of the protein in transcriptional regulation and cell
cycle progression, the protein has also been implicated in
mRNA splicing where it may be a general cofactor (Ajuh
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et al., 2002) and in protein modification complexes (HCF-
1-Protein Phosphatase 1) (Ajuh et al., 2000) where it may
regulate the activity of the phosphatase or determine it’s
targets. In addition, HCF-1 may playroles in the later stages
of HSV lytic replication as suggested by the interaction of
the kelch domain with HSV DNA replication proteins (Peng
M.L., Nogu eira, and T.M. Kristie 2006, unpublished data).

Clearly HCF represents one of the more complex com-
ponents of the HSV IE regulatory assembly and has diverse
and essential cellular functions. This protein may also be
the component that is most critical for viral IE expression
suggesting that the evolution of the virus to usurp the func-
tions of this factor has more implications for the regulation
of the HSV lytic cycle than is initially readily apparent.

Ancillary factors: Sp1 and GABP

In addition to the enhancer core complex, each IE regula-
tory domain contains a number of binding sites for cellular
transcription factors such as Sp1 and GABP. The expression
of the IE genes, even in the absence of VP16, attests to the
significance of these components. However, the potential
of these elements are dependent upon and enhanced by
the presence of the assembled IE enhancer core complex,
reflecting an interdependence of the elements.

Sp1

Splisamember ofthe Zn finger/krupple family and was the
first transcription factor to be purified and cloned (Black
etal., 2001; Kaczynski et al., 2003; Suske, 1999). The protein
recognizes the element GGGCGG (GC box) that is present
in multiple copies in the HSV IE regulatory domains (Fig.
8.1) and has been determined to contribute to the basal
expression level (Jones and Tjian, 1985). Originally consid-
ered to be a ubiquitously expressed, housekeeping factor,
the protein is now known to be amember of alarge family of
related proteins that are subject to and involved in distinct
regulatory pathways. Spl through Spé6 are highly related
proteins which all interact with the GC element although
there is some variability in specific binding affinity.

Spl is a 778 amino acid protein consisting of a three
C2H2 Zn-finger DNA binding domain (C-X,_5 C-X5-(F/Y)-
Xs5-{ -X,-H-X5_5-H) located in the carboxyterminus with an
embedded nuclear localization signal (NLS, Fig. 8.2-Sp1).
Models that predict the DNA binding contacts are based
upon similar structures and suggest that key residues in
the various Sp family members determine the specificity
for the GC box (Kaczynski et al., 2003). The protein also
contains two TA domains [(S/T) and Q-rich] that function

in a promoter-dependent context, conceptually similar to
those in Oct-1 (Black et al., 2001; Suske, 1999).

Spl interacts with a number of known transcription
activators (e.g., Oct-1), transcription coactivators (e.g.,
HCEF-1, p300/CBP), and basal transcription factors (e.g.,
TBP)(Gunther et al., 2000; Kaczynski et al., 2003; Suske,
1999). In amanner analogous to Oct-1, the protein interac-
tions and functional significance can largely be determined
by the promoter context. Most significantly, the accumu-
lating data illustrates that this family of proteins is sub-
ject to several regulatory signals and pathways in which
specific GC boxes mediate responses to particular stimuli
via binding proteins involved in those pathways. In addi-
tion, the particular regulatory response of a given GC box
can also vary depending upon the particular cell context.
These proteins interact with factors such as Rb-p107, p53,
E2E and Oct-1 and respond to signals as diverse as growth
stimuli, NGE TGFb, hormones, DNA damage, and apopto-
sis (Black et al., 2001; Gunther et al., 2000; Kaczynski et al.,
2003; Ryu et al., 2003; Suske, 1999; Yan and Ziff, 1997). An
additional level of regulation is provided by varying levels
of the Sp family within a given cell type and under specific
response conditions. As Sp1 and Sp3 are expressed in the
same cell types, bind with equal affinity to the GC box, and
have distinct functions; the ratio of the proteins can deter-
mine the activationvs. repression of given target genes. This
regulatory mechanism is exemplified by alterations in the
ratios of these proteins during cell differentiation or spe-
cific signaling pathways (Black et al., 2001; Gunther et al.,
2000; Kaczynski et al., 2003; Suske, 1999). The activation
and repression functions of the Sp family are hypothesized
to be mediated via interactions with HAT or HDAC com-
plexes, respectively.

Finally, as expected by the involvement of these proteins
in response to environmental signals, modifications of the
factors also modulate that activity of the family. For exam-
ple, acetylation of Spl in response to neuronal oxidative
stress plays a role in neuronal survival pathways (Ryu et al.,
2003). In an HSV infection, phosphorylation of Sp1 later
in infection decreases the protein’s TA potential and may
contribute to the down regulation of the IE gene expression
(Kim and DeLuca, 2002).

GABP

GArich sequences adjacent to atleast one TAATGARAT ele-
ment in each of the HSV IE regulatory domains were origi-
nally identified in mutagenesis studies and reporter assays
where these elements contributed to the VP16-dependent
induction of IE expression (Triezenberg et al, 1988).
In vitro transcription assays further demonstrated the
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significance of the elements for VP16-mediated transcrip-
tion and suggested that the sites functioned synergistically
with the enhancer core (Wu et al., 1994).

The factors binding to these elements (GABP) are related
to the ets and notch protein families and consist of an
a-subunit containing a carboxyterminal ets DNA binding
domain and a  subunit containing the TA domain, NLS,
and series of ankyrin repeats that mediate dimerization
with the a subunit as well as contributes to DNA bind-
ing (Fig. 8.2-GABP) (LaMarco et al., 1991; Thompson et al.,
1991). The proteins also form tetrameric structures via car-
boxyterminal sequences in the f subunits forming helical
intertwined coiled coils (de la Brousse et al., 1994). In the
B-subunit, the TA domain consists of a series of hydropho-
bic clusters which are critical for the TA potential (Gugneja
et al., 1996; Gugneja et al., 1995). These regions correlate
with the ability of the domain to interact with the enhancer
core coactivator HCF-1, indicating that HCF-1 mediates the
activation potential of the factor (Vogel and Kristie, 2000b).

The focus of many GABP studies has been in elucidating
the role of the protein in the activation of nuclear encoded
mitochondrial respiration component and assembly genes
(Puigserver and Spiegelman, 2003; Scarpulla, 2002). These
studies have delineated multiple levels of regulation and
have indicated that an important mechanism for regu-
lation of these factors is via regulation of the coactiva-
tors which respond to a variety of stimuli resulting in
phosphorylation, induction, activation, and stabilization
ofthese coactivators. The coactivators subsequently recruit
additional cofactors, coactivators, and histone modifica-
tion complexes. Two coactivators have been intensely
studied in this context: PRC that mediates activation in pro-
liferative responses and PGC that mediates thermogenic
effector responses (Scarpulla, 2002). Interestingly, PGC has
not been shown to directly interact and modulate GABP
activity but may, in fact, do so via its interaction with the
kelch domain of HCF-1 (Fig. 8.2-HCF-1). The activity of
GABP and its cofactors are modulated by several signal-
ing pathways such as p38 MAPK. For PGC, p38 mediated
phosphorylation results in stabilization of the cofactor
(Puigserver and Spiegelman, 2003). The phosphorylated
PGC is also involved in direct induction of the expression
of GABP.

Numerous regulatory response pathways are mediated
by GABP including (i) induction of neuregulin expression
(Fromm and Burden, 1998); (ii) insulin dependent pro-
lactin gene expression via MAP pathway phosphorylation
of GABP (Ouyang et al, 1996); (iii) TPA stimulated IL2
induction which is mediated via JNK activation of GABP
(Hoffmeyer et al., 1998); (iv) the HIV LTR induction medi-
ated via Raf-1 kinase activation of GABP (Flory et al., 1996)
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and (v) the MMTV LTR which is synergistically activated
by GABP in the presence of glucocorticoids (Aurrekoetxea-
Hernandez and Buetti, 2000). The protein is also involved
in numerous regulatory events by synergistic interactions
with other transcription factors such as Sp1 and the cAMP
responsive proteins CREB and ATF (Bannert et al., 1999;
Sawada et al., 1999).

VIV IE gene expression: parallels and divergence

This review has focused on the regulation of HSV IE genes
as a representative model of the mechanisms involved in
the IE expression of an alpha herpesvirus due to the focus
of studies in this area. In contrast, little has been eluci-
dated concerning the mechanisms involved in the regu-
lation of VZV IE gene expression. What has been deter-
mined, however, shows striking parallels to the HSV model.
In VZV, the expression of the IE gene (IE62) is controlled
by an enhancer domain (Fig. 8.3) consisting of multiple
defined elements (Bannert et al., 1999; McKee and Pre-
ston, 1991; Moriuchi et al., 1995; Sawada et al., 1999).

HCF-1
ORF10
OCT-1
A OCT-1 CAAT ;
= :.&
TAAT GA CRE
Core
412 TA 490
VP16 -
Core

ORF10 .

Fig. 8.3. The VZV IE62 regulatory domain. (Top) The
arrangement of elements that have been delineated in the VZV
IE62 regulatory region are indicated (TAAT, enhancer core
element TAATGARAT; Oct, Octamer element; GA, GABP binding
site; CAAT, CAT box; CRE, c-AMP responsive element). The
assembly of the components HCF-1, Oct-1, and the VZV VP16
ortholog ORF-10 on the TAAT element is indicated. (Bottom)
Comparison of the domain structure of HSV VP16 and VZV
ORF-10 illustrates conservation of the aminoterminus and
core domain and the absence of an ORF-10 transactivation
domain.
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Similar to HSV, the domain contains reiterations of a TAAT-
GARAT element that is important for induction via the VZV
virion component ORF10, the ortholog of the HSV VP16
(Moriuchi etal., 1995). Additional elements include a GABP
binding site and c-AMP responsive sites (CRE) that also
contribute to the ORF10-mediated stimulation of the IE62
gene expression. As has been demonstrated for HSV, the
VZV IE62 TAATGARAT elements can nucleate the assem-
bly of enhancer core complexes that contain Oct-1 and
HCF-1 in concert with the ORF10 protein (Moriuchi et al.,
1995).

The VZV ORF10 transactivator, while sharing signifi-
cant homology to VP16, exhibits a striking difference that
impacts the regulatory process. In contrast to VP16, ORF10
does not contain a transactivation domain, indicating
that the interaction of the protein with other factors and
coactivator components (e.g., Oct-1, HCF-1) must provide
this function. A second significant difference between the
regulatory mechanisms involved in the induction of HSVIE
and the VZV IE genes is the autoregulatory response medi-
ated by the major IE gene products (Perera et al., 1992). In
HSV, 4/ICP4 functions to down regulate the IE genes in the
transition from IE to E gene expression (Roizman, 1996). In
VZV, IE62 functions to induce or enhance its own transcrip-
tion. Interestingly, IE62 is also a component of the virion
tegument structure (Kinchington et al., 1992) and may be
a significant component of the IE induction response, thus
compensating for the lack of the transactivation potential
of the ORF10 activator. However, despite minor variations,
data on theregulation of the VZVIE62 gene closely parallels
the components and mechanisms defined in the regulation
of HSV IE genes.

Regulation of the IE genes: multiple levels and
response potentials

Studies on the regulation of the IE genes and the vari-
ous components involved have led to advances in the
understanding of enhancer complexes, ordered assembly
processes, protein surfaces and interactions, mechanisms
oftranscriptional activation, and orders of interplay regula-
tion. In addition to the modulation of DNA site recognition,
the various transcription factors themselves are subject
to modifications, alterations in turnover rates, subcellular
localization, and signaling response pathways. Transcrip-
tion factor synergy (activation or repression) is also depen-
dent upon the cellular milieu and the balance of factors
including the availability, competition, activator/repressor
ratios, and cell-specific cofactors and coactivators.
Additional higher orders of regulation are dependent upon

the regulation of the coactivator levels, interactions, and
functions. The ability and efficiency of the various assem-
bled complexes to circumvent or alter rate limiting stages
in the transcriptional assembly, initiation, elongation, and
reinitiation is also likely to depend upon the cell type
and state as the consequences of chromatin/nucleosomal
structure, available factors, and signal environment will
impinge upon a given rate limiting stage and determine
the requirements for efficient transcription.

Most strikingly, the complex interactions of the compo-
nents involved in the regulation of the IE enhancer com-
plexes (e.g., Oct-1, Spl, GABP, HCF-1) and the ability of
these components to respond differentially to multiple
environmental signals point to the evolution of the IE regu-
latory domains to respond to diverse signals.

The regulation of the IE genes: reactivation of HSV
from the latent state

The components expressed in specific cell types may
impact the normal lytic cycle regulation as suggested by
the low levels of Oct-1 expression in sensory neurons. In
this situation, other POU proteins such as Oct-2 or mem-
bers of the Brn family may play a role in suppression or
inefficient activation of the IE gene (Brownlees et al., 1999;
Latchman, 1996; Latchman, 1999; Lillycrop et al., 1994).
For the Brn family, Brn3a functions as an activator while
Brn3b functions as a transcriptional repressor and the rel-
ative levels of these proteins change upon differentiation or
neuronal stimulation (Latchman, 1999). Similarly, the lev-
els of Sp1/Sp3 provide potential for repressor assemblies
that may play a role in modulating IE expression in neu-
ronal cells.

The potential of the IE gene domains to respond to
diverse environmental stimuli suggests that these domains
may respond to latency-reactivation stimuli by targeting
distinct elements or components. Significantly, each of the
identified IE regulatory factors is commonly linked by its
interaction with the HCF-1 coactivator. Therefore, while
distinct signals and factors may respond to distinct stimuli,
the critical response component may be represented by the
common coactivator. Interestingly, HCF-1 itself is uniquely
sequestered in the cytoplasm of sensory neurons and is
rapidly transported to the nucleus in response to reactiva-
tion signals (Fig. 8.4, Top) (Kristie et al., 1999). This regu-
lated transport may well reflect an important element of
the activation of the IE genes during the reactivation pro-
cess. Furthermore, this provides a mechanism for the
induction of the IE gene expression in response to signaling
events in a VP16-independent manner, utilizing com-



