
Characterization of herpes simplex virus Type I
helicase-primase: Subunit assembly and function

Item Type text; Dissertation-Reproduction (electronic)

Authors Constantin, Nicoleta

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:03:40

Link to Item http://hdl.handle.net/10150/284310

http://hdl.handle.net/10150/284310


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from ttie original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while ottiers may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of ttie 

copy submitted. Brolcen or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9" black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

Bell & Howell Infbrmatkm and Learning 
300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 

800-521-0600 





CHARACTERIZATION OF HERPES SIMPLEX VIRUS TYPE IHEUCASE-

PRIMASE: SUBUNIT ASSEMBLY AND FUNCTION 

by 

Nicoleta Constantin 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR BIOPHYSICS 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2000 



UMI Number: 9992144 

® 

UMI 
UMI Microform 9992144 

Copyright 2001 by Bell & Howell Information and Leaming Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As nembers of the Final Examination Conmittee, ve certify that we have 

read the dissertation prepared by Constantin 

entitled CHARACTERIZATION OF HERPES SII-IPLEX VIRUS TYPE I 

HELICASE-PRIMASE: SUBUNIT ASSEMBLY AND FUNCTION 

and recomaiend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Mark S. Dodson Mark b. yodson , — 

u /i. /on 
\ i  ) 2  Z ,  Date X / 
Jfennifer^^iV H^'ll y/ / / ^ Jy 

Joh Little 

Uilli 

U/M2Z 

Date/^ / •5"" T 
Carol L. Dieckmann 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertatioif Director Date 
Mark S. Dodson 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 

requirements for an advanced degree at The University of Arizona and is 

deposited in the University Library to be made available to borrowers under 

rules of the Library. 

Brief quotations from this dissertation are allowable without special 

permission, provided that accurate acknowledgment of source is made. 

Requests for permission for extended quotation from or reproduction of this 

manuscript in whole or in part may be granted by the head of the major 

department or the Dean of the Graduate College when in his or her judgment 

the proposed use of the material is in the interests of scholarship. In all other 

instances, however, permission must be obtained from the author. 

SIGNED:  



4 

ACKNOWLEDGMENTS 

It took a whole army of people and circumstances to result in my choosing 

science as a profession and doing science the way I do it today. By far the most 

influence I got from my advisor. Dr. Mark Dodson, who taught me science and 

contaminated me with endless curiosity and with high standards of research. 

Mark is an outstanding, well-rounded scientist in all aspects of research, 

education, and service to science. Mark has been a friend of long nights of 

protein purification, a counselor during the hardest times away from home, a 

guide through the toughest experiments and concepts, a patient, kind, 

knowledgeable, and very creative mentor. The environment in his lab has always 

been the best for research, critical thinking, and freedom to explore new ideas. 

He has done an outstanding job at preparing me for a profession in science. 

I thank my committee members: Dr. Jennifer Hall, Dr. John Little, Dr. 

William Montfort, and Dr. Carol Dieckmann for sharing with me ideas, papers, 

and their experience and for supporting me throughout the graduate studies. 

I also owe a lot to my senior colleagues: Dr. Lauren Murata from whom I 

learned correct English and the courage to deal with something new every day, 

Bryan Arendall from whom I learned to pause and consider carefully (even the 

less popular angles of an issue) before I pursue, and all the grad students and 

postdocs whom I talked to on the hallways, who read my manuscripts, 

generously shared ideas, and made my life easier. 

Finally, I thank my parents for their trust in my ability to become a scientist 

and for their sacrifice to make it happen. I also thank my Romanian friends who 

inspired me, cheered for my accomplishments, and never let me down. 



5 

DEDICATION 

To my parents loana and Vasile Constantin 



6 

TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS 8 

UST OF TABLES 9 

ABSTRACT 10 

L INTRODUCTION 12 

1.1 Protein-protein interactions in molecular "machines" 12 

1.1.1 The Replisome 15 

1.1.1.1 Replisome assembly 20 

1.1.1.2 Replisome regulation 22 
1.1.1.3 Replisome processivity 24 

1.1.2 HSV-1 Replisome 27 

1.1.2.1 HSV-1 Replisome assembly 29 

1.1.2.2 HSV-1 Replisome regulation 31 

1.1.2.3 HSV-1 Replisome processivity 32 

n. TWO HYBRID ANALYSIS OF THE HSV-1 REPLISOME AND THE 

HELICASE-PRIMASE COMPLEX 34 

2.1 Introduction 35 

2.2 Experimental Procedures 38 

2.3 Results 50 

2.3.1 Protein linkage map of the herpes replisome 50 

2.3.2 Deletion analysis of UL52 55 

2.3.3 Co-immunoprecipitation of UL52A and UL8 57 

2.4 Discussion 60 

2.5 Suirunary 70 

m. PURinCATION AND CHARACTERIZATION OF THE UL5 
SUBUNIT OF THE HSV-1 HEUCASE-PRIMASE 71 

3.1 Introduction 72 

3.2 Experimental Procedures 75 



7 

TABLE OF CONTENTS - Continued 

3.3 Results 83 

3.3.1 Purified UL5 has no enzymatic activity 83 

3.3.2 Purified UL5 binds ssDNA 86 

3.3.3 UL52, but not UL8, affects the binding of UL5 to ssDNA 88 

3.3.4 Partial purification of a UL52:8 subassembly 90 

3.3.5 A UL52:8 subassembly reconstitutes the DNA-dependent 

NTPase and helicase activities of purified UL5 92 

3.3.6 An ATPase deficient UL5:52:8 holoenzyme reconstitutes 

the DNA-dependent ATPase and helicase activities of 

purified UL5 94 

3.4 Discussion 96 

3.5 Summary 101 

IV. CHARACTERIZATION OF THE OLIGOMERIZATION STATE OF HSV-1 
HELICASE-PRIMASE 102 

4.1 Introduction 103 

4.2 Experimental Procedures 108 

4.3 Results 112 

4.3.1 Estimation of molecular weight of UL5:52:8 helicase-primase by 

FPLC 112 

4.3.2 DNA-dependent ATPase activity of UL5:52:8 as a function of 

protein concentration 114 

4.3.3 DNA-dependent ATPase activity of wild type UL5:52:8 in 

the presence of mutant UL5:52:8 MUT 116 

4.4 Discussion 120 

4.5 Summary 123 

REFERENCES 124 



8 

LIST OF ILLUSTRATIONS 

FIGURE 1.1, DNA replication 17 

FIGURE 1.2, HSV-1 genome map 28 

FIGURE 2.1, Two-hybrid system 43 

FIGURE 2.2, Protein linkage map of the herpes replisome 52 

FIGURE 2.3, Protein linkage map of the helicase-primase complex 54 

FIGURE 2.4, Deletion analysis of the UL52 gene 56 

FIGURE 2.5, Co-immunoprecipitation of a C-terminal fragment of UL52 

and UL8 58 

FIGURE 2.6, Schematic representation of the HSV-1 UL52 amino acid 

sequence 67 

FIGURE 3.1, Purification of UL5 84 

FIGURE 3.2, UL5 cross-links to ssDNA 87 

FIGURE 3.3, Effect of UL8 on cross-linking of UL5 to ssDNA 89 

FIGURE 3.4, Effect of UL52 on cross-linking of UL5 to ssDNA 91 

FIGURE 3.5, Partially purified UL52:8 subassembly reconstitutes NTPase 

and helicase activities of UL5 93 

FIGURE 3.6, Wild type UL5 exchanges with mutant UL5 within the 

holoenzyme MUT to reconstitute NTPase and helicase activities... 95 

FIGURE 4.1, Analysis of the oligomerization state of the HSV-1 

helicase-primase by FPLC 113 

FIGURE 4.2, ATPase activity of UL5:52:8 as a function of protein 

concentration 115 

FIGURE 4.3, ATPase activity of wild type enzyme UL5:52:8 in the presence of 

mutant UL5:52:8 enzyme MUT 119 



9 

LIST OF TABLES 

TABLE 2.1, Fusion constructs used in the two-hybrid analysis 40 

TABLE 2.2, Cloning of the fusion plasmids used in the two-hybrid analysis.... 41 

TABLE 3.1, Comparison of enzymatic activities of UL5, 

UL5 + UL8, UL5:52, and MUT 85 

TABLE 4.1, Oligomerization state of heUcases 105 



10 

ABSTRACT 

Protein-protein interactions participate in the assembly, regulation, and 

processivity of all molecular "machines." In this dissertation, a series of genetic 

and biochemical approaches have been used to analyze the protein-protein 

interactions which participate in the formation of the Herpes Simplex Virus Type 

1 replisome. The emphasis of these studies lies on the herpes helicase-primase 

complex, its assembly, regulation, and processivity. The herpes helicase-primase 

is a heterotrimeric complex encoded by the viral UL5, UL52, and UL8 genes. 

The yeast two-hybrid system was used to generate a protein linkage map of 

the herpes replisome and to characterize the interactions among the three 

subunits of the helicase-primase (UL5, UL52, and UL8). Deletion analysis and co-

immunoprecipitation, were used to show that a 548 amino acid carboxy-terminal 

fragment of UL52 interacts with UL8, while a 350 amino acid N-terminal 

fragment is required for interaction with UL5 and may also be involved in the 

regulation of the strength of interaction with UL8. Comparative sequence 

analysis suggested that the functional interactions among the subunits of the 

helicase-primase encoded by alpha-herpesviruses may differ from those of the 

helicase-primases encoded by the beta- and gamma-herpesviruses. 

Expression and purification of the UL5 subunit of the helicase-primase in 

the absence of UL52 resulted in an inactivating but reversible catalytic deficiency 

in UL5. UL52 corrected this deficiency when added subsequently. Based on these 

results, a proposal is suggested here that UL52 regulates the activity of UL5 by 
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inducing conversion of ULS from an inactive to an active conformation, and/or 

by contributing amino add residues to the catalytic site. 

Finally, evidence from a combination of biochemical approaches suggested 

that the HSV-1 helicase-primase is a monomeric ATPase with a non-globular 

shape and that it belongs to the group of helicases which use an inchworming 

mechanism for unwinding DNA. 
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CHAPTER I 

INTRODUCTION 

The subject of this dissertation is the interaction of proteins within the 

herpes simplex virus type I (HSV-1) replisome. The replisome consists of proteins 

with DNA-binding, helicase, primase, polymerase, and several other functions 

that ensure the coordinated and fast replication of the viral genome. The 

emphasis of the dissertation is on the assembly of the helicase-primase complex 

from the three component polypeptides. Protein-protein interactions among the 

three polypeptide subunits are critical for the assembly of a functional enzyme 

and for the manifestation of its multiple functions at the replication fork. 

1.1 Protein-protein interactions in molecular "machines" 

Specific, reversible protein-protein interactions are at the basis of virtually 

every cellular process. Most of the major processes in a cell are carried out by 

large assemblies of protein molecules. Furthermore, in order to carry out their 

biological functions, each of these protein assemblies interacts with several other 

large complexes of proteins in a finely tuned fashion. 

Protein-protein interactions participate in the formation of dynamic 

macromolecular complexes which carry out the sophisticated chemistry that 

underlies living processes. Because most cellular processes need to be reversible 

and responsive to environmental fluctuations, protein-protein interactions that 

are weak, noncovalent, and cooperative usually govern the assembly of large 
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protein complexes. These interactions allow proteins to join and leave a given 

macromolecular complex as needed, rendering cellular activities reversible and 

adjustable in response to the state of the cell and its environment. 

It is not hard to imagine why large complexes of proteins might have 

evolved. As part of a complex, the proteins involved in a particular biological 

process are converuently co-localized and oriented in the right geometries for 

specific reaction chemistries. Co-localization and assisted geometries facilitated 

by the assembly into macromolecular complexes make the cell a much faster and 

more accurate "machine" than would a "soup" of randomly colliding individual 

protein molecules governed by a giant set of second-order reactions. Thus, the 

speed and fidelity of multistep processes are greatly improved through the use of 

macromolecular complexes (Alberts and Miake-Lye, 1992). 

Protein-protein interactions have several roles within a macromolecular 

complex. First, protein-protein interactions serve an assembly role by bringing 

together polypeptides with different enzymatic activities into a multifunctional 

complex. Proteins are recruited to, loaded onto, or bridged with other proteins at 

a particular location in the cell. Species-specific, developmental stage-specific, 

cell-specific, and cell-cycle specific complexes are formed via protein-protein 

interactions which confer the ability to select a specific partner necessary for a 

specific function at a specific time. Second, protein-protein interactions 

participate in the regulation of different functions within a complex by 

communicating effector changes from one part of the complex to the other. The 

protein-protein interaction domains serve as communication interfaces that 
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actively transmit information and effect molecular tasks through conformational 

changes. Third, protein-protein interactions participate in the processivity of a 

complex by forming structures that remain bound to the substrate and allow the 

completion of many consecutive reactions after only one binding event. 

Altogether, protein-protein interactions are critical for the assembly, 

maintenance, and coordination of multifunctional macromolecular "machines." 

Following are a few examples of cellular functions carried out by 

macromolecular protein complexes. 

Protein degradation, which is involved in major cellular activities such as 

mitosis and embryonic development, is carried out by large cytosolic protein 

complexes termed proteosomes. Control of gene expression and protein synthesis 

entails a maze of protein-protein interactions which participate in the formation 

of transcriptosomes and spliceosomes in the nuclear compartment, and ribosomes in 

the cytosol. The fast, processive, and high-fidelity process of DNA replication is 

carried out in the nucleus by specialized assemblies of proteins termed replisomes. 

Protein complexes can also be formed within and/or associated with cellular and 

organellar membranes (receptors, pumps, electron transfer proteins). The whole 

signal transduction edifice responsible for receiving information from the outside 

of the cell, transmitting it to the inside of the cell, and inducing a cellular 

response is based on a dynamic network of protein-protein interactions which 

cascades from the cellular membrane to the nucleus. 

Furthermore, it is becoming more and more apparent that cellular functions 

are often coupled, in most cases via higher-order protein-protein interactions 
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between different "machines." For example, replication and recombination cross 

paths in E. coli when the replication forks initiated at the bacterial origin of 

replication become stalled as a result of encountering endogenous DNA damage, 

a nick in the template strand, or a "frozen" protein-DNA complex. In this case, 

replication fork restart outside of the origin is required. Replication restarts at D-

loops generated by a recombination complex (RecA and RecBCD) which also 

recruits a replisome via protein-protein interactions (Marians, 2000). 

The protein-protein interaction roles described above will be illustrated in 

more detail for the DNA replication "machine." 

1.1.1 The Replisome 

The DNA replication machine is a macromolecular complex that brings 

about the fast, high-fidelity duplication of genomes. The task of replicating the 

cellular or viral genome begins at specific DNA sequences termed origins of 

replication (on) and typically proceeds bidirectionally (Fig. 1.1a). Replication is 

carried out by two sets of interacting proteins at the two replication forks formed 

(Komberg and Baker, 1992). Because of the fact that DNA polymerization can 

only occur in one direction (5' to 3'), DNA replication is generally a 

semidiscontinuous process (Fig. 1.1a). The leading DNA strand is synthesized 

continuously, in the direction of the replication fork movement, whereas the 

lagging DNA strand is synthesized discontinuously, in the opposite direction of 

the replication fork movement. DNA replication is also a semiconservative 
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process, in the sense that each of the two daughter molecules contains one 

parental DNA strand and one newly synthesized DNA strand (Fig. 1.1a). 

A typical replication fork and the associated replication proteins are depicted in 

Fig. 1.1b. Briefly, an origin binding protein binds and destabilizes the duplex 

DNA at the origin to allow the entry of the other replication proteins. Next, a 

DNA helicase (hel) unwinds the double-stranded DNA to provide the single-

stranded DNA (ssDNA) template required for subsequent reactions. This ssDNA 

is stabilized by ssDNA-binding proteins (ssb). 

Using the ssDNA as a template, the primase (pri) then synthesizes a 

complementary oligonucleotide, or primer, using ribonucleoside triphosphates 

(rNTPs). The DNA polymerase then loads at the junction between the newly 

synthesized primer and the ssDNA template, where it incorporates 

deoxyribonucleoside triphosphates (dNTPs) onto the 3'-OH end of the primer in 

the 5' to 3' direction. Sliding clamps or processivity factors (pfa) anchor the DNA 

polymerase molecule onto the DNA template in such a way that, once bound, the 

polymerase can carry out many cycles of dNTP incorporation without 

dissociating from the DNA template. This feature of DNA synthesis, in which 

one binding event results in multiple reactions, is called processivity. Due to their 

interaction with the sliding clamp proteins, DNA polymerases are very 

processive enzymes. 

Because the lagging strand is synthesized in the opposite direction of the 

fork movement, multiple priming and elongation events are required. The 

primase and the polymerase exchange places to prime and elongate, respectively. 
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FIG. 1.1. DNA replication. DNA replication is bidirectional, semi-

discontinuous, and semi-conservative. Two replication forks are formed. The 

leading strand is synthsized continuously in the direction of the replication fork 

and the lagging strand is synthesized discontinuously in the opposite direction of 

the fork movement. B. Proteii\s involved in leading and lagging strand synthesis 

at a typical replication fork. 
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until the lagging strand is completely synthesized in RNA/DNA pieces called 

Okazaki fragments. The RNA primers are subsequently removed and replaced 

with DNA. 

The unwinding, priming, and synthesis steps at the replication fork need to 

proceed at the same pace on both strands. Moreover, all these processes have to 

be coordinated in case of a slowdown for repair. Thus, the replication enzymes 

need to assemble into a machine that is stable but plastic, fast but accurate. In 

addition to the proteins mentioned above, other proteins participate in the 

maintenance and plasticity of the replication machine (see below). 

The replication proteins can be divided into three groups based on their 

functions at the replication fork (Baker and Bell, 1998). The first group comprises 

the origin-binding proteins, which are responsible for destabilizing duplex DNA 

at the origin and for recruiting other replication proteins. The second group 

comprises the loading and remodeling factors which are required for the 

assembly of the replication complex, the establishment of a mobile replisome, 

and the recycling of polymerase and primase molecules from one primer to the 

next on the lagging strand. This group includes proteins, such as helicase loaders 

and sliding clamp loaders, that participate in recruitment of helicases and sliding 

clamps, respectively, at the right stage of the replication process. Also in this 

group are the sliding clamps (or processivity factors), which recruit and anchor 

the lagging strand polymerase onto the primer-template substrate after each new 

round of primer synthesis. The third group of replication proteins consists of the 

"moving" fork machinery itself. This group includes the helicase, primase. 
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single-stranded DNA binding, polymerase, and sliding clamp proteins, which 

together are responsible for coordinated synthesis of the leading and lagging 

strands. This assembly is referred to as the replisome. The replication proteins are 

thus assembled into a very dynamic macromolecular structure that remodels 

itself in response to specific events at the replication origin and replication fork. 

In addition, the replisome interacts with other proteins involved in DNA repair, 

recombination, the cell cycling, and transcription to ensure coordination among 

these cellular processes. 

Evidence for the existence of replisomes comes from studies of prokaryotic, 

eukaryotic, and viral model systems. Comparisons of the replication protein 

sequences from different species provide insight into the molecular strategies 

(mechanisms) that have evolved in order to ensure fast, processive, and reliable 

duplication of the genome. The active sites of polymerases, primases, helicases, 

and clamp loader proteins display amino acid sequence conservation all across 

the evolutionary tree, underscoring the importance of these enzymatic activities 

at the replication fork. In contrast, some replication proteins do not display 

sequence conservation but retain great structural conservation. Sliding clamps 

are examples of proteins with conserved structures in species as distant as E. coli 

and human (Stillman, 1996). In both species the processivity factors form toroidal 

structures which encircle the DNA. Still other replication proteins exhibit neither 

sequence nor structural similarity in different species. The importance of these 

proteins lies in their species-specificity. Examples include some of the recruiting 

proteins which participate in the assembly of species-specific replisomes, such as 
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the t subunit of the £. coli DNA polymerase. Whether by participating in the 

selection of a species-specific partner or in the formation of a processive 

structure, protein-protein interactions are essential to the assembly, regulation, 

and processivity of replisomes, as described below. 

1.1.1.1 Replisome assembly 

Protein-protein interactions play a central role in the specific assembly and 

maintenance of the replisome, by connecting its functional parts and ensuring its 

stability. In all systems studied to date, the assembly of the replisome begins with 

the binding of the origin binding proteins to specific DNA sequences within the 

origin. The resulting nucleoprotein structure then recruits DNA helicases directly 

or indirectly via helicase loader proteins. Next, the primase is recruited, usually 

by a specific interaction with the helicase. Finally, the polymerase is loaded onto 

the primer-template site by the sliding clamp which is in turn loaded onto the 

primer-template site by a clamp loader. The helicase, primase, and polymerase 

activities are linked via protein-protein interactions that participate in the 

assembly and maintenance of the replisome. 

In addition to the replication ertzymes, replisomes may contain proteins the 

function of which is to bridge the enzymes and keep the replisome together. 

These proteins are called scaffolding proteins. One example of a scaffolding protein 

is the £. coli x subunit of the DNA polymerase HI (pol HI) holoenzyme (reviewed 

in Baker and Bell, 1998). The T protein is one of the 10 subunits of the pol III 
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holoenzyme. This protein participates in several protein-protein interactions that 

connect the functional components of the bacterial replisome. First, the £. coli 

helicase (DnaB) and the pol m holoenzyme are connected and functionally 

coordinated \ia the x subunit. This interaction increases the processivity of the 

DnaB helicase more than 10-fold. Second, t connects the primase (DnaG) and pol 

in. This interaction stimulates the frequency of priming and limits the size of 

primers to 12 nucleotides. Third, T-T interactions are involved in the dimerization 

of DNA pol in and participate in the coordination of the leading and lagging 

strand syntheses. Thus, the protein-protein interactions that the scaffolding 

protein T participates in play a central part in the assembly of the bacterial 

replisome. 

A central role in assembling and maintaining the T4 bacteriophage 

replisome is played by the ssb (gp32) protein which seems to act as a scaffolding 

protein as well as a single-stranded DNA-binding protein. First, gp32 is required 

for the coupling of leading and lagging strand syntheses, and is believed to 

bridge two polymerase holoenzyme (gp43/gp45) molecules (Salinas and 

Benkovic, 2000). Second, a gp32/gp59 interaction loads the T4 helicase-primase 

complex (gp41/gp61) onto the gp32-coated ssDNA template, where gp59 is the 

helicase loader protein. 

In the case of the much simpler T7 bacteriophage replisome, the helicase-

primase gene 4 protein is the likely candidate for the scaffolding function. T7 

bacteriophage consists of only four proteins: gene 4 helicase-primase, gene 5 

polymerase, gene 2.5 ssb, and the E. co//-encoded thioredoxin, which is required 
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for the processivity of gene 5 polymerase. Gene 4 helicase-primase interacts with 

both the gene 2.5 ssb and the gene 5 polymerase. Gene 4 helicase-primase is also 

the likely candidate for connecting the leading and lagging strand polymerases 

(Debyser et al., 1994). 

Simian virus 40 (SV-40) large T-antigen (T-Ag) is a champion scaffolding 

protein, which participates both in the assembly of a replisome at the SV-40 

origin of replication and in connecting the replisome to other cellular machines 

(reviewed in Dodson, 1999). T-Ag is implicated in viral DNA replication 

initiation, viral and host transcription, cell cycle progression, apoptosis, and 

cellular transformation. T-Ag interacts with hioman replication proteins DNA pol 

a, topoisomerase II, and ssb, heat shock protein hsc70, transcription factors TEF-

1, SPl, TFIIB, SL-1, and TATA-binding protein, RNA polymerase 11, cell growth 

factors Rb and p53, and cell cycle factors cyclin A, p34cdc2, and p33cdk2. The 

examples highlighted above argue for the central role of protein-protein 

interactions in the specific assembly and maintenance of the replisome, by 

connecting its functional parts and ensuring its stability. 

1.1.1.2 Replisome regulation 

In addition to their role in the replisome assembly, protein-protein 

interactions also participate in the regulation of different functions within the 

replisome by commimicating changes from one part of the complex to the other. 

The protein-protein interfaces actively transmit information and effect molecular 

tasks through conformational changes. For example, competition between the £. 
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coli E>naG primase and the pol HI accessory factor x for ssb transfers the nascent 

primer from primase to polymerase in a three-point switch: primase-ssb to ssb-

clamp loader subimit x to clamp loader-polymerase holoerizyme (Yuzhakov et 

al., 1999). 

Primase activity is regulated via a series of protein-protein interactions in 

bacteriophage T4. In this replication system, the ssb protein gp32 seems to 

regulate the primase activity in coordination with the gp45 clamp and the 

gp44/62 clamp loader factors. In vitro, primer synthesis is inhibited in the 

presence of gp32, but is restored when gp45 and gp44/62 are added to the 

primase reaction mixture (Richardson et al., 1987). A model has been proposed in 

which the gp61 primase activity is inhibited on gp32-coated DNA templates until 

the previous Okazaki fragment is elongated and clamp loader factors gp44/62 

(released from the previous Okazaki fragment or free from solution) become 

available to release the gp32 inhibition on the gp61 primase. In the next cycle, the 

helicase-primase produces more ssDNA template that is coated by ssb, which 

inhibits the synthesis of a new primer until the previous Okazaki fragment has 

been elongated, and so on. This model is consistent with the primase-to-

polymerase three-point primer switch proposed for E. coli replication (Yuzhakov 

et al., 1999). 

Other protein-protein interactions within the replisome have functional 

implications as well. Generally, the helicase and primase functions are associated 

with and dependent on each other. In E. coli, DnaB recruits and regulates the 

DnaG primase for each priming event on the lagging strand via a direct 
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interaction. DnaG mutations that alter the DnaG-DnaB interaction change the 

size of the Okazaki fragments (Tougu and Marians, 1996). 

1.1.1.3 Replisome processivity 

Protein-protein interactions are also essential for the formation of processive 

protein structures. The two replication functions which require processivity are 

unwinding of the DNA template by helicases and template-directed DNA 

synthesis by DNA polymerases. With few exceptions, these proteins are 

anchored to the DNA substrate by encircling the DNA, either by forming 

oligomeric structures (helicases) or by binding to oligomeric structures 

(polymerases). 

The sliding clamps, or processivity factors, are di- or trimeric torus-like 

structures which encircle dsDNA and associate with DNA polymerases. Due to 

the association of polymerases with processivity factors, one binding event 

results in the sythsesis of long stretches of DNA without dissociation. 

Processivity factors do not necessarily display sequence conservation, but they 

do display three-dimensional structural conservation between species as distant 

as E. coli and hvmian (Stillman, 1996). The E. coli P subunit of DNA polymerase HI 

and yeast PCNA are sliding clamps that have three-dimensional structures that 

can be almost superimposed on each other. Both form torus-like structures with 

DNA passing through the central hole. The P subunit of 366 amino acids forms a 

dimer (732 amino acids total), whereas the yeast PCNA of 258 amino acids forms 

a trimer (774 amino acids total). The 228-amino acid T4 sliding clamp (gp45) is 
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believed to form a trimer as well (Moarefi et al., 2000). The carrot plant expresses 

two very interesting highly-related proteins with similarity to human and yeast 

PCNAs. One is 264 amino acids long, similar to the shorter yeast PCNA; the 

other is 365 amino acids long, similar to the longer E. coli P subunit. It is believed 

that the shorter protein forms a trimer, whereas the longer forms a dimer. 

Interesting h)^otheses have been proposed concerning the function of the two 

carrot PCNAs. They may work at different developmental stages of the carrot 

plant when the replication rates are different, or one may be involved in DNA 

replication and the other in DNA repair (Stillman, 1996). One important feature 

of these proteins which bears on their function is the assembly into circular 

structures via protein-protein interactions among identical protomers. 

Two replication systems are known to date that utilize a different 

mechanism than the one described above for enabling polymerase processivity: 

(i) T7 gene 5 polymerase uses the bacterial host thioredoxin for processivity, and 

(ii) HSV-1 UL30 polymerase uses the UL42 protein which has an intrinsic high 

dsDNA affinity. Both thioredoxin and UL42 are believed to associate with their 

respective polymerases to yield a torus-like structure rather than associating into 

circular structures themselves (Moarefi et al., 2000). 

In addition to DNA polymerase holoenzymes, helicases also exhibit high 

processivity. Two distinct structural classes of helicases have been identified so 

far based on their oligomerization state (Patel and Picha, 2000). One class is 

formed by helicases that assemble into ring-shaped hexameric structures, and the 
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other class comprises the remainiiig helicases, which are functional as monomers 

and/or possibly as dimers. 

For the most part, DNA helicases involved in DNA replication belong to the 

hexameric class. These include: T7 gene 4 helicase-primase (Patel and Hingorani, 

1993), T4 gp41 helicase (Dong et al., 1995), £. coli DnaB helicase (Reha-Krantz and 

Hurwitz, 1978), SV-40 T-Ag helicase (Dodson et al., 1987; Mastrangello et al., 

1989), bovine papilloma virus (BPV) El helicase (Fouts et al., 1999), and 

archaebacterial MCM helicase (Kelman et al., 1999). These helicases form single 

homohexamers (T4 gp41, T7 gene 4, £. coli E)naB, BPV El helicase) or double 

homohexamers (archaeal MCM, SV-40 large T-Ag). Interestingly, the human 

MCM helicase forms a heterohexameric complex consisting of the polypeptides 

MCM-2, -3, -4, -5, -6, and -7 (Ishimi, 1997). A 542-kDa dimer of heterotrimeric 

MCM-4, -5, and -6 species has also been observed in vitro (Tye B and Sawyer, S., 

in press). In most cases, hexamer formation is induced by NTP binding and 

stabilized by DNA binding. The hexameric helicases are believed to translocate 

on and encircle one strand of the DNA fork while displacing the other strand 

(Patel and Picha, 2000). By assembling into ring-shaped structures around the 

DNA, hexameric helicases, similar to torus-like sliding clamps, increase their 

processivity. 

The second class comprises the monomeric and dimeric helicases. The 

monomeric/dimeric class of helicases is mostly involved in processes that may 

not require high processivity, such as recombination, repair, and transcription. B. 

stearothermophilus PcrA (Subramanya et al., 1996), E. coli uvrD (Mechanic et al.. 
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1999), and E.coli RecBCD (Taylor and Smith, 1995) have been shown to be active 

in a monomeric form. Although their respective crystal structures do not show 

any evidence of oligomerization, E. coli Rep (Korolev et al., 1997) and hepatitis C 

virus (HCV) NS3 (Levin and Patel, 1999) are believed to form dimers based on 

biochemical data (Chao and Lohman, 1991). The current model for translocation 

of monomeric helicases on DNA substrates proposes that two DNA-binding sites 

exist on the enzyme, and that sequential binding and release at these sites 

produces an "inchworming" motion. How the monomeric and/or dimeric 

helicases ensure processivity is not as obvious as in the case of hexameric ring-

shaped helicases. 

1.1.2 HSV-1 replisome. 

The studies described in this dissertation use the Herpes Simplex Virus 

Type 1 (HSV-1) as a model organism. HSV-1 is the most studied virus of the 

Herpesviridae family, a large family of viruses which infect humans and 

numerous other vertebrate and nonvertebrate species (Roizman, 1996). HSV-1 

encodes for most of the proteins required for the replication of its 153-kb linear 

dsDNA genome and is thus relatively independent of the cellular replication 

machinery (reviewed in DePamphilis, 1996) (Fig. 1.2). The genome contains three 

origins of replication: oriL and two copies of oriS, which are structurally similar. 

Following is an analysis of the HSV-1 replication from the perspective of protein-

protein interactions. 
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FIG. 1.2. HSV-1 genome map. HSV-1 has a linear dsDNA genome of 153 kb 

with 3 origins of replication (2 copies of oriS and oriL). The relative position of 

genes encoding the seven essential proteins required for viral DNA replication 

are shown (arrows), hel, helicase (UL5); pil, pilot (UL8); obp, origin-binding 

protein (UL9); ssb, single-stranded DNA-binding protein (UL29); pol, DNA 

polymerase (XJL30); pfa, processivity factor (UL42); pri, primase (UL52). 
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1.1.2.1 HSV-1 replisome assembly 

Seven proteins encoded by the viral genome are necessary and sufficient for 

replication of onS-containing plasmids in xrivo (Stow, 1992). These proteins are: 

the origin binding protein (UL9), the single-stranded DNA binding protein 

(UL29), the heterotrimeric helicase-primase (UL5, UL52, and UL8), and the 

heterodimeric polymerase holoerizyme (UL30 and UL42) (Boehmer and Lehman, 

1997). There is strong evidence that a series of protein-protein interactions leads 

to formation of a replisome which carries out the herpes origin-specific DNA 

replication: (i) HSV-1 replication proteins can be purified as a complex when co-

expressed from baculoviruses in insect cells (Skaliter and Lehman, 1994); (ii) 

within 4 hours of HSV-1 infection, viral replication proteins accumulate in the 

cellular nucleus in distinctive foci called replication compartments (Liptak et al., 

1996); (iii) a series of direct or functional protein-protein interactions among the 

seven replication proteins have been identified (see below). 

The HSV-1 helicase-primase is a heterotrimer of proteins UL5, UL52, and 

UL8. The three polypeptides co-purify (Crute et al., 1989; Dodson et al., 1989) and 

in pairwise reactions they co-immunoprecipitate (Calder and Stow, 1990). The 

ULS subunit of the helicase-primase complex interacts with the origin binding 

protein UL9 (McLean et al., 1994) and with the ssb UL29 (Falkenberg et al., 1997). 

ULS may function as a helicase loader similar to E.coli DnaC and bacteriophage 

A.P proteins, which recruit the DnaB helicase to the appropriate origin of 

replication via an interaction with DnaA or XO origin binding proteins, 

respectively (Komberg and Baker, 1992). However, unlike DnaC and X,P, UL8 
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does not seem to leave the replisome once the helicase-primase (UL5:52) has been 

loaded at the origin. Instead, UL8 remains in the nuclear replication 

compartment where it participates in displacement rolling circle replication 

(Skaliter et al., 1996). Besides serving as a helicase loader, UL8 seems to have an 

active role in the function of the elongating replisome. Alternatively, UL8 may 

have a fimction similar to that of the T4 gp59 protein, which brings the gp41 

helicase to the gp32-coated DNA via a gp59/gp32 interaction. Co-

immunoprecipitation and ELISA experiments have shown that the C-terminal 

amino acids of UL8 interact with the poljonerase UL3G. Overlapping peptides 

corresponding to this region inhibit the UL30-UL8 interaction (Marsden et al., 

1997). Thus, UL8 may also function to recruit the viral DNA polymerase 

holoenzyme to the replication fork. 

Overall, UL8 is a good candidate for a scaffolding protein that holds the 

herpes replisome together. In this sense, UL8 is similar to the x subunit of the £. 

coli DNA pol in holoenzyme, which participates in several protein-protein 

interactions that connect the enzymatic functions within the bacterial replisome. 

A model can be envisioned where UL8 connects the helicase-primase UL5:52 

complex with the origin binding protein UL9 and with the ssb UL29. In addition, 

UL8 may connect the helicase-primase UL5:52 to the polymerase holoenzyme 

UL30:42, thus contributing to both the initiation and elongation phases of the 

replication process. 

Though a great deal is known about the genetics and biochemistry of herpes 

DNA replication proteins, there is still much to leam about the mechanisms 
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which link these proteins into a functional replication "machine." Chapter II 

describes a thorough two-hybrid analysis of the protein-protein interactions 

within the HSV-1 replisome, with special emphasis on the helicase-primase 

complex. The analysis of each possible pair of protein interactions involved in the 

replisome is intended to provide a comprehensive protein linkage map of the 

herpes replisome. 

1.1.2.2 HSV-1 Replisome regulation 

In many replication systems, the helicase and primase activities are 

associated with and dependent on each other. The HSV-1 helicase-primase, 

which is comprised of polypeptides UL5, UL52, and UL8, exhibits DNA-binding, 

DNA-dependent NTPase, helicase, and primase activities (Crute and Lehman, 

1991). The UL5:52 core is functionally similar to the UL5:52:8 holoenzyme in vitro 

(Dodson and Lehman, 1991). Sequence analysis and mutagenesis studies indicate 

that the UL5 subunit is associated with the helicase function and the UL52 

subunit is associated with the primase function. Subunits UL5 and UL52 form a 

stable subassembly with both helicase and primase functions. However, the UL5 

and UL52 subunits have not been cmalyzed separately before this work and the 

nature of the functional connection which exists between these subunits is still 

unclear. Chapter HI focuses on the functional dependence of the UL5 subunit of 

the complex on the UL52 subimit. 
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1.1.2.3 HSV-1 Replisome processivity 

The polymerase catalytic subunit UL30 requires the UL42 subunit for 

processivity (Hernandez and Lehman, 1990; Tenney et al., 1993). UL42 is an 

unusual processivity factor in that it has an intrinsic non-sequence-spccific high 

affinity for dsDNA. As opposed to the eukaryotic RFC/PCNA complex which 

specifically recognizes the primer, UL42 is not primer-template specific but 

rather dsDNA specific, with no sequence preference. In addition, UL42 does not 

seem to be actively loaded onto the DNA since it requires no clamp loader, 

primer recognition protein, or ATP for activity. Also, there is no evidence that 

UL42 assembles into a torus arotmd DNA like other processivity factors such as 

eukaryotic PCNA, E. coli p subunit, or T4 gp45. How does UL42 work? In 

Chapter II we have used the yeast two-hybrid system to identify IJL42 

interactions that may suggest the molecular basis behind the high processivity of 

the UL30:42 holoenzyme. 

The other processive enzyme at the herpes replication fork is the UL5:52:8 

helicase-primase. Neither the mechanism which ensures its processivity nor the 

DNA unwinding mechanism is known. The HSV-1 helicase resembles the group 

of replication helicases which associate with their cognate primases and become 

activated by this interaction (£. coli DnaB helicase-DnaG primase, T4 gp 41 

helicase-gp61 primase, T7 gene 4 helicase-primase). These helicases form ring-

like hexameric structures around one of the strands of the DNA substrate while 

displacing the other. As with the sliding clamps, the ring-like structures made by 

the hexameric helicases ensure virtually unlimited processivity. Like these 
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helicases, the UL5 and UL52 subunits of the herpes helicase-primase form a 

stable subassembly which exhibits both helicase and primase activities (Dodson 

and Lehman, 1991). Does the HSV-1 helicase-primase form a ring-like structure 

which encircles the DNA as do the other hexameric helicases? In Chapter II and 

Chapter FV, I examine the functional oligomerization state of the UL5:52:8 

holoenzyme. 
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CHAPTER n 

TWO-HYBRID ANALYSIS OF THE HSV-1 REPUSOME AND THE HELICASE-

PRIMASE COMPLEX 

Part of this Chapter was published: 

Constantin, N. & Dodson, M. S. (1999). Two-hybrid Analysis of the Interaction 

Between the LTLSZ and UL8 Subunits of the Herpes Simplex Virus Type 1 

Helicase-primase. Journal of General Virology 80, 2411-2415. 

I contributed 100% to the published experiments. 

The impublished results included in this Chapter were the result of a 

collaboration with Dr. Jennifer D. Hall. 

I contributed 75% to the unpublished experiments. 
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2.1 Introducrion 

Transient replication assays performed in both mammalian and ii«ect cells 

(Challberg and Kelly, 1989; Stow, 1992) suggested that seven HSV-l-encoded 

proteins are necessary and sufficient for replicating HSV-1 origin-containing 

plasmids. These proteins include a homodimeric origin-binding protein and 

helicase (UL9), a highly processive heterodimeric DNA polymerase holoenzyme 

(UL30, UL42), a single-stranded DNA-binding protein (UL29, also called ICP8), 

cmd a heterotrimeric DNA helicase-primase (UL5, UL52, and UL8) (reviewed in 

(Boehmer and Lehman, 1997)). The seven replication proteins can be purified as a 

complex when co-expressed from recombinant baculoviruses in insect cells 

(Skaliter and Lehman, 1994). In infected cells, these proteins accumulate in 

distinctive replication compartments in the nuclei (Liptak et al., 1996). These 

observations, along with a growing number of identified physical or functional 

interactions among the seven replication proteins, suggest that these proteins 

assemble into a macromolecular structure, the herpes replisome. 

Specific interactions among herpes replication proteins are expected to 

coordinate and optimize the catalytic activities involved in initiation of 

replication, DNA unwinding, priming, and synthesis on both leading and 

lagging DNA strands. Identification and characterization of the sites of 

interaction among the replication proteins is therefore crucial for understanding 

the overall structure of the replisome and the mechanism for DNA replication. 

In addition, the sites of interaction may be suitable targets for the design of drugs 
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that would function to disrupt protein-protein contacts required for functioning 

of the herpes replisome. 

Out of a total of 28 possible interactions among the seven replication 

proteins (21 heterologous and 7 homologous interactions), 11 have been 

identified (9 heterologous and 2 homologous) using various techniques. UL8 is 

probably central to formation of the replisome. UL8 physically interacts with the 

UL5 and UL52 proteins to form the helicase-primase complex (UL5:52:8) (Calder 

and Stow, 1990; Dodson et al., 1989), with UL9(McLean et al., 1994), with UL29 

(Boehmer and Lehman, 1994; Falkenberg et al., 1997; McLean et al., 1994), and 

with UL30 (Marsden et al., 1997). Thus, UL8 seems to play an important role in 

connecting the helicase-primase holoenzyme with the origin binding protein 

UL9, with the UL29-coated ssDNA template, and with the polymerase 

holoenzyme (UL30:42). The interaction between LFL9 and UL29 is crucial to the 

initiation of DNA replication, with UL29 activating the helicase activity of UL9 at 

the origin (Boehmer et al., 1993; Lee and Lehman, 1997; Lee and Lehman, 1999). 

UL9 also interacts with the DNA polymerase accessory factor UL42 (Monahan et 

al., 1998) probably to recruit the polymerase holoenzyme to a newly formed 

replication fork. In addition, the catalytic subunit of the polymerase holoenzyme, 

ULSO, interacts with UL29 (O'Donnell et al., 1987). 

The interaction between ULSO and UL42 is probably the most studied of the 

interactions within the herpes replisome. The interaction surfaces have been 

mapped and peptides have been designed that inhibit this essential interaction 

(Digard et al., 1995; Marsden et al., 1994). The same approach has been used to 
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characterize the interaction between UL8 and UL30 (Marsden et al., 1997). 

However, a complete protein linkage map has not been established for HSV-1 

and important communication surfaces among the components of the replisome 

await characterization. 

In this chapter, the yeast two-hybrid system was used to examine the 

interactions among the components of the HSV-1 replisome. This analysis 

allowed a more detailed description of the protein-protein interactions within the 

helicase-primase complex and the characterization of the domain of interaction of 

UL52 with UL8. We show that interactions between UL9 molecules and between 

UL29 molecules are detectable in the yeast two-hybrid system. Also detectable 

are heterologous interactions between UL30 and UL42, UL52 and UL8, and UL5 

and UL52. The two-hybrid signals are variable and dependent on the levels of 

protein expression and the type of fusion domain used. We also observe an 

increased signal over the self-activation background of UL5 and UL42 fusions 

when assayed for homologous interaction. This observation suggests possible 

UL5-UL5 and UL42-UL42 homologous interactions. Finally, we demonstrate that 

a C-terminal UL52 region of 548 amino acids is sufficient for interaction with 

UL8, while the UL52 amino-terminal third is dispensable for interaction with 

UL8 and necessary for interaction with UL5. 



38 

2.2 Experimental Procedures 

Reagents. Restriction and modifying enzymes were from Gibco BRL, New 

England Biolabs, and United States Biochemicals. TC-lOO salt solution contained 

43 mM KCl, 10 mM CaCl2,6 mM glucose, 12.5 mM MgClz, 12.5 mM MgS04,4.6 

mM NaHC03,8 mM NaH2P04, pH 6.2. Buffer E contained 100 mM Tris HCl, 

pH 8.0,100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% NP40,0.5% Na 

deoxycholate, 0.5 mM phenylmethyl sulfonyl fluoride (PMSF). Buffer EB 

contained buffer E plus 2 mg/ml bovine serum albumin. Buffer EN contained 

buffer E plus 500 mM NaCl. TE/LiAc (Miller, 1972) contained 10 mM Tris-HCl 

(pH 7.5), 1 mM EDTA, 100 mM lithium acetate. Z buffer (pH 7.0) (Miller, 1972) 

contained 60 mM Na2HP04,40 mM NaH2P04,10 mM KCl, 1 mM Mg2S04, 270 jil 

P-mercaptoethanol/lOO ml, and 0.33 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-P-

D-galacto-pyranoside) 

Plasmids. Genes UL5, UL8, and UL52 were obtained from the plasmids 

pVL941/UL5, pVL941/UL8, and pVL941/UL52 (Dodson et al., 1989), and the 

UL9 gene was from plasmid pORF850 (Elias et al., 1990). Genes UL30, UL29, and 

UL42 were a gift from Dr. J. D. Hall. Plasmids pGBT9 and pAS2-l, which 

contained the GAL4 DNA-binding domain, and plasmids pGAD424 and pGAE>-

GH which contained the GAL4 activation domain, were from Clontech. The Xmal 

site of plasmid pGAD424 was filled in with T4 polymerase to produce an Eagl 

site resulting in plasmid pGAD(X/E). The Aatll-Hindlll fragment of vectors 
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pGBT9 and pGAD424, which contained the truncated ADH promoter, was 

substituted with an Aatll-Hindlll fragment containing the full-length ADH 

promoter from pGAD-GH to produce pGBT-full and pGAD-full, respectively. 

Plasmid pEG202 which contains the LexA and plasmid pSH18-34 which contains 

the P-gal reporter gene were gifts from Dr. Roger Brent from Massachusetts 

General Hospital and Harvard Medical School. 

Construction of fusion plasmids. Restriction enzyme fragments containing the 

herpes genes were cloned into yeast two-hybrid vectors by standard ligation 

procedures (Sambrook et al., 1989). The herpes genes were kept in frame with the 

GAL4 DNA-Binding domain in plasmids pGBT9 or pGBT-full or LexA in 

plasmid pEG202 (B fusions) and the GAL4 Activation domain in plasmids 

pGAD424 or pGAD-full (A fusions) (Table 2.1). Fusion vectors containing the 

HSV-1 replication genes were constructed as follows (Table 2.2). UL5 was cloned 

into pGAD(X/E) to give A5 fusion plasmid; UL8 and UL52 were cloned into 

pGAD424 to give A8 and A52. 11L5, UL8, and LIL52 were cloned into pGBT9 to 

give B5, B8, and B52; UL9, UL30, UL29, and UL42 were cloned into pGAD-full to 

give A9, A30, A42, and A29; UL9, UL30, and UL42 were cloned into pGBT-full to 

give B9, B30, and B42; UL29 was cloned into pEG202 to give B29. Shown in Table 

2.1 are the nucleotide positions of the herpes genes as assigned in the genome 

sequence (McGeoch et al., 1988) and the coding amino acids of the herpes genes 

which became fused to the yeast domains. Extra amino acids which ensued at the 

fusion region and are not part of the reading frames of either the herpes genes or 
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TABLE 2.1 Fusion constructs used in the two-hybrid analysis. HSV-1 genes 

were fused to the GAL4 DNA-binding domain or LexA (B fusions) and to the 

GAL4 activation domain (A fusions). *, coordinates of the HSV-1 gene sequence 

as assigned in the HSV-1 genome sequence (McGeoch et al., 1988); t, amino adds 

sequence in each construct; §, extra amino adds which resulted from the fusion 

between the herpes sequence and the yeast two-hybrid domains. 

Fusion 
protein 

Nucleotide coordinates* Amino 
adds"*" 

Liriker amino adds§ 

A5 12,127 -15,126 4-882 -

B5 12,130 -15,126 4-882 PEFP 

A8 17,854 -20,486 1-750 AGDPVRGRA 

B8 17,854 -20,486 1-750 PEFPAGDPVRGRA 

A52 109,029 -112314 1-1058 PLGRADA 

B52 109,029 -112314 1-1058 PEFPGIPLGRADA 

A9 20,706 - 23,260 1-851 H 

89 20,706 - 23,260 1-851 PEFPGIH 

A30 62,807 - 66314 1-1235 RRH 

830 62,807 - 66314 1-1235 PEFPGIH 

A42 93,113-94379 1^88 VG 

B42 93,113-94379 1-488 PEFVG 

A29 58,463 - 62,053 1-1196 -

829 58,463 - 62,053 1-1196 -

B52C 110,094 -112314 350-1058 -

B52C2 110339 -112314 432 - 1058 P 

B52C3 110,900-112314 619 -1058 PEF 

B52-intl 109,047 - 110,668; 111,209 -
112314 

1 - 540, 720 -
1058 

PEFPGIPLGRADA 

B52N4 109,047-111,986 1-980 PEFPGIPLGRADA 

B52CN4 110,094-111,986 350 - 980 P 

B52CN3 110,094 -111,789 350 - 914 P 

B52CN2 110,094-111,287 350-747 P 

B52-Iib#2 110,145 -112,443 366-1058 PVLQYPALTHMAMEAEU 
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TABLE 2.2 Cloning of the fusion plasmids used in the two-hybrid analysis. ̂  -
all restriction enzyme digestions were to completion unless specified. P, partial 

digestions; the restriction site was blunted by using Mung Bean Nuclease; 

the restriction site was blunted by using T4 DNA polymerase. 

Fusion plasmid Vector donor 
(restriction sitest) 

Herpes gene donor 
(restriction sitest) 

pA5 pGAD(X/E) (Eagl-BamHI) pVL941/UL5 (EagI - BamHI) 

pB5 pGBT9 (EcoRI-BamHI) pA5 (EcoRiP - BamHI) 

pA8 pGAD (X/E) (Pstlin-BamHI) pVL941/UL8 (SacF" - BamHI) 

pB8 pGBT9 (EcoRI-BamHI) pA8 (EcoRI - Bgin) 

pA52 pGAD424 (BamHI-BamHI) pVL941/UL52 (BamHI - BamHI) 

pB52 pGBT9 (EcoRI-BamHI) pA52 (EcoRiP - BgUI) 

pA9 pA42 (EcoRI-Agel) pB9 (Ndel - Agel) 

pB9 pB30 (Ndel-Agel) pORF850 (Ndel-Agel) 

pA30 pA42 (EcoRI-Agel) gift from Dr. J. D. Hall 

pB30 pB42 (EcoRI-Agel) gift from Dr. J. D. Hall 

pA42 pGAD-fuU (EcoRI- BamHI) gift from Dr. J. D. Hall 

pB42 pGBT-fuU (EcoRI-BamHI) pA42 (EcoRI-BamHI) 

pA29 pA42 (EcoRI-Xbal) gift from Dr. J. D. Hall 

pB29 PEG202 gift from Dr. J. D. Hall 

UL52 deletion 
plasmids 

Deletion donor (restriction sites) 

pB52C pB52 (EcoRI-EcoRI) 

pB52C2 pB52 (EcoRpf*-StuI) 

pB52C3 pB52 (EcoRI-BssHII) 

pB52-intl pB52 (Ncol- Ncol) 

pB52N4 pB52 (StuI-SaU) 

pB52CN4 pB52 (BamHI^-KpnI°^) 

pB52CN3 pB52CN4 (BamHif-EcoNlf) 

pB52CN2 pB52CN4 (BamHI^-Nrulf) 

pB52-lib#2 pAS2-12 (Smal-Smal) 
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the yeast domains are also shown. 

Yeast transformation. We used two types of two-hybrid systems (Fig. 2.1): (i) a 

system in which GAL4 DNA-binding domain fusions and GAL4 activation 

domain fusions were assayed for reconstitution of GAL4 transcriptional activator 

that promotes expression of a P-gal reporter gene under the control of GAL4 

DNA elements; (ii) a system in which LexA fusions and GAL4 activation domain 

fusions were assayed for reconstitution of a hybrid transcriptional activator that 

promotes the expression of P-gal reporter gene under the control of LexA DNA 

elements. We also constructed and used two-hybrid vectors pGBT-full and 

pGAD-full which express fusion proteins at a higher level than the commercially 

available pGBT9 and pGAD424. The procedures for yeast transformation and for 

assaying protein-protein interactions were essentially as described in the 

Clontech MATCHMAKER Two Hybrid System Manual. Briefly, the plasmids 

containing GAL4 activation domain (A) fusions and GAL4 DNA-binding domain 

(B) fusions were cotransformed into Saccharomyces cerevisiae strains SFY526 or 

HF7c (leu' trp" ura" his") which contained the p-gal reporter genes under the 

control of GAL4 elements integrated into their genomes. The transformants were 

grown on SD-LW media lacking Leu and Trp to select for the cells carrying both 

the activation domain and the DNA-binding domain fusion plasmids. Plasmids 

containing GAL4 activation domain (A) fusions and LexA fusions (B) were 

cotransformed into Saccharomyces cerevisiae strain EGY-48 (leu" trp" ura" his") 

along with plasmid pSH18-34 which contains the |3-gal reporter gene under the 
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a) 

galactosidase 
gene 

^ X 

FIG. 2.1. Two-hybrid system. The DNA-binding domain (B) and the activation 

domain (A) of a transcriptional activator (panel a) are separated and each is fused 

to a different protein (X, Y, or Z). If the fused proteins interact (panel b), a 

functional transcriptional activator is reconstituted and the reporter gene is 
expressed. The reporter gene (P-galactosidase) is under the control of DNA 

elements (yeast GAL4 or E. coli LexA). If the fused proteins do not interact (panel 

c), a functional transcriptional activator is not formed and expression of the 

reporter gene does not take place. 

GAL4 
LexA 
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control of LexA DNA elements. The co-transformants were grown on SD-LHU 

along with plasmid pSH18-34 which contains the ^-gal reporter gene under the 

control of LexA DNA elements. The co-transformants were grown on SD-LHU 

media lacking Leu, His, and Ura to select for the cells carrying plasmids which 

express the activation domain fusion, the DNA-binding domain fusion, and the 

reporter gene. Yeast cells (SFY526, HF7c, or EG48) were grown to log-phase in 

YPD broth, collected by centrifugation at 1000 x g for 4 min, and resuspended in 

TE/LiAc 1/200 initial culture volume. 100 |al aliquots were mixed with 0.1 pg of 

each plasmid DNA, 100 pg single-stranded herring testes carrier DNA, and 600 

pi of TE/LiAc containing 40% polyethylene glycol. Cell suspensions were 

incubated at 30 °C for 30 min, mixed with 70 jil dimethylsulfoxide, heat shocked 

for 15 min at 42 °C, and resuspended in 500 jil 10 mM Tris-HCl (pH 7.5) and 1 

mM EDTA. Aliquots were plated on minimal agar SD-LW (SFY526 or HF7c 

cells) or SD-LHU (EG48 cells). 

P-gal colony lift assay. After 4 days at 30 °C, colonies were lifted onto Whatman 

filters type 1. The filters were frozen in liquid nitrogen to lyse the cells, thawed, 

and soaked at 30 °C in Z buffer (pH 7.0). P-galactosidase activity was detected as 

the formation of blue color from X-gal hydrolysis. 

P-gal liquid assay. Yeast colonies transformed as described above were inoculated 

into minimal medium SD-LW or SD-LHU and grown overnight at 30 °C. Cells 

were then diluted into YPD broth and grown to an optical density at 600 nm 



45 

(ODeoo) of 0.5-1.0. Aliquots of cells were washed and resuspended at 1/5 volume 

in Z buffer. 100 pi aliquots were frozen in liquid nitrogen, thawed, mixed with 

0.7 ml Z buffer supplemented with P-mercaptoethanol and 0.67 mg/ml ONPG 

(o-mtrophenyl-P-D-galactopyranoside), and incubated at 30 °C until a yellow 

color developed or for 24 hours. Assays were stopped by adding 0.4 ml IM 

Na2C03. Cell debris was removed by centrifugation, and the OD420 the 

supernatant was measured to determine the extent of ^-gal activity in Miller 

units (Miller, 1972). Miller imits = 1000 (OD42o)/t(0.5)(OD600) where t = time of 

incubation in minutes. 

Construction of the UL52 fragment library fused to the GAL4 DNA-binding domain 

(B52-lib). The full coding sequence of UL52 was isolated from pVL941/UL52 as a 

3.4 Kb BamHI fragment and digested with the restriction enzymes Dpnl, BstUI, 

and Haelll. The digestion conditions were optimized to yield DNA fragments 

that ranged from 3.4 kb down to a few base pairs in length to make a LIL52 

fragment library. The UL52 fragment library was cloned into the GAL4 DNA-

binding domain vector pAS2-l as follows. Plasmid pAS2-l was cut with EcoRI 

and the resulting cohesive ends were filled in and religated to make vector pAS2-

12. An equimolar mixture of SmaZ-liniarized pAS2-l, MscZ-Unearized pAS2-l, and 

SmflZ-linearized pAS2-12 (Damak and Bullock, 1993) was ligated to the IIL52 

fragment library. The three versions of linearized vectors were used to ensure 

that ligations of the UL52 fragments would occur in all three reading frames. The 
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fusion GAL4 DNA-binding domain/UL52 fragment library (pB52-lib) was 

amplified in E.coli strain DH5a and used in a two hybrid screen. 

Two-hybrid screen of the UL52 fragment library. Three ng each of pB52-lib and pA8 

were cotransformed into the His' S. cerivisiae strain HF7c. Transformants were 

grown on plates of synthetic media lacking Leu, Trp, and His (SD-LWH) at 30 ''C 

for 5 days. The resulting colorues had the ability to express the His reporter gene 

which was under the control of GAL4 elements (His"*" colonies). Fifty-six His"*" 

colonies were isolated and assayed for p-gal activity from a second reporter gene 

{lacZ) in the strain HF7c. Colonies that were positive for P—gal activity (blue) 

were then tested for background activity due to self-activation of the B52-lib 

fusions as follows: His+/blue colonies were grown on SD-W plates in the 

presence of Leu in order to facilitate the loss of the plasmid carrying the A8 

fusion while maintaining selection for the plasmids carrying the B52-lib fusions. 

The colonies which lost the pA8 plasmids were then assayed for P-gal activity. 

The blue colonies (self-activators) were discarded. The white colonies were 

selected for further analysis. pB52-lib plasmids were isolated from the white 

colonies, cotransformed with pAS into SFY526, and then assayed for P-gal 

activity. The UL52 DNA fragments of the successful clones were sequenced from 

the 5'-end using primer 1 from the Clontech Matchmaker Kit and from the 3'-end 

using the primer 5'-CGCCCGGAATTAGCTT-3'. 

Insect cells and viruses. Spodoptera frugiperda (Sf9) insect cells were maintained at 

27 °C in TMN-FH supplemented with 10% fetal bovine serum and 50 Hg/ml 
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gentamycin (Summers and Smith, 1987). Stocks of wild type and recombinant 

Aiitographa califomica nuclear polyhedrosis viruses (AcMNPV) were prepared as 

described (Summers and Smith, 1987). AcMNPV/UL52, AcMNPV/UL8, which 

are recombinant baculoviruses encoding UL52 and UL8, respectively, were as 

described (Dodson et al., 1989). 

Construction of Recombinant Baculovirus AcMNPV/UL52 A. The 1.7 kb EcoRI-EcoNI 

fragment from pB52CN4 (see Table 2.1) was subcloned into the EcoBI-Bglll sites 

of the baculovirus expression vector pBacPAK9 (Clontech) to make 

pBacPAK9/UL52A. The start codon ATG was cloned into the BamHl-EcoRl sites 

of the pBacPAK9/UL52A using the duplex oligonucleotide 5'-

GATCCGGCATATGG-3', 3'-CCGTATACCTTAAG-5'. The resultant plasmid 

pBacPAK9/ ATG-UL52A was then isolated and used to generate the recombinant 

baculovirus AcMNPV/UL52A by cotransfection with pBacPAK6 DNA (Clontech) 

into Sf9 cells according to the manufacturer's instructions. Briefly, reactions (80 

M-l) containing 400 ng pBacPAK9/ATG-UL52A plasmid, 4 fil pBacPAK6 DNA 

(Bsu I digest) (Clontech), and 4 jil Bacfectin (Clontech) were mixed gently at 

room temepratiire for 15 minutes and added to a culture dish containing 10^ cells 

in 1.5 ml IX Grace media (Clontech). After 5 hours at 27 °C, the cells were 

supplemented with 1.5 ml TMNFH media which contained 10% fetal bovine 

serum and 50 p.g/ml gentamycin, and the incubation was continued. After 5 

days, the media containing the recombinant virus was removed and stored at 4 

°C unHl use. 
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Expression and labeling of proteins in Sf9 Cells. The procedure was modified from 

McLean et aL (McLean et ah, 1994). Sf9 cells were seeded into 35x10 mm dishes 

(Lux) at approximately 2 X10^ cells per dish and allowed to grow overnight at 27 

°C. Cells were then infected with lOpfu/cell of recombinant virus 

(AcMNPV/UL52, AcMNPV/UL8, or AcMNPV/UL52A) and incubated for an 

hour at room temperature with occasional swirling. The recombinant virus was 

removed and fresh media was added. After 24 hours, the media was replaced 

with 1.5 ml of Ex-cell 401 media without L-Methionine (JHR Biosciences) 

containing 72 pCi Trans 35s-Label (ICN Pharmaceuticals, Inc.). At 52 hours post

infection cells were collected, washed twice with 1 ml TC-lOO salt solution, and 

lysed with 950 ml ice-cold buffer E for 15 minutes on ice. The lysates were 

centrifuged at 100,000 x g at 4 °C for 15 minutes. The supematants were 

transferred to fresh tubes, frozen in liquid nitrogen, and stored at -80 °C until 

use. 

Immunoprecipitation of labeled proteins. The procedure was modified from McLean 

et al. (McLean et al., 1994). Labeled extracts (400 nl) were mixed with 2.5 nl of 

nonimmune rabbit serum and incubated for 5 hours at 4 °C. Thirty vil of 1:3 (v/v) 

Protein A-Sepharose beads (Sigma) in buffer E were then added, and the 

incubation was continued for 1 hour. The reaction mixtures were centrifuged at 

14,000 X g for 2 minutes, and the supematants were transferred to fresh tubes. 

The resulting precleared extracts (190 pi) were then immunoprecipitated with a 

polyclonal antibody against UL8 or with additional nonimmune serum. 
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following the same procedure. After the beads were collected, they were washed 

two times with 10 volumes buffer EB, three times with buffer EN, and twice with 

buffer E. The beads were then resuspended in 20 ^,1 2X SDS sample buffer, and 

heated for 3 minutes at 100 °C (Sambrook et al., 1989). The beads were vortexed 

and pelleted by centrifugation. The supematants were analyzed by SDS-PAGE 

using a 7.5% polyacrylamide gel (0.8% bis-acrylamide). The gel was stained with 

Coomassie Brilliant Blue, destained, washed twice with water, er\hanced with 

16% (w/v) Na salicylate, dried under vacuum at 60 °C, and subjected to 

autoradiography. 
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2.3 Results 

2.3.1 Protein linkage map of the herpes replisonte. The yeast two-hybrid system 

has been used successfully on a genome-wide scale to identify interactions 

among the proteins of bacteriophage T7 (Bartel et al., 1996). This genome-wide 

search for protein-protein interactions was particularly useful in identifying 

interactions among proteins involved in DNA replication and packaging. We 

wished to use the two-hybrid system to create a protein linkage map of the 

herpes replisome and to characterize the protein-protein interactions within this 

postulated macromolecular structure. 

We used two types of two-hybrid systems (Fig. 2.1): i) a system in which 

GAL4 DNA-binding domain fusions and GAL4 activation domain fusions were 

assayed for reconstitution of GAL4 transcriptional activator that promotes 

expression of a P-gal reporter gene under the control of GAL4 DNA elements; ii) 

a system in which LexA fusions and GAL4 activation domain fusions were 

assayed for reconstitution of a hybrid transcriptional activator that promotes the 

expression of |3-gal reporter gene under the control of LexA DNA elements. We 

also constructed and used two-hybrid vectors pGBT-full and pGAD-full which 

express fusion proteins at a higher level than the conunercially available pGBT9 

and pGAD424. 

Recombinant plasmids expressing the herpes proteins (UL5, UL8, UL52, 

UL9, LIL29, LTLSO, and UL42) as fusions with one of the DNA-Binding domains 

(B5, B8, B52, B9, B29, B30, B42, respectively) and recombinant plasmids 



51 

expressing the herpes proteins as fusions with the Activation domain (A5, A8, 

A52, A9, A29, A30, A42, respectively) were cotrai\sformed into yeast cells in all 

possible A/B pair combinations and assayed for P—gal activity by means of a lift 

assay. Results are shown in Fig. 2.2. 

Controls were used to check for non-specific activation of the yeast reporter 

genes by our fusions in the absence of an interacting partner fusion. A fusions 

and B domain alone (Ax/B) (Fig. 2.2, top row) or B fusions and A domain alone 

(A/Bx) (Fig. 2.2, left colunm) were used as controls. The following fusions 

activated the reporter genes in the absence of an interacting partner and 

exhibited self-activation or background activity: A42/B, A/B5, and A/B8 (shaded 

areas in Fig. 2.2). The A42 fusion protein probably activated transcription by non-

specifically binding the GAL4 DNA elements upstream of the reporter gene. This 

result was expected, since UL42 displays high affinity for dsDNA with no 

particular sequence specificity. However, we did not expect B5 and B8 

background activity which was probably due to the presence of fortuitous 

activation domains (acidic domains) on UL5 and UL8 proteins. However, most of 

the fusions exhibited insignificant background activity. 

The following fusion pairs yielded positive and specific results in oiu- two-

hybrid systems: A5/B52, A8/B52, A9/B9, A30/B42, and A29/B29. The A5/B52 

and A8/B52 interactions were detectable at low levels of expression. However, 

higher levels of expression were required in order to detect the A9/B9 and 

A30/B42 interactions. Thus, the levels of protein expression in yeast seem to play 

an important role in detection of the two-hybrid signal. The A29/B29 interaction 
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FIG. 2.2. Protein linkage map of the herpes replisome. The A series represents 

GAL4 activation domain fusions. The B series represents GAL4 DNA-binding 

domain or LexA fusions. Low-level expression vectors pGBT9 and pGAD424, 

which contained the GAL4 DNA-binding and activation domains, respectively, 

were used to make the A5, A52, A8, 85, 852, and 88 fusions. High-level 

expression vectors pGBT-full and pGAD-fuU, which contained the GAL4 DNA-
binding and activation domains, respectively, were used to make A9, A30, A42, 

A29, 89, 830, 842 fusions. Vector pEG202, which contained the LexA was used to 

make the 829 fusion. All fusions were assayed pairwise for interaction using the 

colony lift assay as described in "Experimental Procedures." The shaded areas 

represent fusions which exhibit self-activation. A + sign represents a positive 

signal (blue colonies) in the colony lift assay; a ++ sign represents an increase 

over the self-activation background signal, and a - sign represents no signal in 
the colony lift assay. The boxed area represents the UL5:52:8 helicase-primase 

interactions. 
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was observed with the LexA but not with the usual GAL4 DNA-binding domain 

fusion. 

We also made two interesting observations. First, yeast ceils which 

coexpressed A5 and B5 exhibited activity that was nearly 4-fold greater (11.7 

Miller units) than the background level of activation observed for the A/B5 

control pair (3.9 Miller units) (Fig. 2.2). This result suggests that two UL5 

molecules may interact. Second, yeast cells which coexpressed A42 and B42 

exhibited activity that was 2.5-foid greater (0.25 Miller units, results not shown) 

than the background level of activation observed for the A42/B control pair (0.10 

Miller units, results not shown) (++ in Fig. 2.2), suggesting that two UL42 

molecules may interact in the two-hybrid system. These observations could be 

the starting point for further investigations of the oligomerization of UL5:52:8 

helicase-primase and UL30:42 polymerase via UL5-UL5 and UL42-UL42 

interactions. In Chapter IV we investigate further the oligomerization of the 

helicase-primase holoenzyme. 

We detected two of the possible three interactions which can occur among 

the subunits of the UL5:52:8 helicase-primase (A5/B52 and A8/B52, Fig. 2.2). We 

chose to further characterize these interactions in order to imderstand how the 

heterotrimeric helicase-primase complex assembles from its subunit components. 

Fig. 2.3 shows a protein linkage map of the helicase-primase complex in which all 

interactions were quantitated by both P-gal lift and liquid assays. A8/B52 

exhibited the strongest signal in our assay (16.9 Miller units). A5/B52 produced a 

modest signal in our assay (0.46 Miller units). However, the modest signal for 
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FIG. 2.3. Protein linkage map of the helicase-primase complex. The helicase-

primase subunits were assayed for interaction using the colony lift assay as 

described in Fig. 2.2. The interactions were quantitated using the liquid assay as 

described under "Experimental Procedures." Numbers represent Miller units of 

P-galactosidase activity. Assays were performed in triplicate. The standard 

deviations were less than seven percent of the reported values for the liquid 

assays. 
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A5/B52 interaction was reproducible and significantly higher than the controls. 

The UL52 subunit interacted with both the UL5 and the UL8 subunits of the 

helicase-primase complex. This result is consistent with immunoprecipitation 

studies (Calder and Stow, 1990). The UL5-UL8 interaction, if existent, was harder 

to detect given the presence of strong B5 or B8 background activity. 

2.3.2 Deletion analysis of UL52. Since UL52 interacted with both UL5 and 

UL8 in the two-hybrid assay (A5/B52 and A8/B52 pairs), we constructed a series 

of deletions in the 1058 amino acid UL52 sequence in order to localize domains 

that interact with UL8 and UL5 (Fig. 2.4). A C-terminal fragment of UL52 

containing amino acids 350 - 1058 failed to interact with A5 in the two-hybrid 

system (results not shown). However, this fragment was capable of interacting 

with A8 (B52C in Fig. 2.4). This result suggests that the N-terminal 349 amino 

acid segment of UL52 contains a region which is required for interaction with 

UL5 but dispensable for the interaction with UL8. Thus, the UL52 domain of 

interaction with UL8 is localized on the C-terminal two-thirds of UL52. 

We next tested additional UL52 deletion proteins for interaction with UL8 in 

the two-hybrid system. These deletions included additional truncations from the 

N-terminus, an internal deletion of the catalytic priming site, truncations from 

the C-terminus, and simultaneous truncations from both ends of UL52. 

Deletions of the amino terminus which removed more than 350 amino acids 

of UL52 (B52C2, B52C3) caused the loss of interaction with A8. Deletion of the 

internal segment (amino acids 542 - 720) containing the catalytic site for primase 
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B52C3 ^ — <0.1 
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B52N4 280 _ <0.1 

B52CN4 — 222. + 2.6 

B52CN3 250—914 q5 

B52CN2 7'P _ <0.1 
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FIG. 2.4. Deletion analysis o£ the UL52 gene. Results from deletion analysis and 

a random fragment library screen of UL52. Several variants of the UL52 gene 

containing deletions were fused to the GAL4 DNA-binding domain. All deletion 

fusions were assayed for interaction with A8 using both the colony lift and liquid 

assays ("Experimental Procedures."). B52-lib#2 is a UL52 fragment fused to the 

GAL4 DNA-binding domain ("Experimental Procedures."). 
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activity (B52-intl) also resulted in loss of interaction with A8. Deletion of 78 

amino acids from the UL52 C-terminus (B52N4) also resulted in loss of 

interaction with A8, initially suggesting that the extreme C-terminus of UL52 

might be required for interaction with UL8. However, the interaction with A8 

was restored in a double deletion construct in which both the N-terminal 349 

amino acids and the C-terminal 78 amino acids were removed from UL52 

(B52CN4). The increased signal from the double deletion construct enabled us to 

further delimit the region of UL52 that interacts with A8 to a polypeptide 

segment containing amino acids 350-914 (B52CN3). Deletion of additional amino 

acids from the C-terminus of UL52 (B52CN2) abolished the interaction with AS. 

As an additional means of identifying segments of UL52 that might interact 

with UL8, we constructed a DNA library of UL52 gene fragments fused to the 

GAL4 DNA-binding domain (pB52-lib) (Fig 2.4). This library contained random 

UL52 gene fragments ranging from a few nucleotides to almost the full length 

UL52 gene (3.4 kb). Upon screening the library, we found one clone (pB52-lib#2) 

which was positive for interaction with A8. This clone encoded a polypeptide 

corresponding to amino acids 366 - 1058 of UL52. The combined results of the 

deletion analysis and the fragment library assay suggest that the UL52 domain of 

interaction with UL8 is situated in the region encompassing amino acids 366-914. 

2.3.3 Coimmunoprecipitation of UL52A and UL8. Immunoprecipation using 

anti-UL8 polyclonal antiserum was used to verify that UL8 interacts with the 

UL52 fragment containing amino acids 350-914 (UL52A). The antiserum 
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FIG. 2.5. Co-immunoprecipitation of a C-tenninal fragment of UL52 and ULS. 
Anti-ULS polyclonal antiserum (a-8) was used in lanes 2, 4, 5, 6, 7. Nonimmune 

serum (a-) was used in lanes 1 and 3. The soluble fraction from labeled 

precleared extracts of insect cells infected with recombinant viruses 

("Experimental Procedures") were used as follows: lanes 1 and 2, 

AcMNPV/UL52A and AcMNPV/ULS; lanes 3 and 4, AcMNPV/UL52 and 

AcMNPV/ULB; lane 5, AcMNPV/ULS2A; lane 6, AcMNPV/ULS; lane 7, 

AcMNPV/UL52. The positions of full length UL52, ULS, and UL52A (UL52 

amino acids 350 - 914), are shown to the left. 
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specifically precipitated UL8 from an extract derived from AcMNP/UL8-infected 

Sf9 cells (Fig 2.5, lane 6). A polypeptide exhibiting the mobility of full length 

UL52 coprecipitated with UL8 when extracts were derived from Sf9 cells that 

were doubly infected with AcMNP/UL8 and AcMNP/UL52 (Fig. 2.5, lane 4), as 

previously shown by Stow and coworkers (McLean et al., 1994). A polypeptide 

exhibiting the predicted mobility of UL52A also coprecipitated with UL8 from 

extracts derived from cells that were doubly infected with baculoviruses 

recombinant for AcMNP/UL8 and AcMNP/UL52A (Fig 2.5, lane 2). The control 

nonimmune serum precipitated neither UL52A, UL52, nor UL8 (Fig. 2.5, lanes 1, 

3, and 5). We conclude that UL52A contains a domain that specifically interacts 

with UL8. 
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2.4 Discussion 

The yeast two-hybrid system has recently been used to produce a genome-

wide protein linkage map of the bacteriophage T7 (Bartel et al., 1996). This 

approach was particularly successful in detecting and mapping both new and 

already identified interactions within the bacteriophage replisome. We therefore 

set out to explore the feasibility of using the two-hybrid system to characterize 

the HSV-1 replisome and then to examine in more detail the interactions among 

the three subvmits of the HSV-1 helicase-primase. 

Using two different systems, we identified interactions between identical 

protomers (UL9-UL9 and UL42-UL42), and heterologous interactioris (UL30-

UL42, UL5-UL52, and LrL8-UL52). All of these interactions are consistent with 

the known functions of the herpes replication proteins. Our results are also 

consistent with previous reports which used other techniques to identify protein-

protein interactions (reviewed in Boehmer and Lehman, 1997). However, six 

known interactions (LTLS-ULS, UL8-UL9, UL8-UL29, UL8-UL30, LrL9-UL42, UL9-

UL29) were not detectable in the two-hybrid systems we used. Our results show 

that while the yeast two-hybrid analysis is a useful tool for identifying 

interactions within macromolecular structures such as the replisome, it has 

limitations. 

First, both A protein fusions and B protein fusions may exhibit self-activation 

or background activity. Some of the A fusions non-specifically interacted with 

the GAL4 or LexA binding sites upstream of the reporter gene to produce a 
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positive signal in the absence of an interacting B protein fusion. Non-specific 

DNA-binding proteins can be envisioned to exhibit this kind of backgrovind 

activity when expressed as A fusions. For example, UL42 is a non-specific 

dsDNA-binding protein and the A42 fusion activates transcription in the absence 

of an interactive protein partner. Because most of the replisome proteins are 

DNA-binding proteins (UL5, UL52, UL29, UL30, UL9), we expected that they 

would exhibit non-specific activation when expressed as A fusions. However, 

some of these A fusions did not exhibit backgroimd activity probably because 

they are not dsDNA-binding proteins. UL5 preferentially binds ss- and fork-

DNA, UL29 and UL52 bind ssDNA, and UL9 binds ssDNA or sequence-specific 

{oriS) dsDNA. A52 also exhibits non-specific activation of the reporter gene when 

expressed in the high-expression vector (result not shown), suggesting that at 

higher concentrations UL52 will bind non-specifically at or near the GAL4 

element. Thus, the yeast two-hybrid system is less reliable in detecting protein-

protein interactions involving dsDNA-binding proteiits. 

Some B fusions exhibited background activity, probably due to the presence 

of a fortuitous activation domain on the herpes proteins. B5 and B8 exhibited this 

kind of background activity. We did not expect these two proteins to contain 

activation domains, since no transcriptional activation function has been linked 

to them so far and we do not believe that they function as such in vivo. One 

possible mechanism for such activity is that a cluster of acidic amino acids on the 

surface of the protein can fortuitously serve as an activation domain. 
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The yeast two-hybrid system is sensitive enough to detect interactions 

produced by weak, fortuitous transcriptional activators. When either A fusions 

or B fusions have background activity, some of the naturally occurring 

interactions may be difficult to detect over the background signal. For example, 

the interaction between UL5 and UL8 was difficult to detect because of the fact 

that both B8 and B5 fusions exhibited background activity. UL5-UL8 interaction 

is very weak to begin with, as shown by the fact that antibodies agairist UL8 co-

immunoprecipitate only very low levels of UL5 (Calder and Stow, 1990) and that 

ULS and UL8 separate on a heparin-agarose column (Dodson and Lehman, 1991). 

Another limitation of the yeast two-hybrid is that known interactions may 

not be detected by this system (false negative results). False negatives may occur 

when amino acids involved in binding are trapped in the fusion to GAL4 or 

LexA domains and can no longer participate in interactions with cognate 

proteins or when the fusion partner locally disrupts the protein-protein 

interaction domain on the surface of the herpes protein. We observed that fusion 

to a certain DNA-binding domain may lead to a non-functional protein, whereas 

fusion to another type of DNA-binding domain has no detrimental effect on the 

fused protein. When fused to GAL4 binding domain, UL29 does not interact with 

A29, whereas when fused to the LexA, UL29 retains functionality and interacts 

with A29. 

Finally, some fusion proteins are toxic. We found that some of our fusions 

were toxic for the yeast cells, especially when expressed at high levels. When 

expressed together, A42 and B42 yielded small, slow growing colonies. A52 was 
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also toxic to the yeast cells if expressed at high levels. Consequently, a level of 

expression needs to be optimized where enough protein is produced in the cells 

to elicit a signal, but not enough to become toxic to the cells. 

Interactions among UL5, UL8, and UL52 as examined by the two-hybrid system. 

We found that, of the three possible heterologous interactions among the 

subunits of the helicase-primase, two (UL8-UL52 and UL5-UL52) could be 

unambiguously detected in the two-hybrid system. In the two-hybrid system, the 

UL5-UL52 interaction was rather weak. However, an active subassembly 

comprised of UL52 and UL5 can be isolated, suggesting that the UL5-UL52 

interaction is fairly strong (Dodson and Lehman, 1991). It is possible that various 

degrees of local misfolding may have occurred in the A5 protein due to the 

presence of the GAL4 activation domain or that the N-teiminal region of UL5 is 

important for the interaction with UL52 and is partially occluded by the fusion. 

We could not detect a UL5-UL8 interaction but we detected a strong UL52-

UL8 interaction using the two-hybrid system. Previous results showed that UL8-

UL5 and UL52-UL8 subassemblies are immunoprecipitable (McLean et al., 1994). 

However, the UL5-UL8 complex is far less stable to immunoprecipitation than is 

the UL52-UL8 subassembly. Our results seem to parallel these observations. 

Although we could clearly detect an interaction between UL8 and UL52 in the 

two-hybrid system, we could not easily discern an interaction between UL8 and 

UL5 when either the A5/B8, or the A5/B8 pairs were used. The interaction may 

have been too weak to detect above the high background generated by the B5 or 
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B8 fusions, respectively. Since the A8 fusion strongly interacted w^ith the B52 

fusion, its failure to interact with B5 is unlikely to be due to misfolding. The 

decreased signal of the A5/B8 pair relative to the A/B8 background is difficult to 

interpret, but may be suggestive of an interaction in which A5 associates with B8 

and shields the fortuitous activation domain on B8. 

Interaction of the C-terminal domain of UL52 with LIL8. Our two-hybrid 

analysis detected two interactions in which UL52 participates. We used a series 

of UL52 deletions to map regions of UL52 that interact with UL5 and UL8. We 

found that the N-terminal 349 amino acids of UL52 are required for the 

interaction with UL5. However, due to the low signal generated by the 

UL5/UL52 interaction, we did not further map the interaction of UL52 with UL5. 

We also found that the 564 amino acid segment spanning residues 350 to 914 of 

UL52 contains the domain of interaction with UL8. The removal of additional 

amino acids from the N- or the C-terminus of the 350-914 fragment resulted in 

loss of a detectable interaction with the UL8 fusion. The sensitivity of the two-

hybrid system employed may be too low to detect interactions weakened by the 

removal of additional segments of this fragment. Alternatively, removal of amino 

acids from the terminal regions of the 350-914 sequence may destabilize the 

protein. We also used two additional approaches to confirm that the region 

containing amino adds 350-914 of UL52 interacts with UL8. First, we found that 

the 350-914 fragment of UL52 specifically co-precipitated with UL8 from extracts 

of insect cells coexpressing the fragment and UL8. Second, when a library 

consisting of random UL52 gene fragments fused to the GAL4 DNA-binding 

domain was screened for interaction with UL8 in the two-hybrid system, a gene 
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fragment encoding amino acids 366 to 1058 of UL52 was isolated. Taken together, 

our results suggest that a 548 amino acid segment of UL52 spanning amino adds 

366 to 914 contains the domain of interaction with UL8. 

We observed that UL52 deletion constructs which lack the N-terminal 365 

amino acids interact more strongly with the UL8 fusion than does full-length 

UL52. This observation raises the possibility that the N-terminus of UL52 

regulates the strength of interaction between UL52 and UL8. Within a dynamic, 

multicomponent complex such as the replisome, we can envision that the 

strengths of protein-protein interactions are finely timed to accommodate the 

different steps of the replication process. Nucleotides, DNA, and other 

replication proteins may act on UL52 to promote conformations that modulate 

the affinity of UL52 for UL8 as replication proceeds. The UL52 construct lacking 

the N-terminal 365 amino acids may mimic a conformation of UL52 with higher 

affinity for UL8. Similar allosteric phenomena have been described. For example, 

deletion of 542 amino acids from the N-terminus of the 1160 residue a subunit of 

E. coli DNA polymerase in resulted in a protein that bound the P subunit 10-20-

fold more strongly than native a (Kim and McHenry, 1996). DNA binding to a 

apparently triggers an increased affinity for P (Naktinis et al., 1996). Hence, it is 

possible that the removal of the N-terminal domain of the a subunit mimics the 

conformation of DNA-bound a with high affinity for p. In another example, an 

N-terminal region inhibits the ability of the intact subunit of £. coli RNA 

polymerase to bind to the promoter DNA in the absence of the core subunits of 

the RNA polymerase (Dombroski et al., 1992). In the presence of the core 

subunits, binds specifically to its cognate promoter. Thus, the binding of 

to the promoter DNA functions through an allosteric interaction with the core 
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subunits of the RNA polymerase and the N-termmal tnmcated mimics the 

RNA polymerase-bound 

A functional map of UL52. An analysis of the HSV-1 UL52 amino acid 

sequence compared with the sequences of other UL52 homologs in the alpha-, 

beta-, and gamma- Herpesviridae subfamilies is shown in Fig. 2.6. The most 

conserved region among the three subfamilies encompasses amino acids 600-650. 

This region contains the two metal-binding aspartic acid residues essential for 

the primase activity of HSV-1 UL52 (Dracheva et al., 1995; Klinedinst and 

Challberg, 1994), and it is therefore expected that this region would be highly 

conserved among divergent subfamilies. Sequences involved in protein-protein 

interactions are likely to be somewhat less conserved across diverging 

subfamilies. However, the IJL52 sequence comparison led to very interesting 

observations. First, comparison of the N-terminal segment of UL52 homologs 

from other Herpesviridae shows that it is present in alpha-herpesviruses, but is 

almost entirely lacking from the beta- and gamma-herpesviruses. Second, 

removal of 366 amino acids from this N-terminal region strengthens the 

interaction with UL8. Third, this region is required for the interaction with UL5. 

Thus, this extra region in the UL52 sequence of the alpha-herpesviruses may 

confer regulatory functions which are absent in the beta- and gamma-

herpesviruses. Within the region which we conclude to contain the UL52 domain 

of interaction with UL8 (366-914), amino acids 500-600 are least conserved among 

all the subfamilies. This region may therefore be involved in the alpha-specific 



67 

least conserved among alpha-, 
beta-, and gamma-hetpesviruses 

absent in beta- and 
gamma-herpesvimses 

1 
250 

350 366 

J 

most conserved among 
alpha-, beta-, and gamma-
herpesviruses 

A 
500 

—j I 
600 650 1058 

UL52 
D-D 

J 
914 

I 

required for UL5 
interaction 

domain of interaction 
with UL8 

FIG. 2.6. Schematic representation of the HSV-1 UL52 amino acid sequence. 
The BLAST program (Altschul et al., 1998) was used to identify sequences 

homologous with the HSV-1 UL52 protein. The distribution and sequence 

homology of 34 BLAST hits were analyzed. The results are summarized 

schematically (above). The results of the two hybrid analysis of UL52 interaction 

with LTLS and LTLS are also shown (below). The two aspartic acid residues 

involved in the primase activity are also shown (D-D). 
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UL52-UL8 interaction. 

Do the HSV-1 helicase-primase and processivity factor oligomerize? Based on the 

propensity of helicases to function as oligomers, the heterotrimeric HSV-1 

helicase-primase might be expected to oligomerize (Lohman, 1996). We used the 

two-hybrid system to determine if any of the subunits of the HSV-1 helicase-

primase make homologous interactions in vivo. Such evidence would support the 

oligomerization hypothesis. (Of course, oligomeric structures not requiring 

homologous interactions can also be envisaged). Although self-activation was 

observed in cells coexpressing A and B5, the signal-to-background ratio was 

consistently 3- to 4-fold greater in cells coexpressing A5 and B5, suggesting that 

UL5 self-interacts in the two-hybrid system. In contrast, we observed no signal in 

cells coexpressing A52 and B52, which suggests that UL52 does not self-interact. 

Because the background in cells coexpressing A and B8 was very high, it was 

difficult to determine if UL8 can self-interact. Unexpectedly, the signal in cells 

coexpressing A8 and B8 was reduced by nearly 14-fold compared to the A/B8 

background. The diminished signal in the A8/B8 cotransformants might have 

been caused by shielding of the fortuitous self-activating region on the B8 

construct by interaction with A8. Thus, our two-hybrid results suggest that the 

helicase-primase may oligomerize through UL5-UL5 and possibly through UL8-

UL8 interactions. However, other approaches are required to confirm these 

suggestions. Chapter IV further investigates the oligomerization state of the 

helicase-primase holoenzyme. 



Some processivity factors are also known to participate in homologous 

interactions. The monomers form torus-like structures which encircle the DNA. 

The P subunit of the £. coli DNA polymerase holoenzyme forms a dimeric torus 

(Komberg and Baker, 1992). Yeast PCNA and T4 gp45 processivity factors form 

trimeric toruses (Komberg and Baker, 1992). It is possible then that the HSV-1 

UL42 protein also forms oligomeric structures which encircle the DNA. Our two-

hybrid analysis indicates that a homologous interaction between two UL42 

molecules may exist. We consistently observed a 2.5-fold increase over the A42 

self-activation backgroimd when A42 and B42 were assayed together. However, 

the recently determined structure of the UL42 protein in the presence of a C-

terminal peptide from the UL30 polymerase shows no evidence for dimerization 

(Moarefi et al., 2000). Thus, two-hybrid analysis results of fusion proteins which 

exhibit self-activation may be tmreliable and should be confirmed using other 
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2.5 Summary 

Herpes simplex virus type 1 encodes seven proteins which are necessary and 

sufficient for replication of origin-containing plasmids. These proteins are 

believed to associate in a macromoleailar structure termed the replisome. We 

used the yeast two-hybrid system to produce a protein linkage map of the herpes 

replisome. The two-hybrid signals were variable and dependent on the levels of 

protein expression and the type of fusion domain used. In some cases fusions 

exhibited self-activation, which made results difficult to interpret. UL8-UL52, 

UL5-UL52, UL30-UL42, UL9-UL9, and UL29-UL29 interactions were observed. 

We also observed UL5-UL5 and UL42-UL42 interactions in the two-hybrid 

system, suggesting that both the helicase-primase and the polymerase 

processivity factor may form larger structures via homologous interactions. 

Deletion analysis of UL52 showed that a 548 amino add carboxyl-terminal 

fragment of UL52 interacts with UL8 while the amino-terminal third is required 

for interaction with UL5. UL52 homologs encoded by the beta- and gamma-

herpesviruses lack most of the sequence that is present in the amino-terminal 

third of the HSV-1 UL52 subunit. CXur findings suggest that the functional 

interactions among the subunits of the helicase-primases encoded by the alpha-

herpesviruses may differ from those of the helicase-primases encoded by other 

members of the Herpesviridae family. 
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CHAPTER m 

PURinC ATION AND CHARACTERIZATION OF THE UL5 SUBUNIT OF THE 

HSV-1 HELICASE-PRIMASE 

This Chapter was submitted: 

Constantin, N., Crute, J. J., Murata, L. B., & Dodson, M. S. (2000). Purification and 

Characterization of the UL5 subunit of the Herpes Simplex Virus Type 1 

Helicase-Primase. Journal of Biological Chemistry (submitted) 

I contributed 70% of the experiments 
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3.1 Introduction 

The helicase-primase of herpes simplex virus tjrpe I (HSV-1) is a heterotrimer 

encoded by the viral UL5, UL8, and UL52 genes (Crute and Lehman, 1991; Crute 

et al., 1988; Crute et al., 1989). All three of the pol5qjeptides encoded by these 

genes are essential for viral DNA replication (Boehmer and Lehman, 1997; 

Carmichael and Weller, 1989; Goldstein and Weller, 1988; Zhu and Weller, 1992). 

The heterotrimeric holoenzyme (UL5:52:8) is a single-stranded DNA (ssDNA)-

dependent ATPase and GTPase which, in the presence of a suitable DNA ligand, 

also possesses primase and 5'->3' DNA helicase activities. The enzymatic 

activities of the holoenzyme are wholly conferred by the UL5 and UL52 subunits, 

as shown by the observation that a subassembly consisting of UL5 and UL52 

(UL5:52) exhibits all of the activities that are associated with the holoenzyme in 

vitro (Calder and Stow, 1990; Dodson and Lehman, 1991). Although not essential 

for enzymatic activity, UL8 has been reported to increase primase, helicase, and 

ATPase activities when added to the UL5:52 subassembly under certain 

conditions (Falkenberg et al., 1997; Hamatake et al., 1997; Le Gac et al., 1996; 

Sherman et al., 1992; Tenney et al., 1994). The mechanism of this stimulation is 

unknown, and UL8 itself does not exhibit any catalytic or DNA-binding activities 

(Dodson and Lehman, 1991; Parry et al., 1993). As discussed in Chapter I, UL8 

may be a scaffolding factor that holds the HSV-1 replisome together and 

participates in the coordination of the enzymatic functions at the replication fork. 
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The individual UL5 and UL52 subunits have not been well-characterized. 

Efforts to characterize UL52 have been hindered by its insolubility when 

expressed in the absence of the other subunits, and characterization of UL5 has 

not been previously pursued because partially purified UL5 preparations were 

reported to exhibit no detectable enzymatic activity (Calder and Stow, 1990; 

Dodson and Lehman, 1991; Sherman et al., 1992). Nonetheless, the helicase and 

primase activities of the holoenzyme have been presumed to reside in the UL5 

and UL52 subunits, respectively, on the basis of sequence analysis and 

mutagenesis studies. UL52 is inferred to possess the primase activity since it 

contains conserved motifs common to other primases, and mutations of amino 

acids within these motifs specifically abolish primase activity of the holoenzyme 

in vitro (Dracheva et al., 1995; Klinedinst and Challberg, 1994). These mutations 

also prevent viral replication in vivo. Likewise, UL5 is inferred to possess the 

DNA helicase activity since it contains several motifs that are conserved in other 

helicases (Gorbalenya and Koonin, 1993), and mutations in these conserved 

motifs specifically abolish helicase activity in vitro (Graves-Woodward et al., 

1997; Graves-Woodward and Weller, 1996). These mutations in UL5 also abolish 

viral DNA synthesis in vivo (Zhu and Weller, 1992). 

In this chapter, we describe the purification of UL5 to near homogeneity and 

an analysis of its DNA-binding and enzymatic properties. Using this purified 

protein, we demonstrate that isolated UL5 is catalytically inactive. We also show 

that isolated UL5 binds DNA, suggesting that UL5 maintains a native-like 

structure in the absence of UL52 and UL8. Furthermore, we show that the 
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enzymatic activities of UL5 can be reconstituted in the presence of UL52 and 

UL8. We propose that UL52 activates the enzymatic activities of UL5 and discuss 

a possible mechanism for this activation. 
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3.2 Experimental Procedures 

Materials - T4 polynucleotide kinase was from New England Biolabs. [y-^Zpj-ATP 

was from Amersham Pharmacia Biotech and ICN. DEAE-Sepharose, and 

Sephacryl S-200 were from Amersham Pharmacia Biotech. Buffers, protease 

inhibitors, and calf thymus DNA were from Sigma. Ir\sect cell Sf900 II growth 

medium and actylamide were from Life Technologies. Hydroxylapatite (Bio-Gel 

HTP), avidin-horseradish peroxidase conjugate, and 4-chloro-l-napthol were 

from Bio-Rad. Bis-acrylamide, ammonium persulfate, TEMED, and Coomassie 

Brilliant Blue G-250 were from United States Biochemicals. Heparin-Sepharose 

was prepared as described (Dodson and Lehman, 1991). The UL5:52 subassembly 

and UL8 were purified as described (Dodson and Lehman, 1991; Healy et al., 

1997) except that the gel filtration step for UL8 was omitted. Mutant UL5:52:8 

holoenzyme (MUT) was a kind gift from Dr. James J. Crute of Boehringer 

Ingelheim Pharmaceuticals, Inc., Ridgefield, CT. 

Oligonucleotides - A 5-bromodeoxyuridine (BrdU)-substituted oligo(dT)2o w^as 

obtained from Genosys Biotechnologies, Inc. This oligodeoxynucleotide 

contained BrdU at its 4th, 8th, 12th and 16th residues and is referred to as BrdU-

(dT)2o. The oligonucleotide used for preparation of the DNA helicase substrate 

was as described previously (Crute et al., 1988). 
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Buffers - Buffer A consisted of 20 mM HEPES, pH 7.6, 10% glycerol, 1 mM 

dithiothreitol (DTT), 1 mM EDTA, 1 mM EGTA, 0.5 mM phenylmethylsulfonyl 

fluoride (PMSF), and 4 pg/ml each leupeptin, pepstatin, and benzamidine-HCl. 

Buffer B consisted of 10 mM sodium phosphate, pH 6.5, 10% glycerol, 100 mM 

NaCl, 1 mM DTT, 1 mM EDTA, 1 mM EGTA, 0.5 mM PMSF, and 4 fig/ml each 

leupeptin, pepstatin, and benzamidine-HCl. Buffer C consisted of 25 mM Tris-

HCl, pH 8.0,10% glycerol, 1 mM DTT, 1 mM EDTA, 1 mM EGTA, and 2 pg/ml 

each leupeptin, pepstatin, and benzamidine-HCl. MUT dilution buffer consisted 

of 40 mM HEPES, pH 7.6,10% glycerol, 100 pg/ml bovine serum albvunin (BSA), 

3 mM MgClz, and 1 mM DTT. 

Immiinoblot analysis - During purification of UL5 and the UL52:8 subassembly, 

column fractions containing the desired helicase-primase subunits were 

identified by SDS-polyacrylamide gel electrophoresis followed by transfer of the 

gel to nitrocellulose for immunoblotting. The nitrocellulose was probed with 

antisera against UL5, UL52, and/or UL8 as appropriate, followed by protein A-

horseradish peroxidase conjugate; 4-chloro-l-napthol was used as the substrate 

for color development. Polyclonal antisera directed against a C-terminal peptide 

from UL5 were as described (Dodson et al., 1989), and polyclonal antisera 

directed against UL52 and ULS were a kind gift from Dr. I.R. Lehman (Stanford 

University). 
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Infection ofSf9 cells and preparation ofULS cell extracts - Spodoptera frugiperda (Sf9) 

cells were grown in a shaker at 125 rpm at 27 °C to a cell density of 3.2 x 10^ 

cells/ml in three 2-liter roller bottles each contairung 450 ml of Sf900 n medixim. 

Forty ml of pre-warmed Autographa californica nuclear polyhedrosis/UL5 

recombinant baculovirus (AcMNPV/UL5) (Dodson et al., 1989) at a titer of 

approximately 1 x 10^ plaque-forming units (pfu)/ml were added to each bottle, 

and shaking was resumed. Sixty hours later, the cells were pelleted by 

centrifugation at 500 x g for 15 min at 4 °C. The cell pellet was resuspended in 100 

ml ice-cold buffer A containing 10 mM sodium bisulfite, pH 7.7, transferred to a 

Dounce homogenizer, and lysed using 10 strokes of a tight-fitting pestle. The 

lysate was clarified by centrifugation at 1,500 x g for 10 min at 4 °C, and the 

cytosolic supernatant fraction was frozen in liquid nitrogen and stored at -80 °C 

until use. 

Infection of Sf9 cells and preparation of UL52:8 cell extracts - Sf9 cells were grown to 

near confluency in three T225 flasks (Coming) each containing 40 ml Sf900 II 

medium. Baculoviruses recombinant for UL52 (AcMNPV/UL52) and UL8 

(AcMNPV/UL8) (Dodson et al., 1989) were added at 10 pfu/cell of each virus in 

a final volume of 18.5 ml per flask and incubated at 27 °C. After one hour, the 

inoculum was replaced with 40 ml fresh media. Sixty-two hours later, the cells 

were harvested and pelleted by centrifugation at 500 x g for 12 min at 4 °C. The 

cell pellet was resuspended in 15 ml ice-cold buffer A containing 10 mM sodium 
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bisulfite, pH 7.7. A cell lysate was prepared, clarified, and stored as described 

above for UL5. 

Purification ofUL5 - Unless otherwise noted, all steps were performed at 4 °C. The 

frozen cytosolic fraction (110 ml) was quickly thawed in a 37 °C water bath, 

cleared by centrifugation at 100,000 x g for 90 min, and applied to a 35-ml 

heparin-Sepharose column that had been equilibrated with buffer A containing 

30 mM NaCl. The colvunn was washed with 55 ml of the same buffer, a 400-ml 

linear gradient from 30 - 600 mM NaCl in buffer A was applied, and 5-ml 

fractions were collected. Aliquots from each fraction were subjected to SDS-

polyacrylamide gel electrophoresis followed by immunoblotting to identify 

fractions containing UL5. Fractions eluting between approximately 90 - 140 mM 

NaCl were pooled (30 ml) and applied to a 5-ml hydroxylapatite colunm that had 

been equilibrated with buffer B. The column was washed with 10 ml of the same 

buffer, and a 63-ml linear gradient from 10 - 500 mM sodium phosphate in buffer 

B was applied. Fractions eluting between approximately 150 - 220 mM phosphate 

were pooled (4 ml). The pool was dialyzed against buffer C containing 50 mM 

NaCl and applied to a 2.5-ml DEAE-Sepharose column that had been 

equilibrated with the same buffer. A 30-ml linear gradient from 50 - 400 mM 

NaCl in buffer C was applied. Fractions (1 ml) eluting between approximately 

125 - 160 mM NaCl were pooled (4 ml) and concentrated in a Centricon 30 

microconcentrator. The concentrated pool (0.5 ml) was applied to a 75-ml 

Sephacryl S-200 column equilibrated in 20 mM HEPES, pH 7.6, 200 mM NaCl, 



10% glycerol, and 2 mM DTT and eluted at 10 ml/hr. Fractions (0.65 ml) 

containing UL5 were aliquoted, frozen in liquid nitrogen, and stored at -80 °C. 

The concentrations of UL5 in each fraction were determined by absorbance at 280 

nm, using the extinction coefficient 87,555 M'^cm'! calctilated by the method of 

Pace et al (Pace et al., 1995). Approximateley 1.5 mg of pure UL5 was obtained. 

Ail experiments in this report were carried out using fractions 60 and 61, which 

contained 3 ̂ iM UL5. 

Partial purification of a UL52:8 subassembly - Unless otherwise noted, all steps were 

performed at 4 °C. The frozen cytosolic fraction (15 ml) was quickly thawed in a 

37 °C water bath, cleared by centrifugation at 100,000 x g for 12 min, and applied 

to a 6-ml heparin-Sepharose column equilibrated with buffer A containing 30 

mM NaCl. The column was washed with 35 ml of the same buffer, a 60-ml linear 

gradient from 30 - 600 mM NaCl in buffer A was applied, and 1.8-ml fractions 

were collected. Aliquots (80 jal) of each fraction were subjected to SDS-

polyacrylamide gel electrophoresis followed by immunoblot analysis to identify 

fractions containing the UL52:8 subassembly. Fractions eluting between 

approximately 150 - 230 mM NaCl contained UL52 and UL8. Each fraction was 

assayed for ATPase, GTPase, and helicase activities in the absence and presence 

of pure UL5. 

UV cross-linking - UV cross-linking of proteins to DNA ligands was performed in 

0.5-ml polypropylene tubes using 5'-32p-labeled BrdU-(dT)2o and purified UL5, 
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UL8, or UL5:52 subassembly as indicated in the figure legends. The cross-linking 

reactions were carried out in a buffer containing 6 mM HEPES, 6 mM Tris-HCl, 

pH 7.8, 4% glycerol, 4 mM ammonium sulfate, 1.25 mM MgCl2. Mixtures were 

pre-incubated on ice for 1 hr and then irradiated at 254 nm by placing a hand

held mineral light UV lamp (UVP, Inc. model UVGL-58) directly on top of the 

tubes (UV source-to-sample distance 26 mm) for 4 min. Care was taken to align 

the UV-emitting tube so that it was exactly centered over the tubes. Two pi of 

stop/loading buffer containing 3% SDS, ICQ mM DTT, 50% glycerol, and 0.1% 

bromophenol blue were added to the mixtures, which were then boiled for 3 min. 

The mixtures were loaded onto an SDS-polyacrylamide gel consisting of a 20-cm, 

7.5% gel poured on top of a 3-cm, 20% acrylamide trap gel. The samples were nm 

until the bromophenol tracking dye entered the trap gel. The trap, which 

contained the free DNA, was cut away and discarded. The gel was then stained 

with Coomassie Brilliant Blue G-250 and dried. The cross-linked products were 

visualized after exposure of the gel either to film overnight at -80 °C or to a 

Molecular Dynamics Phosphorlmager screen. The UV cross-linking efficiency 

(number of DNA molecules cross-linked/total number of DNA molecules) under 

these conditions averaged 2.5%. 

DNA-dependent NTPase assays. ATPase and GTPase assays were performed 

essentially as described (Crute et cd., 1988). The assay measures the release of free 

phosphate as a result of the erizymatic hydrolysis of ATP or GTP. Reaction 

mixtures (50 pi) contained 25 mM HEPES, pH 7.5, 6 mM MgCl2, 4 mM ATP or 
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GTP, 10% glycerol, 2 mM DTT, 100 ^g/ml BSA, 80 pg/ml denatured and sheared 

calf-thymus DNA, and varying amounts of enzyme. Reactions were allowed to 

proceed for 1 h at 37 °C and were then terminated by the addition of 0.75 ml of 

malchite green solution (0.01 % (w/v) malachite green HCl, 3.15 % (w/v) 

ammonium molibdate, 3 N HCl). The color was stabilized with 100 ^il of 34 % 

sodium citrate. Five minutes after color stabilization the absorbance at 650 nm 

was determined. 

Helicase assays - Helicase assays were performed essentially as described (Crute et 

al., 1988). Reaction mixtures (20 v^l) contained 25 mM HEPES, pH 7.5, 6 mM 

MgCl2,4 mM ATP, 10% glycerol, 2 mM DTT, 100 ng/ml BSA, 0.6 -1.35 nM DNA 

helicase substrate, and varying amounts of enzyme. The helicase substrate 

consisted of a ^zp-Jabeled oligonucleotide annealed to M13 and having a single 

stranded tail at its 3' end as described (Crute et al., 1988). The oligonucleotide 

was labelled at the 5' end as described (Crute et al., 1988). Incubations were 

carried out at 37 °C for 16 or 30 minutes and then terminated by the addition of 

4.6 (iL stop solution (1% SDS, 200 mM EDTA, 50% glycerol, 0.1% bromophenol 

blue). The mixtures were loaded onto 0.75 mm 12.5% polyacrylamide TBE 

minigels which contained a 2-cm 20% polyacrylamide trap gel and were 

electrophoresed for 25 min at 200V. The gel was exposed to a Molecular 

Dynamics Phosphorlmager cassette for several minutes. Two bands are typically 

observed: a slow-migrating band corresponding to the labelled DNA helicase 

substrate that has not been unwoimd (substrate band), and a faster-migrating 
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band corresponding to the labelled oligonucleotide that has been unwound from 

the M13 DNA template (product band). The substrate and product bands in each 

lane were quantitated using the ImageQuant software. The helicase activity was 

expressed as: % helicase activity = 100 X product/(substrate + product). 

Subunit exchange - Mixtures consisting of pure UL5 (2 (iM), pure mutant 

holoenzyme MUT (0.1 ̂ lM), and ATP or GTP (2.5 mM) were incubated for 10 min 

at 37 °C to allow for the exchange of UL5 with the mutated UL5 in the MUT 

holoenzyme. Control mixtures contained either ULS alone and MUT dilution 

buffer or MUT alone and ULS storage buffer (Buffer C). The mixtures were then 

assayed for ATPase, GTPase, and helicase activities as described above. For 

helicase assays, ULS and MUT were present at final concentrations of 300 nM 

and 15 nM, respectively. For NTPase assays, ULS and MUT were present at final 

concentrations of 120 nM and 6 nM, respectively. 
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3.3 Results 

3.3.1 Purified UL5 has no enzymatic activity. UL5:52 subassembly exhibits both 

helicase and primase activities. In order to understand the contribution of each 

subunit to the activities of the subassembly, we purified the UL5 subunit by 

itself. LTLS was purified using sequential heparin-Sepharose, hydroxylapatite, 

DEAE-Sepharose, and gel filtration chromatography. Approximately 1.5 mg of 

pure UL5 was obtained. A gel containing the peak protein fractions from the final 

chromatography step is shown in Fig. 3.1. A major band running at the expected 

position of UL5 (98.6 kDa) was visible both by Coomassie-staining (Fig. 3.1A) 

and by immunoblot analysis with anti-UL5 antisera (Fig. 3.IB). UL5 was at least 

90% pure as judged by densitometry of the Coomassie-stained gel (fraction 64). 

Two minor contaminating bands of approximately 45 kDa were visible by 

Coomassie-staining but not by immunoblot analysis (Fig. 3.1A, fractions 58-64). 

Negligible ATPase or GTPase activity was observed for the purified UL5 in 

the presence of DNA, and the purified enzyme also displayed insignificant 

helicase activity on a forked DNA substrate (Table 3.1). The addition of purified 

UL8 to reaction mixtures in a 3-fold molar excess had a negligible effect on the 

helicase and DNA-dependent NTPase activities of the purified UL5. Evidence 

presented below indicates, however, that the lack of activity of UL5 did not result 

simply from unfolded, inactivated protein preparation. 
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FIG. 3.1. Purification of UL5. UL5 was purified as described in "Experimental 

Procedures." Fractions from the final chromatography step (Sephacryl S-200) 

were analyzed by SDS-polyacrylamide electrophoresis. A, Coomassie-stained gel. 

B, immunoblot of peak fractions from the gel shown in A. M, molecular weight 

standards. L, Protein loaded onto the Sephacryl-200 column. Fraction numbers 

are shown above the corresponding lanes. 
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TABLE 3.1 Comparison of enzjrmatic activities of UL5, UL5 + UL8, UL5:52, and 
MUT. Each protein was assayed for DNA-dependent ATPase, DNA-dependent 

GTPase, and DNA helicase activities as described in "Experimental 
Procedures."® 

Enzyme DNA-dependent 
ATPase^ 

DNA-dependent 
GTPase'' 

Helicase^ 

UL5 < 0.005 < 0.005 <3.0 

UL5 + UL8d < 0.005 < 0.005 <3.0 

UL5/52 0.190 0.158 52 

MUT < 0.005 < 0.005 8.0 

^ All values given are averages of triplicates. 
^ The ATPase and GTPase activities are expressed in OD(,5o/0.2 pmoles protein. 
^ The helicase activity is expressed in % substrate unwound/0.75 pmoles protein. 

UL5 was mixed with a three-fold molar excess of UL8. 
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3.3.2 Purified UL5 binds ssDNA. Since the NTPase activity of the helicase-

primase is dependent upon ssDNA, the observed lack of UL5 NTPase activity 

could have been due to a failure of UL5 to bind ssDNA. In order to test this 

possibility, we used a UV-cross-linking approach to examine the ability of UL5 to 

bind ssDNA. Cross-linking of halogenated DNA ligands has previously been 

used to monitor the binding of ssDNA to the subunits of the UL5:52 subassembly 

(Biswas and Weller, 1999). Since oligo-(dT)2o is an effective activator of the 

NTPase activities of the UL5:52 subassembly (Healy et al., 1997), BrdU-(dT)20 

was chosen as the DNA ligand for the cross-liiiking assays. 

When UL5 was UV-irradiated in the presence of ^^p-jabeled BrdU-(dT)20/ a 

faint band migrating slightly above UL5 was observed by Coomassie-staining of 

a denaturing polyacrylamide gel (Fig. 3.2A, lane 5). Autoradiography of the gel 

showed that this upper band contained the labeled DNA (Fig. 3.2B, lane 5). The 

mobility of this band was consistent with that of a complex containing both UL5 

and BrdU-(dT)20- Furthermore, this band was eliminated if the protein was 

denatured prior to UV irradiation (Fig. 3.2B, lane 3), suggesting that cross-linking 

of the DNA was specific for the native state of UL5. We conclude therefore that 

purified UL5 retains a native-like structure and binds to ssDNA in the absence of 

UL8 and UL52- Hence, the observed lack of enzymatic activity for UL5 suggests 

that the UL5:ssDNA complex forms but is catalytically incompetent in the 

absence of the other helicase-primase subunits. 
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FIG. 3.2. UL5 cross-links to ssDNA. Reaction mixtures containing 200 nM ^^P-
labeled BrdU-(dT)2o and 1.2 jiM UL5 were cross-linked as described under 

"Experimental Procedures" with the following modifications: Lane 1, labeled 

DNA was excluded; lane 2, UL5 was excluded; lane 3, UL5 was denatured by 

boiling in the presence of 1% SDS before addition of labeled DNA; lane 4, UV 

exposure step was omitted. The products were analyzed by SDS-polyacrylamide 

electrophoresis and autoradiography. A, Coomassie-stained gel. B, 

autoradiogram of the gel. M, molecular weight standards. The migration 

positions of free UL5 and the cross-linked UL5:ssDNA complex are indicated to 

the right of the gels. 
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3.3.3 UL52, but not UL8, affects the binding of UL5 to ssDNA. Since UL5 

normally exists in a complex with UL8 and UL52, we speculated that these 

proteins might act to increase the affinity of UL5 for DNA. We therefore 

separately examined the effects of UL8 and of UL52 on the cross-linking of UL5 

to the BrdU-(dT)20 DNA. 

To determine whether UL8 had any effect on the cross-linking of UL5 to 

DNA, increasing amounts of 32p.iabeled BrdU-(dT)20 were irradiated with a 

constant amount of UL5 in the presence or absence of purified UL8 (Fig. 3.3). 

Autoradiography of the resultant gel showed that a radiolabeled band 

corresponding in mobility to a UL5:ssDNA complex formed in both the presence 

and absence of UL8 (Fig. 3.3A). The intensity of this band increased as the 

concentration of BrdU-(dT)20 increased. A plot of the amount of XJL5;ssDNA 

complex formed as a function of DNA concentration yielded nearly identical 

hyperbolic curves in the presence and absence of ULS (Fig. 3.3B). Therefore, we 

conclude that ULS does not alter the affinity of ULS for the ssDNA ligand. 

We next examined the effect of UL52 on the binding of ULS to ssDNA (Fig. 

3.4A). Since UL52 is ir\soluble unless it is expressed and purified in the presence 

of other helicase-primase subunits (Calder and Stow, 1990; Dodson and Lehman, 

1991; Sherman et al., 1992), ULS2 and ULS were coexpressed and purified as a 

UL5:52 subassembly. The binding characteristics of the UL5:52 subassembly were 

then compared to those of purified ULS. Specifically, equimolar quantities of ULS 

or UL5:S2 subassembly were cross-linked to increasing amounts of BrdU-(dT)2o 

as described above. For the ULS preparation, a radiolabeled band corresponding 
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FIG. 3.3. Effect of ULS on cross-linking of UL5 to ssDNA. Reaction mixtures 
containing 850 nM ULS and varying amounts of 32p-iabeled BrdU-(dT)2o were 

cross-linked as described in "Experimental Procedures" in either the presence 

{lanes 1-5) or the absence (lanes 6-10) of a three-fold molar excess of UL8. The 

products were separated by SDS-polyacrylamide gel electrophoresis. A, 

autoradiogram showing the cross-linked products. The positions of protein 

species are indicated at right. B, extent of cross-linking as a function of 
concentration of ^^p-iabeled BrdU-(dT)2o- The cross-linked products in A were 

quantitated by use of a Phosphorlmager. open circles, no ULS; filled circles, + 
ULS. 
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in mobility to a UL5:ssDNA complex was observed, and the intensity of this 

band increased as the concentration of BrdU-(dT)20 increased (Fig. 3.4A). For 

UL5:52, we observed that a triplet set of radiolabeled bands appeared in the 

region corresponding in mobility to a UL5:ssDNA complex. We also observed a 

single radiolabeled band corresponding in mobility to a UL52:ssDNA complex. 

The intensity of the UL5:ssDNA and UL52:ssDNA bands increased as the 

concentration of BrdU-(dT)2o increased. A plot of the total amoimt of UL5:ssDNA 

complex formed as a function of DNA concentration yielded hj^erbolic curves 

for both the UL5 and UL5:52 preparations (Fig. 3.4B). At all DNA concentrations 

tested, more UL5:ssDNA complex was formed in the presence of UL52 than in 

the absence of UL52 (Fig. 3.4B), suggesting that UL52 affects the extent of UL5 

binding to ssDNA. 

3.3.4 Partial purification of a UL52:8 subassembly. Since the UL5:52 subassembly 

is catalytically active, and our data indicated that isolated UL5 binds to DNA but 

is catalytically inert, we wished to determine if addition of UL52 to our purified 

UL5 would reconstitute activity. Hence, we wished to purify UL52 for use in 

reconstitution experiments. In order to maintain UL52 in a soluble form, 

however, it was necessary to use a UL52:8 subassembly for these experiments. 

This subassembly was obtained by fractionating the cytosol from insect cells 

doubly infected with baculoviruses recombinant for UL52 and UL8 onto a 

Heparin-Sepharose column. Fractions containing UL52 and UL8 were identified 

by immunoblot analysis (Fig. 3.5A). When the blot was probed with antisera 
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FIG. 3.4. Effect of UL52 on cross-linking of UL5 to ssDNA. Reaction mixtures 

containing 1 joM UL5 or 1 joM UL5:52 and varying amounts of 32p-labeled BrdU-
(dT)2o were cross-linked as described under "Experimental Procedures." The 

products were separated by SDS-polyacrylamide gel electrophoresis. A, 

autoradiogram showing the cross-linked products. The assigned identities of the 
cross-linked products are indicated at right, lanes 1-7, UL5; lanes 8-14, UL5:52. 

Lanes 1 and 8, no UV; lanes 2 and 9, no DNA. B, extent of cross-linking as a 
function of concentration of 32p-iabeled BrdU-(dT)2o- The cross-linked products 

in A were quantitated by use of a Phosphorlmager; open circles, UL5:ssDNA 

adducts formed in the presence of the UL5:52 subassembly; filled circles, 

UL5:ssDNA adducts formed in the presence of UL5 alone. 
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against IJL52, a peak was observed at fractions 13-16. This peak contained both a 

full-length UL52 polypeptide migrating at —116 kDa and a UL52 degradation 

product migrating at -82 kDa. When the blot was subsequently probed with 

antisera against UL8, two additional peaks corresponding to full-length UL8 

were observed. The first peak, consisting of free UL8, eluted at the beginning of 

the chromatogram (fractions 2-8). The second UL8 peak coeluted with LrL52 

(fractions 12-16), suggesting that a UL52:8 subassembly was formed. UL8 

degradation products were also observed in some fractions of the chromatogram. 

Attempts to further purify the UL52:8 subassembly were unsuccessful, 

presumably due to instability of the UL52 protein. Extracts from uninfected 

insect cells showed no cross-reactivity with the anti-UL52 and anti-ULS antisera 

(data not shown). 

3.3.5 A UL52:8 subassembly reconstitutes the DNA-dependent NTPase and helicase 

activities of purified UL5. The column fractions containing the partially-purified 

UL52:8 subassembly were then assayed for their ability to reconstitute the 

enzymatic activity of our purified UL5. A peak of helicase activity was observed 

for fractions 14-17 in the presence of UL5 (Figs. 3.5B). This peak of helicase 

activity overlapped with fractions that contained the UL52:8 subassembly (Fig. 

3.5A). No activity was observed when UL5 was omitted. DNA-dependent 

ATPase and GTPase activities were also reconstituted in a ULS-specific manner 

in fractions containing UL52;8 (Fig. 3.5B). These results show that helicase and 

NTPase activity can be reconstituted using purified UL5 and partially purified 



93 

F 2 8 12 13 16 18 20 26 
M L W S 11 14 IS 17 19 23 29 

ULS2 
UL52A 

•UL8 

4 8 12 1 6 20 24 28 32 
fraction number 

FIG. 3.5. Partially purified UL52:8 subassembly reconstitutes NTPase and 
helicase activities of UL5. The UL52:8 subassembly was partially purified as 
described in "Experimental Procedures" and heparin-Sepharose column fractions 

were analyzed. A, aliquots (80 nL) of each column fraction were separated by 

SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and 

immunoblotted with anti-UL52 and anti-UL8 sera. Fraction numbers are shown 
above the corresponding lanes. M, molecular weight standards (Mr x 10"^). L, 

protein loaded. F, column flow-through. VV, column wash. The bands which 

developed with anti-Ut52 antisera are indicated as UL52, and the bands which 
developed with anti-ULS antisera are indicated as UL8 at the right of the blot. 

Fractions 13 and 14 are out of order on the gel due to a loading error. B, helicase 

activity of column fractions. Seven ^l of each fraction were assayed for helicase 

activity as described in "Experimental Procedures" in the presence or absence of 

1 M-l (3 pmol) of pure UL5. Fraction numbers are shown below the corresponding 

lanes. S, helicase substrate position on the gel. P, helicase product position on the 

gel. First lane, boiled helicase substrate. Second lane, no enzyme. C, activities of 

column fractions, filled circles, ATPase; open squares, GTPase; and filled 

triangles, helicase activities. The ATPase and GTPase activities of 7 ^1 of each 

fraction were assayed as described in "Experimental Procedures" in the presence 

or absence of 1 |il of UL5. Data shown represent the difference between data 

obtained with UL5 and data obtained without UL5. The helicase products shown 

in B were quantitated by use of a Phosphorlmager and plotted on the same 

graph. 



UL52:8. 

3.3.6 An ATPase-deficient UL5:52:8 holoenzyme reconstitutes the DNA-dependent 

NTPase and helicase activities of purified UL5. Because the UL52:8 subassembly used 

in reconstituting helicase and NTPase activities was not pure, we could not rule 

out the possibility that the observed activities resulted from reconstitution of a 

contaminating insect- or baculovirus-encoded helicase. In order to eliminate this 

possibility, we employed a purified mutant holoenzyme (MUT) in which the UL5 

subunit contains a lysine to alanine mutation at position 103 in the ATP-binding 

domain. This mutant holoenzyme has negligible NTPase and helicase activities 

(Table 3.1) but is an active primase QJ. Crute, personal communication). We 

anticipated that if our wild type UL5 subunit could exchange for the mutant UL5 

subunit of the MUT holoenzyme, the NTPase and helicase activities of the 

holoenzyme would be reconstituted. An excess of UL5 was mixed with MUT 

holoenzyme in order to facilitate the exchange, and the DNA-dependent NTPase 

and helicase activities were assayed (Fig. 3.6). Negligible helicase, ATPase, and 

GTPase activities were observed for UL5 and for MUT holoenzyme. However, 

when UL5 and MUT were mixed together, each of the assayed activities 

increased by greater than ten-fold. This result suggests that the wild type UL52 

and UL8 subunits in the MUT holoenzyme reconstitute the catalytic activities of 

pure UL5 via an exchange mechanism. 
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FIG. 3.6. Wild type UL5 exchanges with mutant UL5 within the holoenzyme 
MUT to reconstitute NTPase and helicase activities. The exchange reaction was 

carried out as described in "Experimental Procedures." The ATPase, GTPase, and 

helicase activities of UL5 alone, MUT alone, and UL5+MUT were determined. 

Error bars represent one standard deviation of the data for three independent 
experiments. 
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3.4 Discussion 

We have characterized the DNA-binding, ssDNA-dependent NTPase, and 

helicase activities of the ULS subunit of the HSV-1 helicase-primase, using UL5 of 

greater than 90% purity. Despite the fact that the ULS sequence contains all of the 

signature motifs that are present in the SFl family of helicases, including motifs 

involved in NTP binding and hydrolysis (Gorbalenya and Koonin, 1993), we 

have demonstrated that ULS does not exhibit helicase or NTPase activities unless 

UL52 is present. 

In previous studies, partially purified ULS was found to be enzymatically 

inactive (Calder and Stow, 1990; Dodson and Lehman, 1991; Sherman et al., 

1992). However, the observed inactivity in these studies may have been due to 

the presence of inhibitors in the partially purified ULS preparations. In our 

study, this possibility has been largely eliminated by the purification of ULS to 

near homogeneity. Thus, our study using purified ULS confirms that its 

enzymatic inactivity is a consequence of a deficiency in isolated ULS. This 

deficiency arises when ULS is expressed or purified in the absence of ULS2 and 

ULS, and it appears to eliminate the predicted NTPase and helicase activities of 

ULS. 

Because ULS must bind ssDNA to activate its catalytic functions, we 

examined the possibility that DNA-binding by ULS is defective in the absence of 

UL52. This possibility was suggested by the results of an earlier study, which 

showed that a UL5:S2 subassembly containing a mutation in a ULS2 zinc-finger 
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motif exhibits severely reduced ssDNA binding by both subunits in the 

subassembly (Biswas and Weller, 1999). However, our analysis of cross-linking 

between UL5 and BrdU-(dT)2o indicates that a UL5:ssDNA complex can form 

independently of UL52 and therefore argues against a UL5 ssDNA-binding 

defect. Hence, the inactivating deficiency in UL5 manifests even in the presence 

of bound ssDNA. 

UL8 enhances the ssDNA-dependent ATPase and helicase activities of the 

UL5:52 subassembly when ICP8, the HSV-1 ssDNA-binding protein, is also 

present (Falkenberg et al., 1997; Hamatake et al., 1997; Le Gac et al., 1996). UL8 

has also been demonstrated to associate directly with ICP8 (Falkenberg et al., 

1997) These observations are consistent with the postulate that UL8 facilitates 

association of the UL5:52 subassembly with the ICF8-covered DNA template via 

a heterologous proteiniprotein interaction between UL8 and ICP8 (Le Gac et al., 

1996). Furthermore, since UL8 loses its stimulatory effect when ICP8 is absent, 

UL8 does not appear to facilitate the direct association between UL5:52 and 

DNA. Thus UL8 would not be expected to influence the binding of UL5 to BrdU-

(dT)2o- In agreement with this prediction, we have shown here that LJL8 has no 

effect on the cross-linking of UL5 to ssDNA. 

Since the LrL5:52 subassembly is catalytically active whereas LTLS alone is 

not, we speculated that UL52 might enhance DNA binding by LTLS, and that this 

enhanced binding might be required for enzyme activity. To investigate this 

possibility, we quantitated cross-linking of BrdU-(dT)2o to Ul-S for our LIL5 and 

UL5:52 preparations. Although cross-linking is a result of two phenomena. 
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binding of the DNA and the subsequent cross-linking reaction itself, to a first 

approximation cross-linking can be taken as a relative measure of binding. By 

using this approach, we have found that although UL52 is not required for cross-

linking of UL5 to DNA, it does seem to affect the extent of complex formation 

between UL5 and DNA. When the amount of UL5:DNA cross-linking in a UL5 

preparation was compared to the amount of UL5:DNA cross-linking in a UL5:52 

preparation, UL52 was found to increase the total amount of UL5:DNA cross-

linking at all ssDNA concentrations, with a 4-fold increase at saturating DNA. 

Although this increase seems consistent with the effect of UL52 on UL5 activity, 

it seems unlikely that the implied increase in total binding (about 4-fold) is 

entirely responsible for the observed effect of UL52 since the increase m activity 

is of far greater magnitude than the apparent increase in binding. We reiterate, 

however, that any quantitative conclusions about the noncovalent interaction of 

UL5 with DNA based on cross-linking data must be tentative at this point. 

The presence of an effect of UL52 on DNA binding by UL5 is further 

evidenced by a comparison of electrophoretic patterns obtained in the presence 

and absence of UL52. In the presence of UL52, cross-linked UL5:DNA complexes 

appear to be represented by three bands rather than one. This observation 

suggests that multiple UL5:DNA cross-linked species form in the presence of 

UL52. These species may differ in the number of and/or location of covalent 

bonds formed between BrdU-(dT)2o and UL5. For instance, in one species, one 

bond may form between the DNA molecule and the protein, and in another 

species, two bonds may form between the DNA molecule and protein. In the 
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latter case, the cross-linking could "tether" the polypeptide chain into a more 

globular form if the two cross-linked amino acids are far apart in the linear 

sequence. This more globular complex would be expected to display a greater 

mobility than a complex containing only one linkage between the protein and the 

DNA molecule. 

Using two different approaches, we have found that the predicted NTPase 

and helicase activities of UL5 can be reconstituted in the presence of UL52 and 

UL8. In the first approach, UL5 was mixed with a partially purified UL52:8 

subassembly. In the second approach, UL5 was mixed with a mutant 

holoenzyme which contained an inactivating mutation in the UL5 subunit. In 

both cases, ssDNA-dependent NTPase and helicase activities were restored, 

demonstrating that the catalytic deficiency in our UL5 preparation is reversible. 

This result, along with our DNA cross-linking data, strongly implies that UL5 

assumes a native-like structure in the absence of UL52 and UL8, thereby 

demonstrating that the catalytic inactivity of UL5 is not due to gross misfolding. 

The reconstitution of helicase and NTPase activities that occurs when UL5 

and the UL52:8 subassembly are mixed suggests that UL52 and/or UL8 correct a 

catalytic deficiency in ULS. Although it has not yet been definitively shown that 

UL52, rather than ULS, is the species that corrects the UL5 deficiency, the 

accumulated data strongly suggest that this is the case. First, UL52, but not ULS, 

has a significant effect on cross-linking of ULS to DNA. Second, the LJL5:52 

subassembly, but not a mixture of ULS and ULS, is enzymatically active. Third, 

ULS affects the activity of UL5:52 only when ICP8 is present. Thus, the catalytic 
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functions of UL5 appear to require activation by UL52, and not ULS, which 

probably serves the role of integrating the activities of UL5:52 within the 

replisome via protein-protein interactions with other replication proteins such as 

ICP8, polymerase, and origin-binding protein. However, an unequivocal 

demonstration that UL52, and not ULS, is the activator species will require 

isolation of UL52 in a purified, soluble form in the absence of ULS. 

The effect of UL52 on the DNA-binding and enzyme activity of ULS may be 

due to a conformational change that corrects the catalytic deficiency in ULS. This 

conformational change increases the number of catalytically active molecules in 

solution, thus increasing enzyme activity. The effect of UL52 may also be due to 

its contributing amino acid residues which participate directly in the catalytic 

activities of ULS. In this case, the inactivity of ULS in the absence of ULS2 would 

be a logical consequence of an active site which is shared between ULS and UL52. 

We have presented evidence that ULS binds DNA in the absence of ULS2. 

Thus, the inability of ULS to perform its predicted NTPase and helicase functions 

is not a consequence of a failure to bind DNA. We have also shown that ULS2 

alters the extent of DNA binding by ULS. This result leads us to speculate that 

UL52 may modulate DNA binding by ULS as part of a mechanism for 

coordinating the priming and unwinding activities of the holoenzyme in vivo. 
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3.5 Summary 

The U L 5 ,  U L 8 ,  and U L 5 2  genes of herpes simplex virus type 1 encode a 

heterotrimeric DNA helicase-primase which is essential for viral replication. A 

UL5;52 subassembly retains the primase, DNA helicase, and single-stranded 

DNA-dependent NTPase activities of the holoenzyme. We have purified the UL5 

subunit to near homogeneity and have characterized its properties. Despite the 

fact that UL5 contains all of the signature motifs of the SFl family of helicases, 

including those for NTP-binding and hydrolysis, the purified protein exhibits 

neither NTPase nor helicase activity. The purified protein does bind to single-

stranded DNA, however. DNA binding is unaffected by UL8, but is affected by 

UL52. The NTPase and DNA helicase activities of the holoenzyme are 

reconstituted when UL5 is mixed with a partially purified UL52:8 subassembly 

or with a purified UL5:52:8 holoenzyme containing an inactivating mutation in 

UL5. Hence, expression or purification of UL5 in the absence of UL52 appears to 

result in an inactivating but reversible catalytic deficiency in UL5. We propose 

that UL52 corrects this deficiency by inducing conversion of UL5 from an 

inactive to an active conformation, and/or by contributing amino acid residues 

which participate directly in catalysis. 
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CHAPTER IV 

CHARACTERIZATION OF THE OUGOMERIZATION STATE OF THE HSV-1 

HEUCASE-PRIMASE 

I contributed 100% of the experiments 
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4.1 Introduction 

The mechanism of DNA unwinding during replication is not fully 

understood, but several models have been proposed to explain how DNA 

helicases may work. Helicases use the energy from NTP hydrolysis to translocate 

along duplex DNA and separate it into two single strands. During this process, 

helicases bind and release DNA in a cyclic maimer that is believed to be 

regulated by NTP binding and hydrolysis and by release of the NDP and 

phosphate products. To translocate processively, helicases must use at least two 

DNA-binding sites in order to maintain contact with the DNA substrate while 

advancing on it in the same time. These DNA-binding sites could be contained 

within the single polypeptide of a monomeric helicase, or they could be provided 

by different polypeptides of an oligomeric helicase. In the latter instance, the 

polypeptides may possess different states of ATP binding and hydrolysis. 

Knowing the functional oligomerization state of helicases is thus important for 

understanding the mechanism of unwinding by these enzymes and the 

molecular means they use to achieve high levels of processivity. 

Helicases identified so far can be classified into two distinct structural 

classes based on their oligomerization states (Patel and Picha, 2000). One class is 

formed by helicases that assemble into ring-shaped hexameric structures; the 

other class comprises the remaining helicases, which are functional as monomers 

and possibly dimers (Table 4.1). 

For the most part, DNA helicases involved in DNA replication belong to the 



104 

hexameric class. Among these are: T7 gene 4 helicase-primase (Patel and 

Hingorani, 1993), T4 gp41 helicase (Dong et al., 1995), E. coli DnaB helicase (Reha-

Krantz and Hurwitz, 1978), SV-40 T-Ag helicase (Dodson et al., 1987; 

Mastrangello et al., 1989), bovine papilloma virus (BPV) El helicase (Fouts et al., 

1999), and archaebacterial minichromosome maintenance (MCM) helicase 

(Kelman et al., 1999). These helicases form homohexamers of 300-400 kDa (T4 

gp41, T7 gene 4, E. coli DnaB, BPV El helicase) or double hexamers of 900-1,100 

kDa (archaeal MCM, T-Ag). Interestingly, the human MCM helicase forms a 

heterohexameric complex consisting of the polypeptides MCM-2, -3, -4, -5, -6, 

and -7 (Ishimi, 1997). A 542-kDa dimer of heterotrimers of the MCM-4, -5, and -6 

polypeptides has also been observed in vitro (Tye B and Sawyer, S., in press). In 

most cases, hexamer formation is induced by NTP binding and stabilized by 

DNA binding. The hexameric helicases are believed to translocate on and encircle 

one strand of the DNA fork while displacing the other strand (Patel and Picha, 

2000). 

The second class comprises the monomeric and dimeric helicases (Table 

4.1). B. stearothermophilus PcrA (Subramanya et al., 1996), E. coli uvrD (Mechanic 

et al., 1999), and E.coli RecBCD (Taylor and Smith, 1995) have been shown to be 

active as monomers. Although their respective crystal structures do not show 

any evidence of oligomerization, E. coli Rep (Korolev et al., 1997) and hepatitis C 

virus (HCV) NS3 (Levin and Patel, 1999) proteins are believed to form dimers. 

The current model for the translocation on the DNA by monomeric helicases 

proposes two DNA-binding sites at which sequential binding and release 



TABLE 4.1 Oligomerization state of helicases. 

Helicase Mass 

(kDa) 

Oligomerization 

state 

Mass of active 

oligomer (kDa) 

Organism Reference 

DnaB 50 hexamer 300 E. coli (Reha-Krantz and Hurwitz, 

1978) 

Rep 68 monomer/dimer 68/138 E.coli (Chao and Lohman, 1991) 

RecBCD 330 monomer 330 E. coli (Taylor and Smith, 1995) 

RuvB 37 double hexamer 444 E. coli (Stasiak et al., 1994) 

Rho 46 hexamer 276 E. coli (Geiselmann et al., 1993) 

UvrD 82 monomer 82 E. coli (Mechanic et al., 1999) 

Gp41 59 hexamer 354 T4 (Dong et al., 1995) 

Gene 4A 63 hexamer 378 T7 (Patel and Hingorani, 1993) 
Gene 48 56 hexamer 336 T7 (Patel and Hingorani, 1993) 

MCM 76 double hexamer 912 Methanobacterium (Kelman et al., 1999) 

MCM 97, 93,81 heterohexamer 540 Human (Ishimi, 1997) 

BLM 159 hexamer 954 Human (Karow et al., 1999) 

T-ag 92 double hexamer 1,100 SV40 (Mastrangello et al., 1989) 

PcrA 82 monomer 82 Bacillus (Subramanya et al., 1996) 

UL9 94 dimer 188 HSV-1 (Bruckner et al., 1991) 

tetramer 376 (Elias et al., 1990) 

NS3 50 monomer/dimer 50/100 HVC (Levin and Patel, 1999) 

El 68 hexamer 408 BPV (Fouts et al., 1999) 



106 

produce an "inchworming" motion. Variants of this model (Lohman, 1996) have 

been proposed for PcrA (the "Mexican wave" model) (Soultanas and Wigley, 

2000) and for RecBCD (the "quantum inchworm model") (Bianco and 

Kowalczykowski, 2000). An "active rolling" model has been proposed for the 

dimeric Rep helicase (Amaratunga and Lohman, 1993). 

The HSV-1 helicase-primase is comprised of the polypeptides UL5, UL52, 

and ULS, which sum to 293 kDa. The complex exhibits DNA-binding, DNA-

dependent NTPase, helicase, and primase activities. This complex is similar in 

size and multiplicity of functions to the £. coli RecBCD protein, which is a 330-

kDa complex involved in DNA recombination. RecBCD exhibits DNA binding, 

DNA-dependent NTPase, helicase, and nuclease activities and has been shown to 

be active as a single heterotrimer (monomer) (Taylor and Smith, 1995). Like 

RecBCD, the herpes LrL5:52:8 helicase may function as a single heterotrimer 

(monomer). 

In a different aspect, the HSV-1 helicase resembles the group of replication 

helicases that are activated by association with their cognate primases (E. coli 

DnaB helicase-DnaG primase, T4 gp41 helicase-gp61 primase, T7 gene 4 helicase-

primase). Similar to these helicases, the ULS and LrL52 subunits of the herpes 

helicase-primase associate and work as a unit. As shown in Chapter HI, UL52 is 

required for the helicase activity encoded in the ULS gene. The above £. coli, T4, 

and T7 helicases form hexamers which associate in ring-like structures aroimd 

one of the strands of the DNA substrate. Although the HSV-1 helicase-primase 

may employ a similar hexameric structure (six heterotrimers) at the herpes 
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replicarion fork, this structure is hard to envision, since its molecular weight 

would be about 1.8 million Da. A dimeric (double heterotrimer) HSV-1 helicase-

primase would be about 600 kDa, closer to the molecular weight of other 

replicative helicases and very similar in size to the human MCM complex, which 

is the only hetero-oligomeric helicase identified to date (Table 4.1). 

The two-hybrid analysis data presented in Chapter 11 suggests that UL5 

may interact with itself and possibly promote the association of the UL5:52:8 

holoenzyme into a larger complex. As discussed above, subunit composition, 

size, and function comparisons of the HSV-1 helicase with other known helicases 

suggest both monomeric and oligomeric forms. Therefore, the experiments 

described in this Chapter were designed to examine the functional 

oligomerization state of the HSV-1 helicase-primase. This knowledge will allow 

us to understand the mechanisms employed by the herpes helicase-primase to 

unwind DNA processively. 
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4.2 Experimental Procedures 

Reagents and buffers. [y-^Zpj-ATP was from ICN, poly(dT) from Midland, ATP and 

ADP were from Amersham-Pharmacia, malachite green hydrochloride and 

bovine serum albumin (BSA) were from Sigma, ammonium molybdate 

tefrahydrate was from Aldrich, and calf thymus DNA was from Sigma. Buffer F 

consisted of 20 mM HEPES, pH 7.5, 1 mM DTT, 10% glycerol, 1 mM EDTA, 1 

mM EGTA, 200 mM sodium acetate, 2 mM MgCb-

Proteins. UL5:52;8 at a concentration of 1.5 |iM was purified as described (Dodson 

et ai., 1989). Mutant UL5:52:8 holoenzyme (MUT) at a concentration of 13.5 nM 

was a kind gift from Dr. James J. Crute from Boehringer Ingelheim 

Pharmaceuticals, Inc., Ridgefield, CT. 

Radioisotopic DNA-dependent ATPase assay. This assay is based on release of 

labelled phosphate from [y-^^pjATP. Reactions (5 ^.1) containing 25 mM HEPES, 

pH 7.6, 10% glycerol, 2 mM DTT, 100 ng/ml BSA, 6 mM MgCl2,4 mM ATP, 1.2 

|iCi [Y-^2p]ATP, and 10 jiM poly(dT) nucleotides were preheated for 3 minutes at 

37 oC. UL5:52:8 enzyme was then added to a final concentration of 0.44, 35.3, or 

106 nM, and incubation was continued for 0-32 minutes. Reactions were stopped 

with 1 nl of stop solution containing 31.2 mM ADP and 60 mM EDTA. One ^,1 of 

each reaction mixture was then spotted onto a 10-cm PEI-Cellulose F thin layer 

chromatography plate (EM Separations, Gibbstown, NJ). After the spot dried, the 
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plate was placed in a vertical position in a closed beaker containing 0.5 mM 

(NH4)2HC03 and allowed to run until the migration front reached the top of the 

plate. The plate was dried and then exposed to film for 1 hour at -80 ^C. The 

radiolabeled ATP substrate (ATP*) and phosphate product (P*) spots were 

identified, excised, cind counted in a scintillation counter. Percentage of product 

formed (P*/(ATP*+P*)) x 100 was plotted as a function of reaction time at the 

three different enzyme concentrations. Incubation times which fell into the linear 

range of the enzymatic reaction were chosen for each enzyme concentration. 

These times were used in subsequent studies in which product formation was 

assayed as a function of enzyme concentration ranged from 0.9-100 nM. Enzyme 

reaction rate was defined as nmoles ATP hydrolyzed per ml per minute. Enzyme 

specific activity was defined as nmoles ATP hydrolyzed per ml per minute per 

nanogram enzyme. 

Radioisotopic DMA-dependent ATPase assay in the presence of mutant enzyme. 

Reactions were performed exactly as above with the exceptions that the final 

concentration of UL5:52:8 enzyme was 35 nM, and the enzyme was mixed with 

increasing quantities (0 - 624 nM) of mutant UL5:52:8 enzyme (MUT) and 

incubated on ice for 2 minutes prior to starting the reaction. The reaction was 

allowed to proceed for 4 minutes at 37 ^C. 

Colorimetric DNA-dependent ATPase assay. This assay was essentially performed as 

described in Chapter in and was used to assay the elution fractions of the FPLC 
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column. Reaction mixtures (50 ^.1) contained 40 mM HEPES pH 7.5,10% glycerol, 

100 (ig/ml BSA, 1 mM DTT, 1 mM ATP, 3 mM MgCl2, 80 ^g/ml denatured and 

sheared calf-thymus DNA, and 7.5 ^.1 of each FPLC fraction. Incubations were 

carried out at 37 °C for 30 min and then terminated by addition of 0.75 ml of 

acidic molybdenum reagent. Five minutes after termination the absorbance at 650 

nm was determined. ATPase activity is expressed in units of absorbance at 650 

nm. 

FPLC. Fast protein liquid chromatography was used to compare the relative 

molecular weights of UL5:52:8 complexes formed in the absence and presence of 

ligand. A Superose 6 HR 10/30 column (Amersham-Pharmacia) was used. The 

column was equilibrated in buffer F, which was passed through a 45-|j.m filter 

before use. Twenty-five nl of pure UL5:52:8 complex at 1.5 (xM was injected (a 

total of 11.25 (ig protein) onto the column, and elutions were carried out at a 

constant flow rate of 0.2 ml/min. Fractions of 0.2 ml were collected. Protein 

elution was monitored by UV absorbance at 280 nm and by ATPase activity of a 

7.5 ^il aliquot of each fraction using the colorimetric assay. Similar conditions 

were used for estimating the molecular weight of UL5:52:8 in the presence of 

ATP with the exception that the column was first equilibrated in buffer F 

containing 5 mM ATP and 7 mM MgCl2, and the protein was incubated on ice 

with 5 mM ATP and 7 mM MgClz prior to injection. The fractions were 

monitored by ATPase assay of a 7.5 nl aliquot. These fractions were not 

monitored by UV absorbance due to the interfering high absorbance of ATP at 
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280 run. The molecular weight of the UL5:52:8 complex was estimated using a 

standard curve obtained from the same column using proteins with known 

molecular weights: catalase (232 kDa), ferritin (440 kDa), and thyroglobulin (669 

kOa). 
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4.3 Results 

4.3.1 Estimation of molecular weight of UL5:52:8 helicase-primase by FPLC. 

Previous estimates of the size of UL5:52;8 used Stokes radius calculation, the 

sedimentation coefficient in a sucrose gradient, and SDS-polyacrylamide gel 

electrophoresis (Crute et al., 1989). These studies indicate that the UL5:52:8 

holoenzyme has a molecular weight between 263 and 287 kDa. The estimated 

molecular weight is consistent with the formation of a 293 kDa heterotrimer 

consisting of a 1:1:1 ratio of UL5, UL52, and UL8 proteins. However, it has been 

shown for several helicases that NTP binding plays a critical role in the formation 

of functional oligomers (Patel and Picha, 2000). Therefore, we wished to 

determine the apparent molecular weight of the helicase-primase holoenzyme in 

the presence of ATP, the preferred substrate for hydrolysis and unwinding. 

Pure UL5:52:8 holoenzyme was injected into a Superose 6 gel filtration 

column in the absence and presence of 5 mM ATP. When eluted fractions were 

assayed for DNA-dependent ATPase activity (Fig. 4.1), only one activity peak 

was observed, at approximately 400 kDa, both in the absence and in the presence 

of ATP. Interestingly, the migration properties of the UL5:52:8 complex on 

Superose 6 resulted in an estimated molecular weight that was bigger than a 

monomer (M) (293 kDa) but smaller than a dimer (D) (586 kDa). Our estimated 

mass for the holoenzyme is consistent with that observed by Crute et al (Crute et 

al., 1988), who found an estimated mass of 440 kDa by Superose 12 

chromatography in the absence of ATP. Our data suggests that the 400 kDa 
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FIG. 4.1. Analysis of the oligomerization state of the HSV-1 helicase-primase 

by FPLC. 25 (i.1 of 1.5 |iM UL5:52:8 enzyme was injected into a Superose 6 column 

and fractions were assayed for DNA-dependent ATPase activity as described 

under "Experimental Procedures." The elution positions of molecular weight 

standards are indicated by arrows at the top of the graph (catalase, 232 kDa; 

ferritin, 440 kDa; thyroglobulin, 669 kDa). The putative elution posistions of a 

monomeric (M) and a dimeric (D) UL5:52:8 enzyme are also indicated. 



114 

complex emprises monomers with a non-globular shape whose molecular weight 

is overestimated by gel filtration analysis when compared to the globular protein 

standards. Alternatively, the 400 kDa peak may comprise a mixture of 

monomeric and dimeric forms in fast equilibrium. 

In the presence of ATP we observed a slight shift in the apparent molecular 

weight of the holoenzyme. We calculated an approximate mass of 410 kDa in the 

presence of ATP versus 396 kDa in the absence of ATP. This result suggests that, 

upon ATP binding, the enzyme undergoes a modification that slightly influences 

its migration through the column. We also observed that the ATPase activity of 

peak eluted fractions was about ten-fold higher when the enzyme was 

preincubated and nm in the presence of ATP than when the enzyme was run in 

the absence of ATP, suggesting that ATP strongly stabilizes the enzyme during 

chromatography. 

In conclusion, although ATP appears to have a strong stabilizing effect on 

the helicase-primase and probably modifies its shape, our results indicate that 

ATP may not promote the formation of higher molecular weight species and that 

the active form of the helicase-primase complex may thus be monomeric (single 

heterotrimer) with a non-globular shape. 

4.3.2 DNA-dependent ATPase activity of UL5:5Z:8 as a function of protein 

concentration. As another means of determining the functional oligomerization 

state of an enzyme, the activity can be measured as a function of protein 

concentration (Levin and Patel, 1999; Zhou et al., 1999). Fig. 4.2A shows the 
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FIG. 4.2. ATPase specific activity of UL5:52:8 as a function of protein 
concentration. A. Theoretical dependence on protein concentration of the specific 

activities of monomeric and dimeric enzyme species. SAmon, specific activity of 

a monomeric form; SAdim, specific activity of a dimeric form; Kdim, 

dimerization constant. B. Data for the ATPase activity of UL5:52:8 enzyme from 

two separate experiments (open circles and filled circles). The ATPase activity of 

UL5:52:8 was determined at concentrations ranging from 0.9 to 100 nM as 

described under "Experimental Procedures." Specific activity is expressed in 

nmoles phosphate released/min ml ng protein. 
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theoretical dependence of specific activity on protein concentration of an enzyme 

that exists as monomers (M), dimers (D), or a mixture of monomeric and dimeric 

species. If the specific activity of the monomeric form is SAmon, the specific 

activity of the dimeric form is SAdim, and the dimerization constant is Kdim, 

then the following situations may occur. First, the enzyme can exist as monomers 

or dimers only (Kdim -> infinite or Kdim -> 0, respectively). In this case, the 

specific activity of the enzyme remains constant as the protein concentration is 

increased. Second, the enzyme can exist as an equilibrium between monomers 

and dimers (Kdim > 0). In this case, there are three possibilities: (i) if dimers are 

more active than the monomers (SAdim > SAmon), then the observed specific 

activity increases as a function of er\zyme concentration (Fig. 4.2A, left panel, top 

curve); (ii) if the enzjmie forms dimers that are less active than the monomers 

(SAdim < SAmon), then the observed specific activity decreases as a function of 

enzyme concentration (Fig. 4.2A, left panel, bottom curve); (iii) if the enzyme 

forms dimers with the same specific activity as the monomers (SAdim = SAmon), 

then the observed specific activity is independent of the enzyme concentration 

(Fig. 4.2A, left panel, middle curve). 

We assayed the DNA-dependent ATPase activity of the UL5:52:8 

holoenzyme as a function of increasing protein concentration (Fig. 4.2B). All 

reactions were carried out at saturating ATP and DNA concentrations. PoIy(dT) 

is a potent activator of the helicase-primase ATPase activity (Healy et al., 1997) 

and was used as the DNA effector in our assays. We first determined conditions 

in which the range of UL5:52:8 protein concentrations used obeyed steady-state 
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kinetics (results not shown). Using these conditions, we then measured ATPase 

activity as a function of increasing amounts of UL5:52:8 enzyme (Fig. 4.2B). We 

observed a constant specific activity as we increased the protein concentration 

from 0.9 nM to 100 nM. This result can be interpreted in three ways: mononneric 

only, oligomeric only, or a combination of monomeric and oligomeric species 

with the same specific activity (SAdim = SAmon) (see Fig. 4.2A). Regardless of 

which of these cases applies to the UL5;52:8 enzyme, we conclude that our 

enzyme does not require a change in oligomerization state in order to exhibit 

maximal in vitro ATPase activity over the protein concentration range assayed. 

4.3.3 DNA-dependent ATPase activity of wild type UL5:52:8 holoenzyme in the 

presence of mutant LIL5:52:8 (MUT). Information about the protomeric 

composition of an active enzyme species can sometimes be gathered by 

measuring the enzymatic activity in the presence of an inactive (mutant) enzyme 

(Levin and Patel, 1999). Fig. 4.3A shows the theoretical behavior of a putative 

wild type enzyme in the presence of increasing amounts of a mutant, inactive 

form of the enzyme. If the enzyme requires the formation of oligomeric 

structures to function, then the addition of increasing amounts of mutant to a 

reaction containing a fixed amount of wild type enzyme should exhibit a 

dominant negative effect. In other words, inactive protomers that potentially 

exchange with the wild type protomers should form hybrid wild type/mutant 

oligomers, and "poison" the active wild type/wild type active oligomeric 

complexes. Thus, the specific activity of the wild type enzyme should decrease 
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with increasing amounts of mutant enzjnne, since increasing amoimts of hybrid 

oligomers will form at the expense of wild type oligomers. In contrast, an 

enzyme which does not require oligomerization to function, should be 

insensitive to addition of inactive protomers, since the total amount of wild type 

enzyme will not change, and the activity should stay constant. 

We assayed the DNA-dependent ATPase activity of our UL5:52:8 

holoenzyme at 35 nM in the presence of increasing amounts of a mutant UL5:52:8 

enzyme (MUT). The UL5 subunit of MUT contains a lyslOS to ala mutation in the 

ATP-binding domain. This mutant holoenzyme has negligible NTPase and 

helicase activities (Chapter HI, Table 3.1). As shown in Fig. 4.3B, the addition to 

the wild type holoenzyme of as much as 18-fold more mutant enzyme had no 

effect on the ATPase activity, suggesting that no dominant negative effect 

occurred. This result indicates that the ATPase activity of the UL5:52:8 

holoenzyme does not require the formation of oligomeric structures, or that the 

interaction between the protomers is so strong that no wild type/mutant subunit 

exchange occurred during our assay. 
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FIG. 4.3. ATPase activity of wild type UL5:52:8 in the presence of mutant 
UL5:52:8 MUT. A. Theoretical behavior of putative monomeric (left panel) and 

oiigomeric (right panel) enzymes in the presence of increasing amounts of 

inactive enzyme. B. Data for the ATPase specific activity of 35 nM UL5:52:8 

enzyme in the presence of 0-624 nM MUT. 
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4.4 Discussion 

We investigated the oligomerization state of the UL5:52:8 holoenzyme as a 

prerequisite for understanding the unwinding mechanism at the herpes 

replication fork. Our findings suggest that the ATPase activity of HSV-1 helicase-

primase does not require the formation of oligomeric structures and are 

consistent with the hypothesis that the enzyme functions as a monomeric (single 

heterotrimeric) species. Using gel filtration we have shown that the mobility of 

the complex is consistent with a non-globular monomeric form that does not 

change significantly in the presence of ATP. We also used the DNA-dependent 

ATPase activity of the UL5:52:8 complex to examine oligomer formation in the 

presence of increasing concentrations of protein, and in the presence of an 

inactive mutant. We found that the specific activity of the enzyme was constant 

over a wide range of protein concentration (0.9-100 nM). These results indicate 

that only one type of active complex was formed in the protein concentration 

range we assayed or that the species formed had the same specific activity. Also, 

the presence of increasing amounts of ATPase-deficient mutant complex did not 

result in a loss of activity of the wild type enzyme. This lack of a dominant 

negative effect argues against a requirement for oligomerization of the HSV-1 

helicase-primase. 

The possibility exists, however, that the active complexes we detected were 

oligomeric under our assay conditions, or that a mixture of monomeric and 

oligomeric species with same activity were present. Our results clearly indicate 
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that the ATPase activity of the enzyme does not require a change in the 

oligomeric state in order to exhibit maximal in vitro ATPase activity over the 

protein range assayed. Our results are consistent with the presence of a 

functional monomeric heterotrimer. If this is the case, the monomeric complex 

must contain at least two DNA-binding sites to ensure processivity. Steady-state 

kinetic analysis indicates that the UL5:52:8 helicase-primase possesses two NTP 

binding sites that are activated by separate DNA effector sites (Crute and 

Lehman, 1991), suggesting the existence of two DNA-binding sites for which the 

enzyme has different affinities. Thus, the existence of multiple DNA-binding 

sites makes it possible for the single heterotrimer to exhibit processive helicase 

activity and circumvent the need for oligomerization into a very large complex. 

NTPase activity is a prerequisite for and is tightly linked to the unwinding 

activity of helicases. The DNA-dependent NTPase activity of helicases is in most 

cases indicative of the helicase activity. However, the oligomeric state required 

for NTPase activity may or may not be indicative of the functional oligomeric 

state required for helicase activity. We can envision a protein in which each 

component monomer is an active NTPase by itself, but the enzyme requires a 

hexameric structure for helicase activity. Hence, our ATPase activity studies need 

to be complemented by helicase activity studies. Furthermore, the role of DNA as 

an oligomerization-inducing agent also needs to be explored before a conclusive 

account of the functional state of the HSV-1 helicase can be made. 

Most of the replication helicases known to date form single hexameric or 

double hexameric ring-like structures (Patel and Picha, 2000). These structures 
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serve two roles: i) they ensure high processivity by tethering the helicase to the 

DNA substrate, and ii) they provide multiple DNA-binding sites whose 

sequential binding and release advance the helicase on the DNA substrate. 

Helicases involved in processes which do not require high processivity may not 

form oligomeric, ring-like structures. Since UL5:52:8 is the HSV-1 replicative 

helicase-primase, we expected it would share the same features as the other 

replicative helicases and form high-order molecular structures. However, HSV-1 

helicase-primase processivity may be ensured by the UL8 subunit which 

associates tightly with the UL5:52 subassembly (Chapter H), and interacts with 

several other herpes replication proteins including the ssDNA-binding protein 

(UL29) (Falkenberg et al., 1997). Thus, the herpes helicase-primase complex may 

stay anchored to its DNA template via a UL8-UL29 interaction. 
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4.5 Summary 

Knowing the functional oligomerization state of helicases is important for 

understanding the mechanism of processive unwinding by these enzymes. The 

HSV-1 helicase-primase is a heterotrimeric complex with a calculated molecular 

weight of 293 kDa. It resembles the monomeric helicase RecBCD in size and 

multiplicity of function, and also resembles the replicative hexameric helicases 

with respect to the tight association and functional interdependence between the 

helicase and primase subimits. For most hexameric helicases, hexamer formation 

is induced by NTP binding and stabilized by DNA binding. We used gel 

filtration chromatography in the presence of ATP and a series of biochemical 

assays to determine if the heterotrimeric HSV-1 helicase-primase forms larger 

structures. We found that although ATP has a strong stabilizing effect on the 

helicase-primase and probably modifies its shape, the HSV-1 complex behaves 

like a monomer (single heterotrimer) with a non-globular shape. Otu: results so 

far are consistent with the hypothesis that the HSV-1 helicase-primase belongs to 

the group of monomeric helicases which use an inchworming mechanism of 

unwinding the DNA substrate. More experiments are needed in order to 

completely understand the functional quaternary structure of the HSV-1 helicase-

primase. 
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