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ABSTRACT. In T4 bacteriophage, the DNA polymerase holoenzyme is responsible for accurate and processive
DNA synthesis. The holoenzyme consists of DNA polymerase gp43 and clamp protein gp45. To form a
productive holoenzyme complex, clamp loader protein gp44/62 is required for the loading of gp45, along
with MgATP, and also for the subsequent binding of polymerase to the loaded clamp. Recently published
evidence suggests that holoenzyme assembly in the T4 replisome may take place via more than one pathway
[Zhuang, Z., Berdis, A. J., and Benkovic, S. J. (20@86)chemistry 457976-7989]. To demonstrate
unequivocally whether there are multiple pathways leading to the formation of a productive holoenzyme,
single-molecule fluorescence microscopy has been used to study the potential clamp loading and
holoenzyme assembly pathways on a single-molecule DNA substrate. The results obtained reveal four
pathways that foster the formation of a functional holoenzyme on DNA: (1) clamp leatdenp complex

binding to DNA followed by polymerase, (2) clamp loader binding to DNA followed by clamp and then
polymerase, (3) clamp binding to DNA followed by clamp loader and then polymerase, and (4) polymerase
binding to DNA followed by the clamp loadeclamp complex. In all cases, MgATP is required. The
possible physiological significance of the various assembly pathways is discussed in the context of
replication initiation and lagging strand synthesis during various stages of T4 phage replication.

The T4 bacteriophage replication system is a model for reaction mixture. Thus, single-molecule methodology has the
DNA replication in general. The eight proteins that constitute capability of providing an unambiguous characterization of
the replisome are DNA polymerase (gp43), the polymerasethe assembly process.
accessory proteins, clamp loader (gp44/62), and clamp An unusual feature of the T4 clamp is its ring-open form
(gp45), a single-strand DNA binding protein (gp32), @ in solution (L6) that begs the question of the advantage of
primase (gp61), a hellcase. (gp41), and a helicase agsemblyms conformation and its influence on other potential clamp
factor (gp59). A key question that has been the subject of |pading pathways. In this study, we have discovered that the
several lines of inquiry is the assembly of the holoenzyme gpen clamp may indeed bind directly to a DNA substrate
from the clamp, clamp loader, and polymerase proteins in and be processed to an active holoenzyme upon mandatory
the presence of MgATPL(-15). To date, two pathways have  addition of clamp loader, followed by polymerase. Clamp
been documented: (1) the formation of a clamp loader |gader-fueled ATP hydrolysis is essential for this process.
clamp complex associated with ATP hydrolysis followed by - additionally, we find that the holoenzyme can be reconsti-
successive binding of the complex and polymerase to DNA ted from a polymerase bound to DNA, followed by the
with additional ATP hydrolysis and (2) the binding of the  addition of the clamp-clamp loader complex in the presence
clamp loader to DNA with concomitant ATP hydrolysis  of MgATP. The existence of multiple holoenzyme assembly
followed by the successive binding of clamp and polymerase. pathways may provide distinct advantages in the efficient

Both pathways terminate with the departure of the clamp assembly of the T4 replisome during various stages of
loader and active holoenzyme bound to the DNA. replication.

In the work presented here, single-molecule fluorescence
microscopy has been used to clarify and extend further MATERIALS AND METHODS
holoenzyme assembly. This method has the advantage of
monitoring only what is happening on the DNA and directly ~ Preparation of Proteins and DNA:luorescent dyes were
observing proteins binding to and dissociating from the DNA. purchased from Molecular Probes. Bacteriophage T4 pro-
Ensemble studies, in contrast, measure total changes in théeins, exonuclease-deficient gp43 [gp43(exo-)], gp44/62, and
gp45, were purified as previously describeld,(18). All
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[
5'-ACTCCTTCCGCACGTAATTTTTGACGCACGTTGT ATGATAGTACGTCTGTGT-3'

TGAGGAAGGCGTGCATTAAAAACTGCGTGCAACAGACTACGCAGTACTATCATGCAGACACA—5‘

5)

Ficure 1: Structure of the forked DNA substrate used for the single-molecule FRET study. The biotin tag used for attaching the DNA to
the streptavidin-coated glass slide is designated as B.

buffer containing 20 mM tris(hydroxymethyl)aminomethane glycol (molecular weight of 3500) (pH 8.0). Three 100
(Tris) (pH 7.5), 150 mM NaCl, and 10% glycerol for 12 h aliquots of a 100 nM solution of NeutrAvidin (Pierce) in
and was incubated with a 5-fold excess of Alexa Fluor 555 the same buffer were added and allowed to incubate for 30
C2 maleimide (A555) for 4 h. The labeled protein was then min. Unbound NeutrAvidin was removed by washing with
chromatographed on a Superose 12 column (Amershambuffer. (Three 10@L portions are approximately-45 slide
Biosciences) equilibrated in labeling buffer to remove the volumes.)

unlabeled dye and frozen in aliquots-a80 °C. The Bio62/ The forked DNA (Bio62/34/36mer) was attached to the
34/36mer primertemplate forked DNAZI) (see Figure 1 gyrface of the slide as follows. A solution containing 100
for the sequence) was prepared from a 34mer primer n\ forked DNA in 100 mM sodium phosphate and 3% (w/
annealed to a'dnd-biotinylated 62mer template strand and ) polyethylene glycol (molecular weight of 3500) (pH 8.0)

a partially complementary 36mer DNA strand (Integrated \yas passed three times (300 total volume) through the
DNA Technologies, Inc.). space between the coverslip and the avidin-coated slide. After
Single-Molecule FRET Measurementields of well-  incubation for 30 min, the unbound forked DNA was
resolved fluorescent single molecules were observed usingremoved by washing with buffer. Forked DNA-coated slides

a Zeiss microscope with prism-based total internal reflection were then equilibrated in 20 mM Tris, 5 mM magnesium
optics and a 108, 1.45 numerical aperture, oil immersion acetate, and 1 mM dithiothreitol (pH 7.9). These conditions
lens. Data were recorded on a Pentamax ICCD camera. Theyere suitable for the observation of well-resolved fluorescent
microscope filter sets were selected for the observation of spots in the microscope field.

fluorescence from three different sources: F1, emission from
fluorescence donor A488 (excitation at 488 nm and emission
at 510-540 nm); F2, emission from FRET between A488
and A555 (excitation at 488 nm and emission at-5685
nm); and F3, emission from acceptor A555 (excitation at
514 nm and emission at 53585 nm). All experiments were

The first protein to be added in a given experiment was
passed between the coverslip and the slide, containing bound
forked DNA, three times using 1Q4 volumes. Depending
on the experiment, 106600 nM fluorescently labeled or
unlabeled protein in the Tris-based buffer was used. Three
-~ . i consecutive 10@L buffer washes were performed between
perforomed a minimum of three times at ambient temperature protein additions to ensure that any unbound proteins were
(N2,5 C). ) ) , removed. Subsequent protein additions were performed with

Slides were prepargd as previously descnlﬁé&)l (n brief, , the slide mounted on the microscope stage without moving
glass microscope slides were extensively washed in ayhe glide. Control experiments in the absence of forked DNA
_sonlcatmg bath. Individual 30 min washes vyere_ca_rrle(_zl OUt confirmed that single molecules are observed only in the
in methanol 1 N NaOH, ad 3 N HCI. Extensive rinsing in 5 esence of forked DNA and therefore are not due to
distiled H,O was done between washes. Slides were ,,nqpecific binding of the proteins to the slide. Catastrophic
thoroughly dried under heated air and incubated for 30 min photobleaching experiments could not be used to confirm
in 0.2% 3-aminopropyltrimethoxysilane (Alfa Aesar, Ward  gjng16 molecules as multiple proteins are bound to the
Hill, MA) in hexane. Slides were then air-dried, and & jqiviqual forked DNA substrates. However, slides were
coverslip was attached via two double layers of double-sided 5o nared under identical conditions with the addition of a
transparent tape. One hundred microliters of approximately or_pjintinylated 33-nucleotide ssDNA labeled with fluorescein
10 mM Sulfo-NHS-LC-LC Biotin (Pierce, Rockford, IL) in 4t the 3-end bleached as single molecules.

0.1 M sodi h hat H 8.0 d bet th . . . A
sodium phosphate (p ) was passed between the Single-molecule images were collected using WinView32

coverslip and slide and allowed to react for 30 min with the . o .
b version 2.5¢c (Roper Scientific, Trenton, NJ) with an exposure

free amine groups on the silanized slide. This process was, £ A back d sub ; ¢ d
repeated three times. After biotinylation, slides were equili- time o 00 ms. \ background subtraction was performe
using the 2D Rolling Ball algorithm option with the rolling

brated in 0.1 M sodi hosphate, 3% (w/ lyethyl ) )
rated n sodium phosphate, 3% (wiv) polyethylene ball radius set at a value of 50 using NIH Image (http://

rsb.info.nih.gov/nih-image/Default.html). The enhance con-

! Abbreviations: A488, Alexa Fluor 488; A555, Alexa Fluor 555; ; ; ; ;
FRET, fluorescence resonance energy transfer; dNTPs, equimolartraSt option was then applied with a saturated pixel level set

mixture of adenine, cytosine, guanine, and thymine nucleotide tri- at 0.5%. The final images were generated by cropping a
phosphates; Tris, tris(hydroxymethyl)aminomethane. representative section of the original field and sized with
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Ficure 2: DNA polymerase holoenzyme formation on single FIGURE3: Nonproductive binding of labeled gp45 (clamp) on single
molecules of forked DNA immobilized on a microscope slide. Each molecules of forked DNA in the absence of the clamp loading
frame represents the fluorescence of single molecules of DNA with protein, gp44/62. In the absence of clamp loader, gp45 is displaced
proteins bound in the order indicated at the side of each row. The by the binding of gp43 (polymerase). Each frame represents the
microscope filters were set for observation of fluorescence from fluorescence of single molecules of DNA with proteins bound in
three different sources as described in Materials and Methods: F1,the order indicated beside each row. The filter sets are as described

fluorescence emission from donor; F2, FRET; and F3, fluorescencein the legend of Figure 2. The proteins were in 20 mM Tris, 5 mM
emission from acceptor. The proteins were in 20 mM Tris, 5 mM mMmagnesium acetate, and 1 mM dithiothreitol (pH 7.9). For the
magnesium acetate, and 1 mM dithiothreitol (pH 7.9). For the addition of gp45, 2.5 mM ATP was included.

addition of gp45 and gp44/62, 2.5 mM ATP was added. The loss

of fluorescence upon addition of dNTPs indicates the holoenzyme  Tq verify that the holoenzyme is formed in an active

maintains strand displacement activity on single DNA molecules. conformation on single molecules of forked DNA, 1081

Adobe Photoshop (Adobe Systems, Inc., San Jose, CA). ThedNTPs were added to the slides. Due to the strand displace-
images presented in this report represent a small fraction of MeNt activity of the T4 holoenzyme, we expect the active
the hundreds of single molecules observed. holoenzyme will be able to carry out DNA synthesis and

slide off the open end of the nascent duplex product. Indeed,
RESULTS AND DISCUSSION we observed the loss of fluorescence with all three filter sets
(Figure 2), which demonstrates the holoenzyme retains strand
displacement activity, thus verifying the active conformation
of the assembled holoenzyme complex on the single mol-
initial formation of the gp44/62gp45 complex in the ecule of DNA substrate. (The rate of strand displacement

presence of MgATPY, 7). The subsequent ATP hydrolysis cannot be determined W!th this assay.? )

by gp44/62 powers the additional opening of clamp gp45 As a control_, we carried out experiments in the same
and facilitates the loading of the opened clamp onto primer Sequence, but in the absence of MgATP. The A5§p45-
template DNA. To demonstrate that the single-molecule 9P44/62 complex did not bind to single molecules of forked
System we deve|oped is amenable to Studying the holo- DNA as indicated by the absence of fluorescence SpOtS with
enzyme assembly process, we first tested the pathwayfilter set 3 (data not shown). Subsequent addition ofA488.
proposed on the basis of our previous ensemble holoenzymedP43 showed that the labeled polymerase was able to bind
assembly experiments. Specifically, A55§p45 and gp44/ 1o single molecules of forked DNA.

62 were mixed in the presence of 2.5 mM MgATP and  Nonspecific Binding of gp45 to Forked DNA Does Not
introduced onto a microscope slide with single molecules Support Holoenzyme Formation4 gp45 belongs to a class
of forked DNA (Bio62/34/36mer) attached via biotiavidin of clamp proteins that can encircle duplex DNA and increase
interactions. The single-molecule fluorescent spots due tothe processivity of polymerase through direct interaction
the loaded fluorescent protein were viewed with fluorescence between the loaded clamp and the polymerase. However,
microscopy. As shown in Figure 2, the presence of A555 T4 gp45 is unique in that it exists as a static open-ring
gp45 bound to DNA after addition of the gp44/6R555— structure in solution 11, 16). When A555-labeled clamp
gp45-MgATP complex is apparent with filter set F3. As (A555—gp45) in the presence of 2.5 mM MgATP was added
expected, fluorescence is not observed with filter sets F1to single molecules of forked DNA immobilized on glass
and F2 as these filter sets are designed to monitor A488microscope slides, binding occurred as demonstrated with
emission (F1) and FRET between A488 and A555 (F2). F3 of Figure 3. The clamp binds to single molecules of DNA
Upon addition of A488-gp43, the binding of A488gp43 tightly enough that the protein was not removed by several
is not readily evident with F1 as the fluorescence emission washes with buffer. This observation agrees with the notion
from A488 is largely quenched by A555. However, the of an open-ring gp45 structure in solution that can spontane-
binding of A488-gp43 could be verified by the FRET ously encircle DNA and close onto DNA, presumably
between the donor (A488) and the acceptor (A555) as seenthrough electrostatic interactions between the positively
with F2. The lack of fluorescence with F1 and the observa- charged residues located at the inner rim of gp45 and the
tion of FRET (F2) indicate close association between gp43 negatively charged DNA. Upon addition of A488p43,

and gp45 on forked DNA. fluorescent spots that overlap well with those detected

Validating the Single-Molecule FRET Approach in Study-
ing T4 Holoenzyme AssembBnsemble experiments previ-
ously established a clamp loading pathway involving the
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F1
F1 (Figure 3). A simultaneous disappearance of fluorescent F2 F3
spots also occurred with filter set F3. This suggests that gp43
has displaced the gp45 and that nonproductive binding of
gp45 occurs in the absence of gp44/62. The bound gp43 |sgp44/62
an active polymerase, as the addition of dNTPs results in
not bind in the conformation necessary to establish the %
required specific interactions with gp43 that is subsequently A488
-gp43 3

region of 34 bp upstream of its primer end. This may IR
represent a space too confined for the nonspecific binding
of gp45 and simultaneous binding of gp43 because thedNTPs
binding of gp45 to DNA requires ar10 bp space3) and
gp43 requires at least 10 bp4). Due to the confined space,

ili ; FiGure 4: gp45 (clamp), when loaded onto single molecules of
present as a chaperone to facilitate the formation of a normalforked DNA by the clamp loader (gp44/62) bound to DNA. forms
holoenzyme complex.

previously with filter set F3 were observed with filter set
the loss of gp43. To be certain that the binding of gp45 is
not due to the relatively low salt concentration that was used,
this experiment was repeated with the addition of 0.1 M NaCl A555-gp45
with the same result (data not shown).

Although gp45 alone can bind to the duplex DNA, it may
bound. The forked DNA substrate we used has a duplex
gp43 may dislodge gp45 from DNA, unless gp44/62 is

an active holoenzyme upon addition of gp43. Each frame represents

Clamp Loaded with the gp44/6DNA Complex Is the fluorescence of single molecules of DNA with proteins bound
Functional in Forming the Holoenzyme with gp&3ecent in the order indicated beside each row. The filter sets are as

studies {5) suggest gp44/62 is able to bind to primer  described in the legend of Figure 2. The proteins were in 20 mM

: Tris, 5 mM magnesium acetate, and 1 mM dithiothreitol (pH 7.9).
template DNA in the presence of ATP, and the gp44/62 For the addition of gp45 and gp44/62, 2.5 mM ATP was included.

DNA complex formed is functional in loading gp45 onto  The |oss of fluorescence upon addition of dNTPs indicates the
DNA. Consequently, we investigated this clamp loading holoenzyme maintains strand displacement activity on single DNA
sequence with the single-molecule experiments. To testmolecules.
whether this pathway supports the formation of the active
holoenzyme comprising gp43 and gp45, the unlabeled clamplabeled polymerase, FRET was not observed between-A488
loader complex (gp44/62) was added to single molecules of gp43 and A555-gp45. This observation, combined with the
forked DNA immobilized on the surface of a microscope loss of fluorescence in F3, suggests that AS§p45 was
slide (Figure 4). After the free protein had been removed nonspecifically associated with the single molecules of forked
through washing with buffer, the addition of A55§p45  DNA and displaced by the polymerase.
resulted in fluorescent spots with filter set F3, suggesting gp44/62 Corrects the Nonspecific Binding of gp45 and
the loading of clamp onto DNA by the preformed gp44#/62  Allows Functional Holoenzyme Formatiom a separate
DNA complex. Upon addition of A488gp43, fluorescent  experiment, the order of addition of clamp loader (gp44/62)
spots were observed with filter set F2, indicating that close and clamp (gp45) was reversed (Figure 5). The binding of
association between gp43 and gp45 occurs on the forkedA555—gp45 to single molecules of forked DNA is indicated
DNA. Only a few dim fluorescence spots were observed with by the presence of fluorescent spots with filter set F3. No
filter set F1 due to extensive quenching of A488 by A555. fluorescent spots were observed with filter set F1 or F2. From
Following the addition of 100uM dNTPs, the loss of  the previously described results, we know that A5§H45
fluorescence was observed with all three filter sets, as binds to forked DNA in a nonspecific way. No change in
expected for an active holoenzyme complex on DNA. the fluorescence pattern was observed after addition of
Because gp44/62 loses activity upon dye labeling (data notunlabeled gp44/62 with 2.5 mM MgATP, suggesting A555
shown), we were not able to visualize directly the binding gp45 remains bound to DNA. However, in marked contrast
of the clamp loader to DNA. Nevertheless, on the basis of to the previous experiment in which gp44/62 is not included,
surface plasmon resonance binding studlé&, (vhich share the addition of A488-gp43 resulted in the same fluorescent
some similarity to the single-molecule system described here,spots with both filter sets F2 and F3, indicating the
we presume that gp44/62 prebinds to DNA in the presenceoccurrence of FRET and the close association of A488
of ATP. Furthermore, we conclude that the subsequentgp43 and A555gp45. The addition of 100«M dNTPs
binding of labeled clamp is most likely due to the clamp confirms that the holoenzyme assembled following this
loading activity of gp44/62, rather than to nonspecific binding pathway has an active conformation. When the same
of A555—gp45 alone, because a functional holoenzyme was experimental sequence was carried out in the absence of
formed after addition of A488gp43. MgATP, FRET signals were not detected with filter set F2
Because ATP has been shown to be required for theupon final addition of A488gp43. Fluorescence was
formation of the gp44/62DNA complex (L5), the same observed with filter set F1, and a decrease in the number of
assembly sequence was tested in the absence of MgATPfluorescent spots was observed with filter set F3 after the
Fluorescence spots were initially observed with filter set F3 addition of A488-gp43, suggesting that the cofactor MgATP
after the individual additions of gp44/62 followed by A555 is required for gp44/62 to convert the nonspecifically loaded
gp45 (data not shown). However, upon addition of the gp45 to a productive binding mode.
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Ficure 7: Plot of the fraction of bound A488gp43 molecules

with a lifetime 7, Ni/Niota VS 7. N; is the number of molecules
with a lifetime 7, and Ny is the total number of molecules
undergoing exchange, 38. The concentration of unlabeled gp43 in
20 mM Tris, 5 mM magnesium acetate, and 1 mM dithiothreitol
(pH 7.9) was 400 nM. After 1 h, 20% of the bound A48§043
molecules underwent exchange. In the absence of unlabeled gp43,
less than 10% of the single gp43 molecules were seen to dissociate
from the forked DNA in the same time period. The clamp protein
(gp45) was also present on the DNA.

A488-gp43

dNTPs

R
- - ¥

FiGUrRe 5: gp44/62 (clamp loader) can correct nonproductive
binding of previously bound gp45 on individual molecules of forked
DNA, resulting in an active holoenzyme upon addition of gp43. . . .
Each frame represents the fluorescence of single molecules of DNA62) in the presence of 2.5 mM MgATP results in formation

with proteins bound in the order indicated beside each row. The Of the holoenzyme on the same single molecules of forked
filter sets are as described in the legend of Figure 2. The proteinsDNA. The loss of fluorescence intensity with F1 and the

were in 20 mM Tris, 5 mM magnesium acetate, and 1 mM formation of fluorescent spots with F2 demonstrate the close

dithiothreitol (pH 7.9). For the addition of gp45 and gp44/62, 2.5 P
mM ATP was included. The loss of fluorescence upon addition of association between A48gp43 and AS55gp45 on forked

dNTPs indicates the holoenzyme maintains strand displacementPNA that results in quenching of the fluorescence from

activity on single DNA molecules. A488—gp43 by A555-gp45 and emission of A555gp45
due to FRET between the two fluorophores. Fluorescent spots
F1 F2 F3 with filter set F3 demonstrate that A55§p45 is now bound

to the forked DNA. Again, the addition of 1@V dNTPs
results in the loss of fluorescence, indicating the enzyme is
active.

In the absence of MgATP, holoenzyme formation was not
observed with this assembly sequence. A48p43 was able
to bind to single molecules of forked DNA as seen with filter
set F1 (data not shown). Upon addition of A55§p45 and
gp44/62, FRET was not observed with F2. The absence of
fluorescent spots in F3 indicates that A55§p45 was not
bound. This again agrees with the notion that binding of gp43
to the DNA prohibits the concomitant nonspecific binding
of gp45. As before, dNTPs (1QaM) were added to verify
that the labeled polymerase was bound in an active confor-
mation. The disappearance of the fluorescent spots with F1
FIGURE 6: Binding of gp43 to forked DNA substrate, followed by  indicates that A488gp43 was active.
gp45 and gp44/62, results in the formation of an active DNA Exchange of Solution gp43 with Clamp-Bound gp43 As
polymerase holoenzyme. Each frame represents the fluorescencgypgeped by Single-Molecule FRETRPreviously through

of single molecules of DNA with proteins bound in the order . .
indicated beside each row. The filter sets are as described in theensemble experiments, we demonstrated that solution poly-

legend of Figure 2. The proteins were in 20 mM Tris, 5 mM Merase gp43 undergoes active exchange with gp43 tethered
magnesium acetate, and 1 mM dithiothreitol (pH 7.9). For the to clamp gp4525). The kinetics of this process was studied
addition of gp45 and gp44/62, 2.5 mM ATP was included. The on a long stretch of DNA when polymerase is carrying out
loss of fluorescence upon addition of dNTPs indicates the holo- .5cessive DNA synthesis. With the successful formation
enzyme maintains strand displacement activity on single DNA .
molecules. of the labeled T4 holoenzyme on single molecules of DNA
substrate, the polymerase exchange process was studied at
The Holoenzyme Can Be Assembled with gp43 Bindingthe single-molecule level. The experimental setup allows us
to DNA First The presence of A488yp43 bound to to address the same question with a static holoenzyme, in
individual molecules of forked DNA is demonstrated in contrast to the ensemble experiments.
Figure 6 as bright spots with filter set F1 after A48§043 First, unlabeled gp43 and A55%p45 were assembled as
is passed through the slide with immobilized DNA. No a holoenzyme on single molecules of forked DNA in the
fluorescent spots are observed with filter set F2 or F3. presence of gp44/62 and ATP. A48§p43 (300 nM) was
Addition of A555—gp45 and unlabeled clamp loader (gp44/ then added to determine if polymerase exchange between

A488-gp43

gp44/62 +
AS555-gp45

dNTPs
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Ficure 8: Multiple pathways for assembling the T4 DNA polymerase holoenzyme on a forked DNA substrate. gp43, gp44/62, and gp45
are colored magenta, blue, and red, respectively. In pathway I, the gp4a88% complex formed in the presence of ATP binds to DNA,
followed by binding of gp43 to form the holoenzyme. In pathway Il, gp44/62 binds to DNA in the presence of ATP and recruits an open
clamp from solution to form the gp44/62)p45 complex on DNA, followed by binding of gp43 to form the holoenzyme. In pathway llI,
open clamp gp45 encircles DNA spontaneously, followed by binding of gp44/62 and gp43 to form the holoenzyme. In pathway 1V, gp43
binds to DNA first followed by addition of the gp44/62p45 complex to form the holoenzyme. MgATP is required for all assembly
pathways.

bound and free gp43 occurs. After a 10 min incubation, gp44/62 was assembled on single molecules of forked DNA.
labeled gp43 was removed from the bulk solution by washing An aliquot of unlabeled gp43 (400 nM) was added to the
with 600 uL of buffer, and the image was then captured. slides, and the exchange of bound, labeled gp43 for unlabeled
This washing was necessary to reduce the fluorescencegp43 in solution was monitored by the disappearance of
background due to unbound A488p43. An additional 300  fluorescent spots with filter set F2. gp43 was shown to be
nM aliquot of labeled polymerase was added, and a secondenzymatically active after incubationrfd h as all of the
20 min incubation was performed. Labeled gp43 not bound A488—gp43 fluorescence disappeared after the addition of
to forked DNA was again removed and the image captured. dNTPs. The fraction of bound A48&p43 molecules
Very little exchange of unlabeled gp43 with A488p43 undergoing exchange with lifetime were tabulated and
was evident with filter set F2 after the 10 min incubation. plotted versusr (Figure 7). The total number of single
Approximately 35% of the DNA contained bound A488 molecules that was observed to undergo exchange after 1 h
gp43 after the second incubation period. The fluorescentwas 38 of a total of 190. In the absence of unlabeled gp43
spots observed with filter set F3 due to the binding of A555 in the solution, the total number of A488p43 molecules
gp45 marked the location of single strands of forked DNA that was observed to dissociate from the single molecules
within the field of view. The addition of 10&M dNTPs of forked DNA was approximately 10% after 1 h.
after the 30 min incubation period and subsequent loss of These results indicate that gp43 in solution exchanges with
fluorescence indicated that both the unlabeled and labeledgp43 in the holoenzyme bound to the DNA. The quantitation
gp43 were bound in the correct conformation required for of the exchange process suggests that the half-time for
the polymerase reaction. ensemble exchange 30 min kK < 4 x 104 s1). The

In a second set of experiments, the T4 replication exchange rate determined with the single-molecule experi-
holoenzyme consisting of A488p43, A555-gp45, and ment is much slower than that suggested by the ensemble
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experiments Z5). The slower exchange kinetics observed binding of gp61. The binding of gp44/62 followed by gp45
here may be intrinsic to the static holoenzyme complex may effectively relieve the steric clash generated between
assembled on the DNA fork substrate, in contrast to the primase gp61 and the gp44/6gp45 complex and may
mobile holoenzyme carrying out processive DNA syntheses represent a functional pathway for lagging strand holoenzyme
assayed in the ensemble experiments. This result combinedormation. Our experimental results provide evidence for
with our previous observations emphasizes the dynamic such an alternative pathway for lagging strand holoenzyme
nature of this polymerase exchange process. assembly.

Multiple Holoenzyme Assembly Pathways May Be Func-
tional in T4 Bacteriophage DNA Replicatioithe single- REFERENCES
molecule FRET studies have demonstrated that the T4 1 Alley, S. C., Trakselis, M. A., Mayer, M. U., Ishmael, F. T., Jones,
bacteriophage holoenzyme can be assembled through four  A. D., and Benkovic, S. J. (2001) Building a replisome solution

major different pathways. These pathways are summarized zthCtU_fe r?y elucidation 01; Droteﬁprgt?in interactiolns Ir? the
by the cartoon in Figure 8. ngtesré%;zoégs%gngNA polymerase holoenzymheBiol. Chem.
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