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ABSTRACT. The bacteriophage T4 DNA polymerase holoenzyme, consisting of the DNA polymerase (gp43),
the sliding clamp (gp45), and the clamp loader (gp44/62), is loaded onto DNA in an ATP-dependent,
multistep reaction. The trimeric, ring-shaped gp45 is loaded onto DNA such that the DNA passes through
the center of the ring. gp43 binds to this complex, thereby forming a topological link with the DNA and
increasing its processivity. Using stopped-flow fluorescence-resonance energy transfer, we have investigated
opening and closing of the gp45 ring during the holoenzyme assembly process. Two amino acids that lie
on opposite sides of the gp45 subunit interface, W91 and V162C labeled with coumarin, were used as the
fluorescence donor and acceptor, respectiveIK. Free in solution, gp45 has two closed subunit interfaces
with W91 to V162-coumarin distances of 19 A and one open subunit interface with a W91 to V162C-
coumarin distance of 40 A. Making the assumption that the distance across the two closed subunit interfaces
is unchanged during the holoenzyme assembly process, we have found that the distance across the open
subunit interface is first increased to greater than 45 A and is then decreased to 30 A during a 10-step
assembly mechanism. The gp45 ring is not completely closed in the holoenzyme complex, consistent
with previous evidence suggesting that the C-terminus of gp43 is inserted into the gp45 subunit interface.
Unexpectedly, ATP-hydrolysis events are coupled to only a fraction of the total distance change, with
conformational changes linked to binding DNA and gp43 coupled to the majority of the total distance
change. Using the nonhydrolyzable ATP analogue AT®+esults in formation of a nonproductive gp45
gp44/62 complex; however, adding an excess of ATP to this nonproductive complex results in rapid
ATP/ATP--S exchange to yield a productive gpgp44/62 complex within seconds.

DNA replication requires the coordinated action of several then dissociatess]. They complex dissociates from the
proteins to construct a replication complex or holoenzyme. clamp after loading but remains associated withiteabunit,
In bacteriophage T4, the holoenzyme is composed of thethe bridge between the leading and lagging strand DNA
DNA polymerase (gp43), the DNA polymerase processivity polymerases in the holoenzym& ). RF—C was likewise
factor, or sliding clamp (gp45), and the clamp-loading protein found to dissociate from PCNA after loading)(

(@ 4:1 complex of gp44 and gp62). Analogues of these  The X-ray crystal structure of gp43 from bacteriophage
proteins are found irEscherichia coli where_ DNA poly- RB69 [63% identity with bacteriophage T@)[ has been
merase Ill, the5 clamp, and the clamp-loadingcomplex  gojved (L0). We recently showed that the C-terminal tail of
form the holoenzyme, as well as in eukaryotes, where DNA 4,43 \yhich is absolutely required for holoenzyme assembly
polymeraseo, the PCNA clamp, and the clamp-loading (11) interacts with amino acids at the subunit interface of
RF—C complex form the holoenzym@,(2). X-ray crystal- 545 and suggested that this tail is inserted into the subunit
lography has shown gp45 (J. Kuriyan, personal communica- interface of gp45 12). The location of the interaction
tion), the clamp @), and PCNA §) to be multimeric, ring- petween gp4a5 and gp44/62 is at present unknown, and as

shaped complexes, with the newly synthesized DNA g,ch 5 detailed three-dimensional picture of the bacteriophage
presumably traveling through the centers of the rings. The 14 holoenzyme during assembly awaits elucidation.
p clamp is a dimer, while gp45 and PCNA are trimers, and

in all three cases the individual subunits are arranged head
to-tail to form identical subunit interfaces. The clamp-loading
proteins are all multisubunit ATPases, with ATP hydrolysis
required to form the holoenzyme. gp44/62 is only a transien
part of the bacteriophage T4 holoenzyme: following clamp
loading, it chaperones gp43 to the gp@BlA complex and

_ The kinetic mechanisms of holoenzyme assembly in
bacteriophage T41@, 15) and E. coli (16-18) have been
investigated by a variety of steady-state and pre-steady-state
t techniques. Both of these holoenzymes have been shown to
be assembled in many steps proceeding through several
discrete structural complexes. In bacteriophage T4, gp44/62
hydrolyzes two molecules of ATP upon interaction with gp45
and then two more molecules of ATP upon interaction with
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GM13306 (S.J.B.) and GM19492 (S.C.A). DNA (15, 19, 20), with a conformational change in the gp45

* To whom correspondence should be addressed: E-mail: sjb1@ gp44/_62PNA complex coupled to ATP hydrolysis being the
psu.edu. Phone: (814) 865-2882. Fax: (814) 865-2973. rate-limiting step in holoenzyme assembly5(19). This
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results in a burst of ATP hydrolysis by gp44/62 being L-Tryptophan and streptavidin were from Sigma (St. Louis,
observable by rapid-quench techniquds, (19, 20). In MO). All other chemicals were of analytical grade or better.
contrast, theE. coli ¥y complex hydrolyzes two to three Proteins and LabelingThe gp45 mutant V162C/W198F
molecules of ATP 21), with ATP hydrolysis following the was purified and labeled with CPM as previously described
assembly of g clampy complexDNA complex (8). The (22). Wild-type gp45, gp44/62, and exonuclease-deficient
exact nature of the ATP-hydrolysis events as well as that of gp43 were purified as described earli@3{25). gp43A6
the conformational changes required in loading the ring- was purified as previously describedl). The W91F/V162C/
shaped sliding clamps onto DNA in these two organisms W198F mutant was cloned using the following PCR prim-
have not been assigned. ers: (A) 3-GCG GAA TTC CAT ATG AAA CTG TCT

In the present report, we have used fluorescence-resonancéAA GAT, (B) 5'-GCG GAA TTC GGA TTC CTATTA
energy transfer (FRET)and pre-steady-state kinetic tech- AAA ATC GTG GGT, (C) 8-CGC TCA ACA ATT TTT
niques to investigate the conformational changes that gp45TTC CCG GCC GCC GAT CCG AGT ACA, (D)'8TGT
undergoes as it is loaded onto DNA by gp44/62 and ACT CGG ATC GGC GGC CGG GAA AAA AAT TGT
assembled into the holoenzyme with gp43. We have takenTGA GCG. The fragments AD and BC were prepared by
advantage of a tryptophan near the subunit interface (W91)PCR using pET26b-V162C/W198R22) as a template.
as a fluorescence donor and placed the fluorescence acceptdpverlap extension PCR yielded the mutant 45 gene W91F/
coumarin on the opposite side of the subunit interface V162C/W198F that included a ne®siEl site. This full-
(V162C—CPM). With this system, the distance across the length fragment was digested witidd and BanHI and
gp45 subunit interface can be monitored during holoenzyme ligated into pET26b digested previously witddd and
assembly by stopped-flow FRET. We have previously shown BamHl to yield pET26b-W91F/V162C/W198F. Purification
that one of the three gp45 subunit interfaces is open in and labeling with CPM were as reported previoust)(
solution, with the distance between W91 and V16ZTPM Mutations were verified by DNA sequencing. The ability of
of 35—-38 A, and the other two subunit interfaces are closed, the W91F/V162C/W198F mutant, in both unlabeled and
with W91 to V162C-CPM distances of 19 A22). Making CPM-labeled forms, to stimulate the ATPase activity of gp44/
the assumption that the two closed subunit interfaces maintain62 and enable strand-displacement DNA synthesis by gp43
their W91 to V162G-CPM distances during holoenzyme Was confirmed as described earli@l). Protein concentra-
assembly, we have found in the present study that the opertions were determined by a Bradford protein assay (BioRad,
gp45 subunit interface undergoes seven conformationalHercules, CA).
changes during a 10-step mechanism, with both opening and Stopped-Flow FRET Stopped-flow experiments were
closing of this subunit interface observed. The final W91 to performed on an Applied Photophysics (Leatherhead, Surrey,
V162C—CPM distance of the open subunit interface is 30 U.K.) SX.18MV stopped-flow reaction analyzer in fluores-
A, suggesting that gp45 is not completely closed in the cence mode at a constant temperature of °25 The
holoenzyme. ATP hydrolysis by gp44/62 only powers a excitation wavelength was 290 or 390 nm, the slit width was
fraction of gp45 opening and closing, and it does not drive 10 nm, and a 420 nm cutoff filter was placed in front of the
gp44/62 disassociation: ATP hydrolysis causes two openingsemission photomultipier tube. By exciting at 290 nm and
of the gp45 subunit interface, the first at ledsA and the detecting all fluorescence above 420 nm, we were able to
second 2 A. Successive interactions of gp45 with DNA and observe FRET between tryptophan and V168PM as well
gp43 cause gp45 ring closure, covering a total distance ofas fluorescence from direct excitation of CPM without any
at least 15 A. We propose that ATP hydrolysis by gp44/62 contribution from tryptophan fluorescence. By exciting at
is causing conformational changes in gp44/62 that prepare390 nm, we were able to observe exclusively fluorescence
it for interaction with the next holoenzyme component (first from direct CPM excitation. The excitation and emission path
with DNA and second with gp43) in order to optimize the lengths were both 2 mm. Single or split timebases were used

catalytic efficiency of holoenzyme assembly. as appropriate, with 2000 total data points collected.
The W91 to V162C-CPM distances can be calculated
EXPERIMENTAL PROCEDURES using the following relationships for fluorescent acceptor

sensitization Z6):
Materials and Their SourcesDNA substrates were
synthesized and purified as previously descrilizg).(CPM E — I/—\_D 1 €A
was obtained from Molecular Probes (Eugene, OR). ATP T
and ATP«-S were from Boehringer-Mannheim (Indianapo-

lis, IN). Deep Vent DNA Polymerase and all restriction 6 1
enzymes were from New England Biolabs (Beverly, MA). R=R,,/ E 1 (2)
T

1 Abbreviations: bio, biotin; bp, base pairs; CPM, 7-diethylamino-

3-(4-maleimidylphenyl)-4-methylcoumarirz2°, normalized change whereEy is the transfer efficiency of the FRET procebs

in fluorescence of the acceptor in the absence of the donor when excited@Nd [a are the fluorescent intensities of the CPM acceptor

at 290 nm;F2%, normalized change in fluorescence of the acceptor in iN the presence and absence, respectively, of the tryptophan
the presence of the donor when excited at 290 Rt normalized donor at the donor excitation wavelength (290 naa)and
change in fluorescence of the acceptor in the absence of the donor where, are the extinction coefficients of the CPM acceptor and

excited at 390 nm; FRET, fluorescence-resonance energy trahsfer; ; ot
fluorescence intensity of the acceptor in the absence of the dipaor; tryptophan donor, reSpeCtlvely’ at the donor excitation

fluorescence intensity of the acceptor in the presence of the donor; Wavelength (290 nm)R; is the Faster distance at which
Tris, tris(hydroxymethyl)aminomethane. the transfer efficiency is 50%, arRlis the distance between

— (1)

Ia €p




3078 Biochemistry, Vol. 39, No. 11, 2000 Alley et al.

Table 1: Fluorescence Parameters and Transfer Efficiencies for gp45 versus gp44/62 and ATP, gp45, gp44/62, and ATP versus EDTA, and
gp45 versus gp43

assembly state ~ F2°° fa%0b F3900 o+ Xed |, Xde Iaf xd lap Ian/la Er

A 1.000 1.000 1.000 1.89 1.000 1.000 0.00 1.85 1.85 0.692

B 1.000 1.000 1.000 1.85 1.00 1.00 0.00 1.85 1.85 0.692

C 1.158+  1.252+  1.054+  2.142+  1.2524+  1.054+ 0198+ 1944+ 1844+  0.688+
0.013 0.011 0.006 0.024 0.011 0.006 0.013 0.027 0.028 0.010

D 0.999+ 1.084+  1.001+ 1848+  1.084+  1.001+ 0.083+ 1.765+ 1.763+  0.622+
0.006 0.002 0.005 0.011 0.002 0.005 0.005 0.012 0.015 0.005

Lk 1.152+  1.169+  1.031+ 2131+ 1169+ 1031+ 0.138+ 1.993+ 1.933+  0.760+
0.001 0.009 0.001 0.002 0.009 0.001 0.009 0.009 0.009 0.004

gp45gp43  1.263+  1.308+  1.041+ 2337+  1.308+ 1041+ 0267+ 2070+ 1989+  0.806+
0.016 0.030 0.011 0.030 0.030 0.011 0.032 0.044 0.047 0.019

a States are shown in Scheme’Normalized fluorescence values starting from ghdgual to 1.0, where the superscript indicates the excitation

wavelength and the subscript indicates which mutant was used in the measurement [V162CAGRSBFAD) or W91F/V162C/W198FCPM

(A)]. < Determined by multiplying=3%’ by the startingap + X value (assumed equal to 1.85, as determined in the steady &tétis)the amount

of interprotein FRET (from gp44/62 and/or gp43 tryptophans to CPM on gp4mtermined by multiplying:igo by the startingla + X value

(assumed equal to 1.00, as determined in the steady StBieermined by multiplyingFf;90 by the startinga value (assumed equal to 1.00, as
determined in the steady staté)Starting state assumed equal to I.Determined from steady-state measurememts. changes were observed
from the previous staté Fnax as determined from eq 5 for saturating gp44/62 or gp&gtermined from gp45, gp44/62, and ATP versus EDTA.

' Determined from gp45 versus gp43.

Table 2: Fluorescence Parameters and Transfer Efficiencies for gp45, gp44/62, and ATP versus DNA and gp45, gp44/62, ATP, and DNA
versus EDTA

assembly state ~ F220P 2900 3900 lap + Xed |5+ Xde N xd lap Ian/la Er

D 1.000 1.000 1.000  1.848+  1.084+ 1.001+ 0083+ 1.765+ 1.763+  0.622+
0.011 0.002 0.005 0.005 0.012 0.015 0.005

E 1.000 1.000 1.000  1.848+  1.084+  1.001+ 0083+ 1.765+ 1.763+  0.622+
0.011 0.002 0.005 0.005 0.012 0.015 0.005

F 1.130+  1.051+  1.043+ 2088+ 1139+ 1.044+ 0.095+ 1.993+ 1909+  0.741+
0.013 0.017 0.011 0.027 0.018 0.012 0.022 0.035 0.040 0.016

G 1.200+  1.137+  1.047+  2.218+  1.2324+  1.048+ 0.184+ 2034+ 1.941+ 0.767+
0.005 0.007 0.007 0.016 0.008 0.009 0.012 0.020 0.025 0.010

H 1.180+  1.128+  1.047+ 2181+ 1223+ 1048+ 0.175+ 2.006+ 1914+  0.745+
0.005 0.005 0.007" 0.016 0.006 0.009 0.011 0.019 0.025 0.010

M 1.172+  1.094+ 1047+ 2166+ 1186+  1.048+ 0.138+ 2.028+ 1935+  0.762+
0.006 0.002 0.007" 0.017 0.003 0.009 0.010 0.020 0.025 0.010

a States are shown in Scheme’Normalized fluorescence values starting from gpégual to 1.0, where the superscript indicates the excitation
wavelength and the subscript indicates which mutant was used in the measurement [V162CAOBRSBFAD) or W91F/V162C/W198FCPM
(A)]. ©Determined by multiplying:,zfé,0 by the startingap + X value (1.848+ 0.011, as determined for state D from Table X is the amount
of interprotein FRET (from gp44/62 and/or gp43 tryptophans to CPM on gp4mtermined by muItipIyin(‘;F,i90 by the startingla + X value
(1.0844 0.002, as determined for state D from Table Determined by muItipIying:f\90 by the startinga value (1.001+ 0.005, as determined
for state D from Table 1)¢ Starting state assumed equal to 1.8lo changes were observed from the previous st@etermined from gp45,
gp44/62, ATP, and DNA versus EDTA.

the donor and acceptor. Changes in thg term report The Iap/la ratio for gp45 in complex buffer was deter-
changes in the intensity of the FRET (due to changes in themined by steady-state fluorescence using an ISA (Edison,
donor to acceptor distances) and changes in the intensity ofNJ) FluoroMax-2 spectrofluorimeter. V162C/W198EPM

the direct excitation of the CPM fluorophore (due to changes (l1ap) and W91/V162C/W198FCPM (1,) were independ-

in the CPM environment), while changes in thgerm report ently placed in complex buffer and their fluorescence
only changes in direct CPM excitatioR, was previously intensities measured at 476 nm upon excitation at 290 nm

determined to be 31 A2@, 27) as follows: (2 nm slit width, 0.5 s integration time, and 2 mm excitation
path length) to yieldap/la equal to 1.85.
— 2 W\1/6
R, = (0.211pp"J) ) Theea andep values were measured at 290 nm using CPM

wheregp is the quantum yield of the donor (tryptophaxd, andL-tryptophan, respectively, as model compounds, yielding

is the orientation factor (determined from anisotropy meas- €A = 3340 Mt cm* andep = 4100 M™* cm . The transfer
urements)y is the refractive index of the medium, adds efficiency of gp45 in complex buffer was therefore deter-

the overlap integral between the fluorescence spectrum ofMined to be 0.692 for CPM sensitization, consistent with
the donor and the absorption spectrum of the acceptor. Wethe value of 0.75 found previously by tryptophan quenching

have assumed that thig, «?, andJ (and, thereforeR,) values

measured for V162C/W198FCPM in complex buffer22) Stopped-flow fluorescence experiments were conducted
are appropriate for the intermediate states of gp45 during as follows: syringe A, containing the fluorophore and other
holoenzyme assembly. Our previous assumptioe? @fual components as indicated in the text and figure legends, was

to 23 (22) will result in errors in theR values reported in initially mixed with syringe B, containing only complex
Table 4 to be less than 10928). buffer (150 mM potassium acetate, 20 mM Tris, pH 7.5,
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Table 3: Fluorescence Parameters and Transfer Efficiencies for gp45, gp44/62, ATP, and DNA versus gp43 and gp45, gp44/62, ATP, DNA,
and gp43 versus EDTA

assembly state  F220° 2900 3900 lap + Xed |5+ Xde N Xd lap Ian/la Er

H 1.000 1.000 1.000 2181+ 1223+ 1.048+ 0175+ 2.006+ 1914+  0.745+
0.016 0.006 0.009 0.011 0.019 0.025 0.010

| 1.000" 1.000 1.000 2181+ 1223+ 1.048+ 0175+ 2006+ 1914+  0.745+
0.016 0.006 0.009 0.011 0.019 0.025 0.010

J 1.083+  1.069+  1.025+  2.362+  1.307+ 1074+ 0.233+ 2129+ 1.982+  0.800+
0.006 0.005 0.006 0.022 0.009 0.011 0.014 0.026 0.032 0.013

K 1100+  1.097+ 1016+ 2399+ 1342+ 1.065+ 0277+ 2122+ 1993+  0.809+
0.002 0.002 0.001 0.018 0.007 0.009 0.011 0.021 0.026 0.011

Ni 1.093+ 1077+ 1.020+  2.384+  1.317+ 1069+ 0.248+ 2136+ 1.998+  0.813+
0.005 0.002 0.001 0.021 0.007 0.009 0.011 0.024 0.028 0.011

a States are shown in Scheme’Normalized fluorescence values starting from dgpdgual to 1.0, where the superscript indicates the excitation
wavelength and the subscript indicates which mutant was used in the measurement [V162CAURSBFAD) or W91F/V162C/W198FCPM
(A)]. ©Determined by muItipIying:i%O by the startingap + X value (2.166+ 0.016, as determined for state H from Table 22X is the amount

of interprotein FRET (from gp44/62 and/or gp43 tryptophans to CPM on gp4&termined by multiplying=2° by the startingla + X value

(1.1864 0.006, as determined for state H from Table Determined by muItipIyingFf\90 by the startind value (1.04&+ 0.009, as determined
for state H from Table 2)¢ Starting state assumed equal to 1.8lo changes were observed from the previous stddetermined from gp45,

gp44/62, ATP, DNA, and gp43 versus EDTA.

Table 4: Energy-Transfer Efficiencies and W91 to V162TPM fig_u_re Ieggnds. Fluorescent changes were observed upon
Distances of the Open gp45 Subunit Interface for the Intermediate  MiXing syringes A and B. Data were collected at both 290

State of Holoenzyme Assembly and 390 nm excitation wavelengths for each set of experi-
assembly state E R(A) ments. Several traces (between 3 and 9) at a single excitation
A 0.692 20 wavelength were averaged to improve the signal-to-noise
B 0.692 40 ratio, and the software provided by the manufacturer was
C 0.688+ 0.010 41 used to fit the data to one, two, or three exponential processes
D 0.622-+ 0.005 >45 as appropriate to obtain observed fluorescence amplitudes
E 8:§iﬁ 8:8(1)2 >AE,,555 and rate constants. Following data collection, complex buffer
G 0.767+ 0.010 33 was placed in both syringes and passed through the observa-
H 0.745+ 0.010 35 tion cell until the fluorescence decreased to a constant

I 0.745+0.010 35 background value.

J 0.800+ 0.013 31 .

K 0.809+ 0.011 30 From these measurements, normalized fluorescence values
L 0.760+ 0.004 34 in the presencdxp) and absencdy) of donor tryptophans

M 8-g%i 8-812 gg were then calculated by dividing the background-subtracted
9p45gpa3 0.806L 0.010 31 final fluorescence by the background-subtracted initial

fluorescence. Two mutants were used to determine these
a States are shown in SchemePXverage energy transfer for all values: Fap was determined using V162C/W198F aRg

three W91/V162€-CPM pairs; the two W91/V162€CPM pairs on . . - L.
the closed gp45 subunit interfaces are assumed to have constant energ sing WO1F/V162C/W198F, with superscripts indicating the

transfer efficiencies of 0.929). ¢ Distance between W91 and V162C excitation wavelength (290 or 390 nm).
CPM on the one open gp45 subunit interface, calculated by first  As an example, V162C/W198FCPM in complex buffer
determining the energy-transfer efficiency of the open subunit interface was placed in syringe A and mixed with complex buffer with

(Eo) by eq 4 [assumindtc equal to 0.95Z%2)] and then calculatingR L S
by eq 2. W91 and V162C are not the closest amino acids across the€XCitation at 290 nm. The photomultiplier tube voltage was

open subunit interface, and as such the distance between the closesadjusted such that a signal e V was obtained. gp44/62
amino acids across the open subunit interface [28 A for our previous in complex buffer was then placed in syringe B and mixed
“\Values are for he Trst changs in FRET for gpds voraus gpad/e and 11 SY1INGE A, obtaining a final voltage of4.22 V (-4 V

ATP, rather than for gp45 versus gp44/6Zhese distances are greater plus or m_lnL_IS the_ fluoresce_nce amplitude; larger negative
than 1.4%,, the upper limit for accurate measurement of distances by Numbers indicate increases in fluorescence). Complex buffer
FRET @6). was then placed in both syringes and washed through the

observation cell, yielding a background voltage -66.50

and 10 mM magnesium acetate). The contents of syringe AV. The Fay value is therefore equal to 1.063. The normal-

were thus diluted by half, and the initial fluorescence value ized fluorescence values are independent of the extent of
was obtained. The voltage on the photomultipier tube was acceptor labeling (gp45 is completely “labeled” with donor
adjusted to give a signal ef4 V for the initial fluorescence  tryptophans; V162C/W198FCPM samples with 0.31.7

in all cases (the photomultiplier tube voltages required to CPM labels per trimer always yielded the same normalized
yield —4 V were different for excitation at 290 and 390 nm). fluorescence within experimental error; data not shown) and
No changes in fluorescence were obtained over the courseassumes the initial fluorescence of the starting state (found
of the data collection, indicating that dilution did not cause when the fluorophore was mixed with complex buffer
dissociation of the gp45 trimer into monomers, which would described above at the beginning of data collection) is 1.0.
cause a decrease in FRET, or that gp45 tryptophan or CPMThe normalized fluorescence valudgit, F2° and F3)

was undergoing photobleaching. The buffer in syringe B was are reported in Tables-13 for the three multistep processes
then replaced with the components indicated in the text or leading to holoenzyme formation.
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Scheme 1 kinetics investigation without any contribution from inter-
apast protein FRET, the following calculations were employed.
pA/624ATP) The F2Y F2% andF3%° values determined for the various
1% states of holoenzyme assembly (Table8lwere multiplied
2p45B-gpad/62(AATP) by lap + X, Ia + X, andla, respectively, determined for a
reference state (see below) to yiél@ + X, Ia + X, andla,
2 L respectively, for the various states of holoenzyme assembly
2p45©-gpa4/62(4ATP) (Tables 1-3). The magnitude ofX was determined by

subtracting a from I, + X, and finallyl,p was determined

3 by subtractingX from Iap + X. To determindap + X, Ia +

gp45D-gp44/62(2ATP)L> gp4st-gpad/62 X, andl, values for states B, C, D, and L, thg + X, Ia
. §,~DNA + X, andl values determined for gp45 in the steady-state
(gp45'; 1.85, 1.0, and 1.0, respectively) were used as the

gp45™gpa4/62(2ATP) DNA reference state. For examplesy, FA°, andF3>° values for

state C were found to be 1.158, 1.252, and 1.054, respec-
. tively. Multiplying FAx by 1.85 (thelap + X reference state

g"’“ 'gpA4/62(2ATP) DNA for gp48), F2*° by 1.00 (thela + X reference state for

6 gp48Y), andF3° by 1.00 (thel, reference state for gp45b
yields 2.142, 1.252, and 1.054, respectively. Subtracting
1.054 from 1.252 yieldX (0.198), and subtracting from

7 2.142 yielddAD (1944) Thd/_\D + X, IA + X, andlA values
determined for gp45above (and verified in the steady state;
see below) were used as reference states for states E, F, G,

5

2p45%-gp44/62(2ATP) DNA

12
gp45H~gp44/62~DNA—T> gp45™gp44/62

Il — gp43 .
s I DNA H, and M, and théap + X, I + X, andla values determined
epdShepd4/62-DNA-gpd3 for gp43' above (and verified in the steady-state; see below)
were used as reference states for states I, J, K, and N.
9 1 Because of the possibility of accumulated errors in these
opd5"gpad/62 DNA-gpd3 measurements, thgo/Ia ratios for states D, H, and K were
independently measured in the steady state, yielding 1.715
100 ]\, gpas/62 + 0.085, 1.841+ 0.092, and 2.004- 0.106, respectively,
gp45K.DNA.gp43%> gpds™ gpa3 all of which are within experimental error of the stopped-

flow measurements (average deviation of 2.4% from stopped-
flow measurements).

Since we are not collecting intensity data in the stopped- The transfer efficiencies shown in Tables-3 for the
flow experiments, we use the normalized fluorescence valuesvarious intermediate states of gp45 during holoenzyme
obtained above to modify tHgp andl values of a reference ~ assembly were then determined from eq 1 to yield a total
state (a state where these parameters can be determine@inergy transfer efficiencyg) for the three gp45 subunit
absolutely, such as by using steady-state fluorescence tdnterfaces. The total energy transfer is the average of all three
obtain values for gp45 in complex buffer; the reference statessubunit interfaces in each gp45 trimer, whergandEc are
used were the stable intermediate states A, D, and H fromthe energy transfer efficiencies of the open and closed subunit
Scheme 1, see below) to yieldp and |, values for the interfaces, respectively. We have previously assumed that
intermediate states of holoenzyme assembly. Ffjéand ~ two of the three gp45 subunits are closed vih= 0.95,

DNA

F2% values should be directly related thp and I, an_d -that.the total transfer efficiency is relateql to the transfer
respectively. However, we have found tHe° and F2%° efficiencies of the open and closed subunit interfaces as

both contain a signal due to interprotein FRET from follows (22):
tryptophans on gp44/62 and/or gp43 to CPM-labeled gp45.
TheFiY andF3* values are therefore directly relatedi i@
+ X and In + X, where X is equal to the amount of
interprotein FRET. The magnitude ¥fcan be determined  assuming that the total energy transfer efficiency for multiple
by taking the difference betwedfy and Fo: the emis- donor-acceptor pairs on a single protein (in this case three
sion intensity of any isolated fluorophore changes with for gp45) is equal to the average transfer efficiency of the
excitation wavelength, but the Stokes shift remains constant.individual donor-acceptor pairs. Usingo, the W91 to
The normalizedemission spectra are therefore constant at V162C—CPM distance for the open gp45 subunit inter-
all excitation wavelengths2@), and normalized changes in face can then be calculated from eq 2. The W91 to V162C
I can be measured at any excitation wavelength for an CPM distances for the various states of holoenzyme assembly
isolated fluorophore. Exciting at 390 nm eliminates any for the one open gp45 subunit interface are shown in Table
contribution from interprotein FRET, arféhy is therefore 4.
directly related tda. Determination of I Values. K values were determined

To determind ap andl, values for the various transient by fitting the plot ofFap or Fa versus protein concentration
states (given the letters-AN in Scheme 1) observed in our (gp44/62 or gp43) with KaleidaGraph (Synergy Software,

Eo, = 3E; — 2E, 4)
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Table 5: ATPase Rates for ATRS. are located on opposite sides of the gp45 subunit interface,
and a FRET signal has been observed previously between
these two amino acids when V162C was labeled with an

observed rate

conditions (M 57 appropriate fluorophore2@, 31). The other gp45 tryptophan
_lFT'\%,\AAT:P”P'SJ“ 250 nM gp44/62+ 250 "M gp45 94 (W198) was mutated to a nonfluorescent phenylalanine to
+2mMATP 14 simplify the interpretation of the FRET data. In some cases,
1 mM ATP + 250 nM gp44/62+ 250 nM gp45 21 the W91F/V162C/W198F mutant was used to provide a gp45
250uM ATP-y-S+ 250 nM gp44/62+ 250 nM & mutant free of fluorescent tryptophan. We have previously
N g_%“;pZASTOP”M DNA 170 used the V162C/W198F mutant labeled with the fluorescent
+5mM ATP 223 acceptor coumarin (CPM) to determine that gp45 is an open
1 mM ATP + 250 nM gp44/62+ 250 nM gp45+ 346 trimer in solution, having one open subunit interface with a
250 nM DNA W91 to V162C-CPM distance of 3538 A and two closed

aThe coupled spectrophotometric ATPase assay is described in detailsubunit interfaces with W91 to V1628CPM distances of
elsewherel9). The reproducibility of the data is abaifl 0%. Different 19 A (22). W91 and V162C are not the closest amino acids
stocks of DNA tend to give different observed raté$)(°Equal to  40r0ss the subunit interface. Our previous model of gp45
the background rate of NADH oxidation. . . . . g
open in solution Z2) places the closest amino acid side
chains about 28 A apart across the open subunit interface.
Reading, PA) to the following quadratic equation: In the present study, we have observed the changes in the
W91 to V162C-CPM FRET signal upon interaction with
-1 other holoenzyme components to develop a kinetic scheme
mex for the holoenzyme assembly process (see Scheme 1; the
Ay ) distinct states observed during the holoenzyme assembly
(A, + B, + K — \/(AT +B, + Kd)2 — 4AB; process haye been assigned the letterdlAwnhile the kingtic
(5) steps leading between these states have been given the
2 numbers +13) and measure the W91 to V162CPM
distance of the open gp45 subunit interface during and after
holoenzyme assembly. We have observed more intermediate

upon saturation)Ar is the total concentration of gp45S  giang than were observed in a previous study using gp45
(constant), andr is the total concentration of gp44/62 or |5peleqd with an environmentally sensitive fluorescent probe
gp43 (varied). (15).

ATPase Assa:ijhe(;:oupled specltroghotome(tlric AThPase Equations 1, 2, and 4 were used to determine W91 to
assay was conducted as previously descri . The e
abilit))// for ATP to displacg ATPy-Sy from glﬁwf/géz Wwas V162C—_CPM dis_tances of the open gp45 subunit interface
investigated as follows: 250 nM gp45, 250 NM gp44/62, for thf—) mtErmedlate states dunngOl rolor?nfclyme assembly,
and ATP»-S (with or without 250 nM DNA) were incu- ~ 'eauiring the measurement bfp andl,, the fluorescence
bated, and the rate of hydrolysis was measured (presumablynténsities of the acceptor (CPM) in the presence and

due entirely to background NADH oxidation). ATP was then @PSence, respectively, of the donor (W91) upon excitation
added in aliquots, and the new rate of hydrolysis measured.°f the donor (290 nm). V162C/W198fCPM and W91F/
Addition of ATP and mixing took about 30 s, and a new Y162C/W198FCPM were used to determirigo andla,
steady-state ATPase rate was achieved within 1 min of ATP "€Spectively. However, tryptophans from gp44/62 and gp43
addition. Observed rates of ATP hydrolysis are shown in Were found to contribute a small amount of interprotein
Table 5. FRET. Three measurements were therefore necessary to
Simulation of Holoenzyme Assembly and Disassembly.dEtermi”e'AD anggLA without any contributions from inter-
Stopped-flow FRET traces (V162C/W198EPM with protein FRET: F,5, the normalized change in fluorescence
excitation at 290 nm) were simulated using the PC version for V162C/W198F-CPM excited at 290 nmFz”, the
of KinSim or KinTekSim version 2.0330) using the normalized change in fluorescence for W91F/V162C/W198F
mechanism shown in Scheme 1 and the parameters listed irCPM excited at 290 nm, arfeb™°, the normalized change in
the figure legends (taken from Tables-3 and 6). The  fluorescence for W91F/V162C/W198FEPM excited at 390
simulated rate constants were optimized and then individually nm. These three terms were convertedago + X, 1a + X,
varied to determine how important their exact values were and |, respectively, wher&X is the amount of interprotein
to the quality of the simulation. Table 6 shows the ranges FRET, andiap andl found by the appropriate subtraction
over which the individual rate constants yielded satisfactory (see Experimental Procedures). We have assumed that the
simulations. Steps were considered to be irreversible whenW91 to V162C-CPM distances across the two closed gp45
inclusion of a reverse rate constant decreased the quality ofsubunit interfaces (19 A) as well as the transfer efficiencies

FppOrFa=1+

whereFmax is the maximum normalized fluorescence (achieved

the simulation regardless of its value. of these two closed subunit interfaces (0.95) are unchanged
during the holoenzyme process, and therefore, all changes
RESULTS AND DISCUSSION in transfer efficiency and W91 to V1626CPM distance are

Investigating the Kinetics of gp45 Opening and Closing. aftributed to the one open gp45 subunit interface.
We have used the gp45 mutants V162C/W198F and W91F/ Interaction of gp45 and gp44/62 in the Absence of ATP.
V162C/W198F to follow the opening and closing of the gp45 The first step of the holoenzyme assembly process, interac-
ring during the bacteriophage T4 DNA polymerase holo- tion of gp45 and gp44/62, was investigated by stopped-flow
enzyme assembly process. The V162C and W91 positionsFRET as shown in Figure 1A. Syringe A, containing &
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Table 6: Holoenzyme Assembly and Disassembly Simulation Parameters

forward rate reverse rate

stef process constarft constartt

1 gp43 + gpa4/62<> gpaF-gpaal62 156-200uM st 65-85s*t
2 gpaB-gpa4/62<> gpdS-gpaa/62 106-110 st 50-60 st
3¢ gp45-gpa4/62— gpaP-gpaal62 5.56.0s? d
4 gp4®-gpd4/62+ DNA <> gpd5-gp44/62DNA 60—80uMtst 2-5st
5 gp45%-gpa4/62DNA — gpa5-gpa4/62DNA 175-225 st d
6 gp45-gpa4/62DNA < gpa5-gpa4/62DNA 4.0-45s1 0.25-0.50 st
7° gp45°-gp44/62DNA — gp4Bl-gp44/62DNA 0.25-0.30 st d
8 gp458-gp44/62DNA + gp43< gp43-gp44/62DNA-gp43 406-600uM~tst 10-30st
9 gp43-gp44/62DNA-gp43<> gp45-gp44/62DNA-gp43 306-500 s* 15-35s?

10 gp458-gp44/62DNA-gp43— gp45-DNA-gp43+ gp44/62 16-20s? d

11 gp4%-gpa4/62— gp4s--gpa4/62 0.304s? e

12 gp4s-gp44/62DNA — gp48'-gp44/62+ DNA 0.10-0.15s* e

13 gp4%-DNA-gp43— gp45'-gp43+ DNA 0.01-0.05 st e

a Steps are shown in SchemePData ranges indicate values that yield a satisfactory simulation. Values outside these ranges significantly affect
the quality of the simulatiort ATP hydrolysis assigned to this stefdrreversible; including a reverse rate constant always decreased the quality

of the simulation? Assumed to be irreversible.
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Ficure 1: Interaction of gp45 and gp44/62 in the absence of ATP.
(A) Stopped-flow FRET data (light line) of 2M V162C/W198F
CPM versus «M gp44/62 in complex buffer with an excitation
wavelength of 290 nm. The dark line is a fit to a single-exponential
process yielding an observed rate constant of7Q6 s. (B)

Normalized fluorescence versus final gp44/62 concentration after

mixing. Data (circles) were fit (line) using eq 5 to yield a maximum
fluorescence of 1.166- 0.032 and &g of 1.2 + 0.6 uM.

V162C/W198FCPM in complex buffer, and syringe B,
containing 2uM gp44/62 in complex buffer, were mixed in

the concentration of gp44/62 caused very little change in
the observed rate constant (values between 59 and78 s
over the range of 0.252.5uM final gp44/62 concentration),
but the normalized fluorescence increased with increasing
gp44/62 concentration (see Figure 1B). Likewise, increasing
the V162C/W198FCPM concentration did not change the
observed rate constant, confirming the first-order kinetic
nature of the change in CPM fluorescence. The normalized
fluorescence versus gp44/62 concentration plot was fit to
eq 5, yielding an observedy of 1.2 + 0.6 uM and a
maximum normalized fluorescencdéq(,y) of 1.166+ 0.032

(the fluorescent parameters reported here for gp45 and gp44/
62 interacting in the absence of ATP are not listed in Table
1, although the gp45parameters listed there for gp45 and
gp44/62 interacting in the presence of ATP represent an
analogous state). THgp + X value for this process is 2.157

=+ 0.059 [the product ofsp + X for gp458* determined in

the steady state (1.85) and 1.166; see Experimental Proce-
dures]. It has been previously shown by photo-cross-linking
that gp45 and gp44/62 interact without the requirement for
ATP (32).

The insensitivity of the observed rate constant to the gp44/
62 and V162C/W198FCPM concentrations suggests that
the initial gp44/62 binding event (step 1, Scheme 1, leading
to gp4® but in the absence of ATP) is faster than a
subsequent conformational change first order in the Bp45
gp44/62 complex (step 2, Scheme 1, leading to §da%
in the absence of ATP). To verify this suggestion, we
simulated steps 1 and 2 of Scheme 1 using the program
KinSim (30). The kinetic parameters were those found below
for simulation of V162C/W198FCPM versus gp44/62 and

a stopped-flow reaction analyzer in fluorescence mode with ATP (ki = 175uM~*s7%, k1 = 75 5%, k, = 105 s, and
the excitation wavelength set at 290 nm and emission K-> = 55 s'; see Table 6) and fluorescent parameters found

detected using a 420-nm cutoff filter such that only CPM

above (gp45 = 1.000, gp45 = 1.000, and gp45= 1.166).

fluorescence was observed (from FRET and direct CPM The gp45 concentration was held constant atM, while
fluorescence). Mixing caused the contents of the two syringesthe gp44/62 concentration was varied from 0.25 to,&6

to be diluted by half to uM. The CPM fluorescence was
seen to increase with an observed rate constant of 16
s ! (see Table 1 in Supporting Information for a full listing

of observed kinetic parameters) and a normalized fluores-

cence Fiy, see Experimental Procedures) of 1.063

0.007 [assumingay of the starting state, V162C/W198F
CPM in complex buffer (gp4%5 Scheme 1), is 1.0]. Altering

Fitting the simulated data the same way as the experimental
data were fit above yielded observed rate constants from 74
to 97 s, matching the behavior of the experimental data.

The changes in thia + X andl terms during this process
were investigated by using the W91F/V162C/W198FPM
mutant and repeating the above experiment. Very similar
observed rate constants (see Table 1, Supporting Information)
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to those above were obtained with excitation at either 290
or 390 nm (to determin&, + X andla, respectively). The

Ia + X value was found to be 1.24% 0.020, while thela
value was found to be 1.058 0.003. TheX andlxp values

for gp45° in the absence of ATP were therefore found to be
0.182+ 0.020 and 1.975% 0.062, respectively, and thgo/

Ia ratio was found to be 1.86% 0.059. The changes in
fluorescence leading to gp%are therefore due entirely to
changes in interprotein FRET (from gp44/62 tryptophans)
and changes in CPM environment rather than changes in
intraprotein FRET (from W91 on gp45 to V162CPM), 114
and the W91 to V162€CPM distance is nearly unchanged
(39 rather than 40 A). The change in CPM fluorescence in
step 2 may be due to a conformational change in gp44/62
that leads to movement of gp44/62 tryptophans relative to
CPM on gp45.

Interaction of gp45 and gp44/62 in the Presence of ADP
or ATP«-S. The experiment above with V162C/W198F
CPM and gp44/62 was repeated except that syringe B also 102
contained 2 mM ADP or ATB~S. Neither of these 1.00 ; ; . . .
nucleotides are hydrolyzed by gp44/62, but gp44/62 has been 0.00 050 100 150 200 250 3.00
shown to bind nonhydrolyzable analogues of APB)( For Concentration (uM)
both mutants (excitation at 290 and 390 nm) and both ggyre2: Interaction of gp45 and gp44/62 in the presence of ATP.
nucleotides, similar first-order increases in CPM fluorescence (A) Stopped-flow FRET data (light line) of 2M V162C/W198F-
were observed as without nucleotides. The observed rateCPM versus M gp44/62 and 2 mM ATP in complex buffer with
constants and maximum changes in CPM fluorescence were" excitation wavelength of 290 nm. The dark line is a simulation

-, . using steps +3 and 11 of Scheme 1, kinetic parameters from Table
very similar to those for gp44/62 in thg absence of ATP as ¢ (klg: 15?0_200#,\/'_1 s1 k., = 65-85 §1’i2 —100-110s?,
reported above (see Table 1, Supporting Information). ko, = 50-60 S, ks = 5.5-6.0 s, andky; = 0.3-0.4 59, and

Interaction of gp45 and gp44/62 in the Presence of ATP. fluorescent parameters from Table 1 (gf45 1.000, gp4S =
When syringe B contained 2 mM ATP, the results of the 1,000, gpds5 = 1.158, gpd3 = 0.999, and gps= 1.152). (B)

. . Normalized fluorescence versus final gp44/62 concentration after
above experiments were very different. For the V162C/ nixing. Data (circles) were fit (line) using eq 5 to yield a maximum

W198FCPM mutant, the initial increase in CPM fluores- fluorescence of 1.158 0.013 and &g of 0.594 0.17 uM.

cence was observed, but a subsequent decrease in CPM

fluorescence was also observed (Figure 2A). Mixing\2 to be 0.08-0.21uM? (22, 31)] and complicate FRET-based
each V162C/W198FCPM and gp44/62 with ATP yielded distance measurements. A previous investigation measuring
observed rate constants of 8119 and 3.6+ 1.0 s'%, with changes in fluorophore environment on gp45 during the
a normalized fluorescence valugs}) for the first change ~ holoenzyme assembly process found that at 250 nM gp45,
(step 2, Scheme 1) of 1.066 0.007, and a normalized Vvarying the gp44/62 concentration yielded changes in the
fluorescence value of the second change (step 3, Scheme 19bserved rate constants5). Thelap + X values for states

of 0.996+ 0.007 (both starting from 1.0). Altering the gp44/ C and D were found to be 2.1420.020 and 1.84& 0.011.

62 concentration did not change either of the two observed The absolute requirement for ATP to observe the second
rate constants, but as before, the normalized fluorescence ofhange in CPM fluorescence suggests that ATP hydrolysis
the first change in CPM fluorescence increased with increas-is occurring in this step (step 3, Scheme 1).

ing gp44/62 concentration (Figure 2B). The normalized  When this experiment was performed with W91F/V162C/
fluorescence values for the first change in CPM fluorescence W198FCPM with excitation at 290 nm, two changes in
were fit to eq 5 yielding an observéd, of 0.59+ 0.17uM normalized fluorescence were observed as before, with the
and Fpax 0f 1.158+ 0.013 (see Table 1). Thisy value is amplitude of the first change in CPM fluorescence larger
similar to the one determined above in the absence of ATP than the second. The observed kinetics were very similar to
(1.2 uM). The second change in normalized fluorescence those observed above for V162C/W198EPM (see Table

for V162C/W198FCPM versus gp44/62 and ATP, how- 1, Supporting Information). Thésp/la ratios for states C
ever, was not altered with different gp44/62 concentrations and D (see Scheme 1) were found to be 1.84@.028 and
(0.999+ 0.006 for six gp44/62 concentrations from 0.25 to  1.7634= 0.015 (see Table 1). As was observed for dpib
2.5uM), suggesting that gp45 was quantitatively converted the absence of nucleotides, g4 the presence of ATP

to this second new conformational state (gp4Scheme 1). and gp43 have nearly identical distances across their open
Doubling the V162C/W198FCPM concentration did not  subunit interfaces (41 versus 40 A), but gp4fas had its
change either of the observed rate constants, confirming thatsubunit interface opened to a distance larger than in fyp45
both changes in CPM fluorescence were first-order. We [>45 A, see Table 4; the open subunit interface distance is
chose not to decrease the V162C/W19&PM concentra-  greater than 1.4%, the upper limit for accurate measurement
tion because we were concerned that at lower concentrationf distances by FRET2@)]. gp44/62 has coupled ATP
gp45 would begin to dissociate into monomers [we have hydrolysis to gp45 ring opening in the step preceding
found the cooperative dissociation constant for gp45 trimers interaction with DNA.
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The stopped-flow data for V162C/W198EPM excited
at 290 nm F2Y) were simulated using the mechanism
shown in Scheme 1 to obtain forward and reverse rate
constantsKq values, andeq values (see Table 6). This data
set was chosen because it contains the largest amount of
fluorescent information (changes in interprotein and intra-
protein FRET as well as changes in CPM fluorescence). All 100 ‘ ‘ ‘ .
of the experimental data were successfully fit with the T 000 200 400 600 800 10.00
mechanism shown in Scheme 1. Since the initial binding Time (5)

events were often not observed by fluorescence, steps WeTecuRre 3: Interaction of gp4%gp44/62 complex formed in the

added to the mechanism (1, 4, and 8) to include these eventigresence of ATP with DNA. Stopped-flow FRET data (light line)
The simulated rate constants were all close to the observecof 2 uM V162C/W198F-CPM, 2 uM gp44/62, and 2 mM ATP
rate constants except when an observed rate constant includedersus 2«M DNA in complex buffer with an excitation wavelength
a binding event and a first-order conformational change. g]f é?:ge”r;“é Ihiir?gtrilé :C')g;'; gt;g“#'aa‘gﬁd(”ﬁ‘fg@ol_sé%mb@?gjz
However, the simulatedy values obtained for the binding Ka=2-5 5,1', ks= 175-225S1 ks = 4.0-4.5s7, k_f: 0.25-

events were close to current or previous experimental data.o.50 s, k; = 0.25-0.30 s, andk, = 0.10-0.15 s1), and

We have found that gp45 and gp44/62 bind with a fluorescent [larameters froT Table 2 (gBi% 1.000, gp45 =
simulatedKy of about 0.4uM (step 1, Scheme 1), similar to i‘of%%’_ﬂ's_ 1.130, gp45 = 1.200, gp43 = 1.180, and gp45
the observedy value determined above by eq 5 for gp45
and gp44/62 in the presence of ATP, in a process that does|ying the DNA concentration caused a decrease t& 13
not cause a change in CPM fluorescence or the W91 1051 (opserved second-order rate constant 0422 uM-1

V162C-CPM distance. A subsequent conformational change s1). The apparent second-order nature of the first change

in the gp45gp44/62 complex does not appreciably change i, cpM fluorescence suggests that it is due either to DNA
the W91 to V162G-CPM distance (4041 A; step 2, pinding or that DNA binding is limiting the observed rate
Spheme 1). Simulations found that this change_ls _rever&ble,constant of a subsequent conformational change. Kinetic
with a Keq 0f about 2.0 Kiowara Of 100-110 s, similar to simulations favor the latter explanation (see below). Curi-
the observed rate constant for the first change in CPM gy the normalized fluorescence valug&y) of this first
fluorescence for gp45 versus gp44/62 and ATP). The change in CPM fluorescence were unchanged for all three
nonhydrolyzable ATP analogues ADP or ATPS did not  pNA concentrations, suggesting that multiple clamps were
cause further changes in CPM fluorescence, but ATP cause§gaded onto a single DNA primer-template. Once the DNA
a decrease in CPM fluorescence with a simulated rate cqncentration in syringe B was lowered below 500 nM, the
constant of 5.56.0 s* (step 3, Scheme 1), similar to the  5malized fluorescence began to decrease, suggesting that
observed value of 3.6°8 We assign this process to ATP 5 maximum of four clamps could be loaded onto this DNA
hydrolysis on the basis of the requirement for a hydrolyzable g,pstrate. The site size of gp45 on DNA has previously been
form of ATP, the simulation showing that this step is ghown to be about 10 bi8®); the forked primer-template
irreversible, and the similarity of this rate constant to the ;seq in this study has 34 bp and 10 single-stranded bases
previously determined burst rate of §sor ATP hydrolysis  petween the biotin/streptavidin block and the DNA fork,
by gp44/62 in the presence of gp4B5). Two of the four  which would be expected to accommodate the 4 clamps that
total ATP molecules hydrolyzed by gp44/62 during holo- were observed to be loaded onto this DNA substrate. The
enzyme assembly are hydrolyzed at this s&).(The gp45  rate constants of the second and third changes in CPM
ring is reopened to a W91 to V162€CPM distance oF45  flyorescence were not dependent on the DNA concentration,
A concomitant with ATP hydrolysis. The further opening suggesting that they are first order and due to conformational
of the gp45 ring may be required to allow DNA to pass into changes.
the center of the gp45 ring in the next step of holoenzyme Repeating these experiments with W91F/V162C/W198F
assembly. CPM yielded similar results. Exciting at 290 nm yielded three
Formation of a gp45yp44/62DNA ComplexThe gp45- changes in CPM fluorescence (two increases followed by a
gp44/62 complex (formed in the presence of 2 mM ATP) decrease) with similar observed rate constants as above, while
was placed in syringe A and mixed with DNA [the forked when exciting at 390 nm only the first two increases in CPM
bio62/34/36 primer-template blocked with streptavidin used fluorescence were observed (see Table 2, Supporting Infor-
previously 6, 19)] placed in syringe B. Three processes were mation). Thelap/la ratios for states F, G, and H were found
observed when V162C/W198FCPM was excited at 290  to be 1.909+ 0.040, 1.941+ 0.025, and 1.914t 0.025
nm: two increases in CPM fluorescence followed by one (see Table 2), with W91 to V1626CPM distances of 35,
decrease in CPM fluorescence (see Figure 1, Supporting33, and 35 A (see Table 4), a sharp drop in distance from
Information, for fits of two and three exponential processes gp49.
to these data, as well as Figure 3 for simulation of these Simulation of the V162C/W198FCPM data showed that
data as described below). The observed rate constants weréhe DNA initially binds to the gp4%p44/62 complex (step
23+ 2,2.94 0.3, and 0.3 0.09 st when 2uM gp45°- 4, Scheme 1) with a simulated; of about 50 NM Krorward Of
gp44/62 with 2 mM ATP and 2M DNA were mixed (see  60—-80uM~! s, see Table 6), consistent with a previous
Table 2, Supporting Information). The first rate constant was observation 15), without causing a change in CPM fluo-
found to depend on the DNA concentration: doubling the rescence or W91 to V1626CPM distance (step 4, Scheme
DNA concentration caused an increase tatb4 s 2, while 1). Three subsequent conformational changes that altered the
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FiGURE 4: Interaction of gp45 and gp43. Stopped-flow FRET data Figure 5: Formation of the holoenzyme. Stopped-flow FRET data
(light lines) of 2uM V162C/W198FCPM versus (1) ZM gp43  (light line) of 2 uM V162C/W198FCPM, 2uM gp44/62, 2 mM

or (2) 2uM gp43A6 (a mutant missing the last six C-terminal amino ~ ATP, and 2uM DNA versus 2uM gp43 in complex buffer with
acids) in complex buffer with an excitation wavelength of 290 nm. an excitation wavelength of 290 nm. The dark line is a simulation
The dark lines are fits to single-exponential processes yielding using steps 810 and 13 of Scheme 1, kinetic parameters from
observed rate constants of 142 (gp43) and 18- 1 s (gp43A6). Table 6 ks = 400-600uM~1 s, k_g = 10-30 s, ko = 300
Because of the rapid interaction of gp45 and gp43, the dead-time500 s, k_g = 15-35 s°¢, kjg= 1020 s°%, andk;3 = 0.01-0.05

due to mixing (ca. 2 ms) can be seen at the beginning of the datas-1), and fluorescent parameters from Table 3 (dp45 1.000,
collection. gp48 = 1.000, gp45= 1.083, gp45 = 1.100, and gp45= 1.093).

W91 to V162C-CPM distance of the open gp45 subunit (X equal to 0.267; see Table 1) indicates that gp43 and gp45
interface were then observed, with simulated rate constantsare likely to be arranged close together such that one gp43
of 175-225 s (step 5, Scheme 1), 4Q1.5 s (step 6, tryptophan (or more) approaches V162CPM on gp45. The
Scheme 1), and 0.29.30 s (step 7, Scheme 1). Since low Ky value, the substantial conformational change upon
step 4 is slower than step 5, only a rate-limiting second- binding, and the large amount of interprotein FRET all
order process was observed experimentally. The first expo-suggest that gp45 and gp43 share a significant contact surface
nential fit to the data (2373 for 1 uM final gp45°-gp44/62 that is centered upon the interaction between the C-terminus
and DNA,; see Table 2, Supporting Information) is therefore of gp43 and the subunit interface of gp45.

a composite of the simulated rate constants for steps 4 and Interaction of gp45 and gp4$6. The C-terminal tail of

5. However, the simulated rate constants for steps 6 and 7gp43 has previously been shown to be essential for forming
are similar to the observed rate constants for the second andhe holoenzyme1(1), and the C-terminal tail of gp43 has
third changes in CPM fluorescence. Only the middle rate been shown to interact with the subunit interface of gp45
constant (step 6) required a reverse rate constant for(12). A mutant of gp43 missing the last six amino acids
successful simulation of the data. The rate constants for stepggp43A6) was investigated for its ability to interact with

6 and 7 bracket the burst rate of 1*dor ATP hydrolysis V162C/W198FCPM. The same experiment as above with
by gp44/62 in the presence of gp45, DNA, and AT, ( gp43 was conducted withu®1 V162C/W198FCPM in

19), implicating these steps, particularly the irreversible step complex buffer in syringe A and 2M gp43A6 in complex

7, as due to ATP hydrolysis. The binding of DNA triggers buffer in syringe B. Upon mixing, very little change in FRET

a subsequent conformational change and results in a contracwas observed (normalized fluorescence of 1.600.001;

tion of the W91 to V162€ CPM distance of the open gp45 Figure 4, curve 2). This mutant of gp43 does not cause the
subunit interface to 35 A, immediately followed by hydroly- open subunit interface of gp45 to close, providing additional
sis of ATP that leaves the W91 to V162CPM distance evidence that the C-terminus of gp43 is interacting with the
largely unchanged. gp45 subunit interface.

Interaction of gp45 and gp43The ability of gp45 and Formation of the Holoenzymelhe final state of the
gp43 to interact in the absence of gp44/62 or DNA was holoenzyme was formed by placing/1 V162C/W198F
investigated by placing 2«M V162C/W198FCPM in CPM, 2uM gp44/62, 2uM DNA, and 2 mM ATP in syringe
complex buffer in syringe A and mixing with 2V gp43 in A and mixing with 2uM gp43 in syringe B. Two increases
syringe B. A large increase in CPM fluorescence was found in CPM fluorescence were found (Figure 5), with observed
(Figure 4, curve 1) with an observed rate constant of £#42  rate constants of 93 22 and 8.5+ 2.0 s* (see Table 4,

8 s and a normalized fluorescenc&il) of 1.193 + Supporting Information) and normalized fluorescence values
0.004. Changing either the gp43 or V162C/W198EPM (F25) of 1.083+ 0.006 and 1.106 0.002. Decreasing the
concentration did not change the observed rate constant (seeoncentration of gp43 did not change the observed rate
Table 3, Supporting Information), but increasing the con- constants, suggesting that they are due to first-order confor-
centration of gp43 increased the normalized fluorescence.mational changes, but it decreased the normalized fluores-
Fitting the normalized fluorescence versus gp43 concentra-cence values of the changes in CPM fluorescence. With the
tion plot to eq 5 yielded an observéd of 48 + 27 nM and W91F/V162C/W198FCPM mutant excited at 290 nm, two
anFmaxof 1.263+ 0.010. The W91F/V162C/W198FCPM increases in CPM fluorescence were observed, but interest-
mutant yielded similar observed kinetic parameters (see Tableingly, excitation at 390 nm yielded an increase followed by
3, Supporting Information). Thésp/la ratio was found to a decrease in CPM fluorescence. The'l values for states

be 1.989+ 0.047 (see Table 1) with a W91 to V162C J and K were found to be 1.982 0.032 and 1.993% 0.026
CPM distance of 31 A (see Table 4), indicating that the (see Table 3) with W91 to V1626CPM distances of 31
interaction of gp43 with gp45 causes a substantial confor- and 30 A (see Table 4). The final W91 to V162CPM
mational change that results in closure of the open gp45 distance of 30 A is almost identical to the distance observed
subunit interface. The large amount of interprotein FRET in the gp45gp43 complex (31 A). The holoeznyme (state
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K, Scheme 1) has a significant amount of interprotein FRET
(X equal to 0.277; see Table 3) and is also nearly equal to
that found in the gp4®p43 complex. As with the gp45
gp43 complex, gp45 in the holoenzyme has undergone
substantial conformational reorganization relative to gp45
free in solution.

Since the C-terminus of gp43 has been suggested to be
inserted into the subunit interface of gp4®2), it is not 0.00 200 400 600 800 10.00
surprising that gp45 in the holoenzyme is not completely Time (s)
closed (the W91 to_ V162€CPM _dlstance would then be, FIGURE 6: Breakdown of the gp45gp44/62 complex formed in
19 A). The C-terminus of gp43 is largely unstructured in the presence of ATP. Stopped-flow FRET data (light line) of 2
the X-ray crystal structurel(), but may become structured uM V162C/W198FCPM, 2uM gp44/62, and 2 mM ATP versus
upon interaction with gp45. If it assumes arhelix, for 100 mM EDTA in complex buffer with an excitation wavelength
instance, the diameter of the C-terminus of gp43 would be of 290 nm. The dark line is a fit to a single-exponential process

. . - .~ yielding an observed rate constant of 0:860.01 s,

6 A plus the distance covered by the side chains, easily
accommodating the 11 A difference between gp45 in the
holoenzyme and a completely closed gp45 structure. The
similarity of the W91 to V162€-CPM distance and the
amount of interprotein FRET for the holoenzyme and the
gp45gp43 complex suggests that the protemotein con-
tacts within these complexes are similar, although the globa

conformations may change due to DNA binding. The precise constant of the breakdown of the gP4gp44/62 complex

spatial orientation of the holoenzyme awaits elucidation. (0.3-0.4 5% was found to be identical with a previous study
Simulation of the holoenzyme assembly data yieldéda  ysing an environmentally sensitive fluorophofé)(and is
for the interaction of the gp4%sgp44/62DNA complex with slower than any of the rate constants for the steps3(l
gp43 (step 8, Scheme 1) of about 40 nM (see Table 6) scheme 1) leading to formation of the complex, consistent
without a change in CPM fluorescence, followed by two steps \yith the burst of ATP hydrolysis observed previously with
that result in changes in CPM fluorescence. The first gp45 gp45 gp44/62, and ATP [since a step following chemistry
conformational change is reversible (step 9, Scheme 1), withig the rate-limiting step in the assembly and disassembly
a simulatedkiomwarga 0f 300-500 s?, and the second is process 15)].

irreversible (step 10, Scheme 1), with a simulated rate

constant of 16-20 s (similar to the observed rate constant igiékdzloz\llygzgfl\lfecogrr?lﬁsegxp?gr/r?]zea'\:ﬁ tﬁgmf(lgé'r-:—:: of
of 8.5 s’ for the second change in CPM fluorescence). Since %Fl)\IA V\?;)s mixed with ED'FF)A to follow its break%own Very
we find St.eggolo o be_ |rrev_erS|bIe and as_souate(_j \_N'th 2 Jittle change in CPM fluorescence was observed for this
decrease iffr, ", we assign this step to the disassociation of process for V162C/W198FCPM excited at 290 nm, and
gp44/62. In step 2 of holoenzyme assembly (the first . opange in CPM fluorescence was observed for WO1F/
conformational change when gp45 interacts with gp44/62), V162C/W198F-CPM excited at 390 nm. Only W91F/
there is an increase i that only decreases in steps 3 and y;15c/\W198F-CPM excited at 290 nm yielded significant
10. gp44/§2 gertalnly does not dissociate in step 3, so thechanges in CPM fluorescence that allowed an observed rate
def:re.ase I In step 1.0 suggests that gp_44/62 departgre IS constant of 0.05+ 0.01 s to be determined (data not
relu_avmg a prgwously |me§ed mcreasglm Proof of this ._shown). The simulated rate constant was found to be-0.10
assignment will require additional experiments, perhaps usingg 15 51 (see Table 6), while the rate constant for this step
fluorescent labels attached to gp44/62 or by quorescencewaS previously found to be 0.3'5(15). Thelao/Ia value of

polarization. gp48"-gp44/62 was found to be 1.935 0.025 (see Table
Breakdown of the gp#5gp44/62 ComplexThe gp45- 2) with W91 to V162G-CPM distance of 33 A (see Table
gp44/62 complex formed in the presence of ATP was mixed 4), values very close to those for the gp4fp44/62 complex.
with EDTA to follow its breakdown. EDTA complexes with  Likewise, the amount of interprotein FRET for states L and
magnesium and prevents the hydrolysis of ATP by gp44/ M are very close, further suggesting that the final states for
62. A single increase in CPM fluorescence occurred upon both the gp48-gp44/62 and gp45gp44/62DNA complexes
mixing, with an observed rate constant of 0:860.01 s! upon exposure to EDTA are indentical. The off rate of gp45
(step 11, Scheme 1; Figure 6). Changing the protein from DNA has the slowest rate constant in the overall p45
concentration did not cause a change in this observed rategp44/62DNA complex assembly and disassembly process
constant. Thdap/la ratio for gp4% is 1.933+ 0.009 (see  and is consistent with the observation of a burst of ATP
Table 1), indicating that gp45 has closed to a W91 to hydrolysis by gp44/62 in the presence of gp45, DNA, and
V162C-CPM distance of 34 A (see Table 4). Moving from  ATP [since a step following chemistry is the rate-limiting

Normalized Fluorescence

maintain an activated form of the gp4fp44/62 complex,

as was observed previoustyd 14). TheF3* term does not
change as much as expected, resulting in a shorter W91 to
V162C-CPM distance than anticipated, suggesting that the
Igp4E£r-gp44/62 complex is in a slightly different conforma-

tion than in the gp45gp44/62 complex. The simulated rate

state D to L causes an increase in #g., F5°, andF5° step in the assembly and disassembly proc&ssi@, 20)].
terms, resulting in a decrease in the W91 to V16ZIPM The simulated gp45 off rate is also consistent with the steady-

distance as would be expected if the activated §peypi4/ state rate of ATP hydrolysis by gp44/62 for a mixture of
62 complex formed by ATP hydrolysis relaxed to a ground- gp45, gp44/62, and DNA (346 nM~§ see Table 5).

state, gp4Slike (pre ATP hydrolysis) gp45gp44/62 com- Multiplying the simulated gp45 off rate by the gp44/62
plex when exposed to EDTA. ATP hydrolysis is required to concentration (250 nM) and four molecules of ATP hydro-
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lyzed per assembly and disassembly cyd® {ields 100~
150 nM s'1, comparable to the experimental rate.

Breakdown of the HoloenzymPlacing 2uM V162C/
W198FCPM, 2uM gp44/62, 2uM DNA, 2 uM gp43, and
2 mM ATP in syringe A and mixing with EDTA in syringe
B yielded very little change (data not shown), similar to the
breakdown of the gp45gp44/62DNA complex. Thelap/
I ratio for state N was found to be 1.9980.028 (see Table
3), and the W91 to V162€CPM distance unchanged at 30
A (see Table 4). The gp4§p43 complex has alnp/lA ratio

Biochemistry, Vol. 39, No. 11, 200087

Further investigation made use of a coupled spectropho-
tometric ATPase assayl ), in which ATP hydrolysis is
coupled to NADH oxidation and a change in absorbance at
340 nm. Complex buffer containing 250 nM wild-type gp45,
250 nM gp44/62, and 1 mM ATR-S had a hydrolysis rate
of 4 nM s™* (see Table 5), equal to the background rate of
NADH oxidation in complex buffer. Addition of 2 mM ATP
resulted in a new steady-state ATPase rate of 14 nM s
nearly equal to the ATPase rate of 250 nM gp44/62 in the
presence of 250 nM gp45 and 1 mM ATP (21 nM)s This

of 1.989, suggesting that upon release from the holoenzymeneW steady-state ATPase rate was achieved within 1 min of

and in the absence of ATP hydrolysis, gp45 forms a complex

with gp43 rather than with gp44/62. The amount of inter-

ATP addition.
The gp45gp44/62ATP-y-S'DNA complex was also

protein FRET K equal to 0.248; see Table 3) also suggests investigated for its ability to compete ATRS with ATP.
an interaction with gp43 rather than gp44/62. The observed Stopped-flow FRET yielded very little change in FRET when

Kq values determined above (43 nM and L for gp43

mixing 1 equiv of a gp45yp44/62ATP-y-S-DNA complex

and gp44/62, respectively) are likewise consistent. Becausewith 1 equiv of ATP. The coupled spectrophotometric
of the small changes in CPM fluorescence, rate constantsATPase assay was much more insightful: 250 nM gp45, 250

were difficult to assign to this step. Simulation yielded a
rate constant of 0.010.05 s! (see Table 6) for the

nM gp44/62, 250 nM DNA, and 25QM ATP-y-S had a
background rate of 4 nM3, and upon addition of 2.5 mM

breakdown of the holoenzyme. The rate constant for this stepATP, the rate only increased to 170 nM'gsee Table 5;
has previously been shown to be between 0.002 and 0.03250 nM gp45, 250 nM gp44/62, 250 nM DNA, and 1 mM

s 1 (5, 13, 34). The simulated rate constant for breakdown

ATP yielded a rate of 346 nM$). Addition of 20 equiv of

of the holoenzyme is also consistent with the steady-stateATP yielded a rate of 223 nM3, about two-thirds of the

rate of ATP hydrolysis by gp44/62 for a mixture of gp45,
gp44/62, DNA, and gp43 [about 10-fold lower than for a
mixture of gp45, gp44/62, and DNA, 20 nMsas previously

reported 19)]. Multiplying the simulated rate constant for

rate with ATP alone. As above, all of these new steady-
state rates were achieved within 1 min of ATP addition.
These observations are in contrast to what has been observed
with the E. coli DNA replication system, where the

holoenzyme breakdown by the gp44/62 concentration (250 COmplex can be trapped in a nonproductive form with ATP-

nM) and four molecules of ATP hydrolyzed per holoenzyme
assembly and disassembly cyclg)yields 10-50 nM s,
again comparable to the experimental rate.

Interaction of the gp45Sgp44/62ATP-+-S Complex with
DNA. The importance of ATP hydrolysis in forming the
gp458'-gp44/62DNA complex was investigated by substitut-
ing ATP-y-S for ATP. When uM V162C/W198FCPM,

2 uM gp44/62, and 2 mM ATB~S were placed in syringe
A and mixed with 2uM DNA in syringe B, a decrease in

y-S that requires hours for ATP to be exchanged with ATP-
y-S (18).

CONCLUSIONS

In this paper, we have used stopped-flow FRET to
investigate the opening and closing of the gp45 ring during
bacteriophage T4 holoenzyme assembly. Assembly of the
holoenzyme is an ordered proceds<(15), and different
assembly states (designated with the letterd\Bin Scheme

CPM fluorescence was observed (data not shown) with an1) can be observed by deleting one or more of the necessary

observed rate constant of 246 0.3 s and a normalized
fluorescence of 0.964t 0.005 (starting from 1.0). The

components of the holoenzyme. The kinetic parameters of
the assembly and disassembly process (the forward and

direction of the change in CPM fluorescence is opposite to reverse rate constants for stepsiB in Scheme 1) were
that observed with ATP and suggests that a nonproductivedetermined by simulating the experimental stopped-flow

complex has formed, indicating that ATP hydrolysis is
necessary to form the gpA%p44/62DNA complex. Our

traces, as shown in Figures 2, 3, and 5 and in Table 6. Good
agreement was found between many of the assembly rate

measurements cannot determine whether DNA is part of theconstants and all of the disassembly rate constants for this

above complex formed with ATR-S.

Competing gp44/6ATP+-S with ATP.To investigate
whether ATPy-S locks the gp4%p44/62 complex into a
stable, nonproductive form as is observed with Eheoli
DNA replication systemX7, 18), we mixed the gp4%yp44/
62:-ATP-y-S complex with 1 equiv of ATP (data not shown).

fluorescent method with previous kinetic measurements.
Distances between W91 and V162CPM, two amino acids
that lie on opposite sides of the gp45 subunit interface, for
the open gp45 subunit interface in the various gp45
conformations during the assembly of the holoenzyme were
determined according to egs 1, 2, and 4 using the magnitude

An increase in CPM fluorescence was found, as would be of the changes in CPM fluorescend&id, F1™, andFR")
expected for formation of the ATP hydrolysis-dependent and are shown in Table 4.

gp43-gp44/62 complex, with an observed rate constant of

0.82+ 0.02 s*. This was consistent with near quantitative
formation of the gp4%gp44/62 complex: the normalized
fluorescence was 1.02k 0.001 (assuming a starting value
of 1.089, the end point of 2M V162C/W198FCPM versus

2 uM gp44/62 and 2 mM ATB~S), where 0.999 is the
expected normalized fluorescence of gpfp44/62.

The transfer efficiencies shown in Tables4 are model
independent, but the distances shown in Table 4 rest on an
assumption about the values of the terms that comitise
(¢, ¥3, andJ). Because of the tryptophans present in gp44/
62 and gp43, the values of the terms compridfagannot
be determined for intermediate states of gp45 during holo-
enzyme assembly. Due to this limitation, we assume that
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the values oR, and its component terms calculated for CPM-
labeled gp45 in complex buffer do not change during the

Alley et al.

Of considerable interest is the effect of the polymerase
on the W91 to V162€ CPM distance in the open subunit

holoenzyme assembly process, and as a result, these valuggsterface of gp45. These two proteins form a binary gp45

have been used for determination of all intermediate W91
to V162C-CPM distances. The following data support this
assumption. In state A, we have determifido be 31 A
(22) and the W91 to V162ECPM distance of the open gp45
subunit interface to be 40 A (Table 4). If the W91 to
V162C—CPM distance of the open subunit interface in the
final holoenzyme complex (state K) is 40 A as well, rather
than 30 A as shown in Table &, would then have to

gp43 complex with &y of 48 nM and cause a closure of
the open gp45 subunit interface from 40 to 31 A. This is
nearly the same W91 to V162€CPM distance (30 A)
observed in the holoenzyme complex with DNA (gp45
DNA-gp43), suggesting that the expenditure of ATP is
primarily to position the holoenzyme on DNA so as to ensure
processive DNA synthesis. In both cases, gp45 undergoes a
substantial conformational reorganization upon binding to

increase to 41 A (using eq 4, the energy transfer efficiency gp43, but the contact surface between the two proteins

of the open subunit interface for state K is 0.527, and using
eq 2,R, would need to be 41 A to yield a W91 to V162C
CPM distance of 40 A). Thaterm (overlap integral) cannot
yield such a change iR,: a 20-nm change in the tryptophan
emission maximum (a change in the Stokes shift) only
changesR, by up to 1.5 A, and moving to a more
hydrophobic environment (as would be expected if in a
multiprotein complex) actuallglecreases R The quantum
yield (¢pp) of tryptophan in a protein generally does not
exceed 0.235), and increasing to this value in the present
case would only increask, by 2 A. The«? term is very
difficult to directly measured6), but CPM-labeled gp45 in
complex buffer was found to possess freely rotating tryp-
tophan and CPM22), which allows the assumption af
equal to?3 and would yield an error iR, of less than 10%
(28). We have found that CPM in V162C/W198EPM
freely rotates during all stable intermediate states of holo-

enzyme assembly [the steady-state CPM anisotropy varies
between 0.22 and 0.32 (data not shown), consistent with free

rotation of CPM]. The largest change #A would occur if
the donor tryptophan is completely rigidified in the inter-
mediate states of holoenzyme assembly, in that case varyin
betweent/; and“/; (26) and yielding a maximal change (an
increase or decrease) Ry, of only 4 A. These individual
changes or their accumulation could only partially account
for the changes in the W91 to V162CPM distances that

are reported in Table 4. We therefore feel that the distances
shown in Table 4 are reliable representations of the dynamic

nature of gp45 during holoenzyme assembly.
The two steps that we have assigned to ATP hydrolysis

appears to be similar in the two complexes. This closure of
the open subunit interface is not observed with the gy#3
mutant that lacks the final six C-terminal amino acids,
providing supporting evidence for the importance of the
C-terminus of the polymerase in the formation of a produc-
tive holoenzyme. The intrusion of the C-terminus of gp43
into the open gp45 subunit interface apparently prevents
further closure of this subunit interface to the W91 to
V162C—CPM distance of 19 A representative of a com-
pletely closed gp45 subunit interface. The observed rate
constant of the second ATP hydrolysis step (step 7, Scheme
1) is very close to that of the reported rate-limiting step for
holoenzyme assembly,(15). Since we find that this step
does not involve opening or closing of gp45, we note that
the rate-limiting step for holoenzyme assembly is due to a
proposed conformational change in gp44/62, rather than due
to a previously proposed conformational change in gp45.
The affinity of the holoenzyme for the DNA can be
estimated from the values shown in Table 6. The simulated
off rate (step 13, Scheme 1) is about 10 times slower than
the rate-limiting step for holoenzyme assembly (step 7,
cheme 1). However, the disassembly of the holoenzyme
as been shown to be governed by subunit exchadied
mechanism that is different than the assembly mechanism
shown in Scheme 1. Because the assembly and disassembly
mechanisms are not microscopically reversiblgs@annot
be absolutely assigned. However, the off rate following the
same pathway as assembly must be disfavored relative to
the subunit-exchange pathway and therefore much slower
than the rate of subunit exchange. The simulated off rate
can then be treated as an upper limit for the rate of the

(steps 3 and 7, Scheme 1) represent only a fraction of themicroscopically revesible pathway, yielding Ky for the
total distance covered by the opening and closing of the gp45holoenzyme for DNA of probably much lower than 5 nM
subunit interface. This is unexpected, since it has been(theK, of the gp45-gp43 interaction multiplied by the ratio

proposed that ATP hydrolysis is responsible for powering

of the off and on rates from DNA). Our results are consistent

gp45 opening and closing. We instead suggest based on theyith a previous estimate of 2680 pM based on a different

information presented in this report that ATP hydrolysis is
powering conformational changes in gp44/62. Additional
experiments provide support for this suggestion: mixing a
nonfluorescent version of gp45 containing 4-fluorotryptophan
with gp44/62 and ATP and monitoring changes in tryptophan

holoenzyme assembly mechanisii,(34). TheKq of gp43

for DNA has been found to be 70 nN8§), so gp45 is serving
to increase the affinity of the polymerase for DNA by greater
than 10-fold concomitant with a significant increase in
processivity.

fluorescence, the gp44/62 tryptophan fluorescence was found The results obtained in the present study as well as

to change with an observed rate constant of about'5 s
(Daniel Sexton, Patrice Soumillion, and Stephen Benkovic,

previous studiesl3—15) on the mechanism of holoenzyme
assembly in bacteriophage T4 suggest an assembly mecha-

unpublished observations). This observed rate constant isnism that has differences from that®fcoli (16—18). In E.

almost identical to the rate constant for ATP hydrolysis in

coli, ATP binding is sufficient to form # clampy complex

step 3 of Scheme 1. Both gp44 and gp62 contain tryptophans DNA complex, with ATP«-S an acceptable substitute. We

so it cannot at present be determined which protein is

find that ATP+-S stalls holoenzyme formation several steps

undergoing changes in tryptophan environment concomitantbefore the analogous gp4fp44/62DNA complex. Ad-

with ATP hydrolysis.

ditionally, experiments in which DNA was added to the
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gp45gp44/62ATP-y-S complex did not result in fluorescent
changes in the direction associated with productive complex
formation. ATP hydrolysis by thg complex has also been
suggested to power complex release from thg clamp
DNA complex (8). Macroscopically, this is identical with
departure of gp44/62 at a step after ATP hydrolysis.
However, microscopically it is very different. gp44/62
remains bound to the gp4BNA complex and chaperones
the interaction with gp435). We have observed gp44/62
release three steps after the last ATP hydrolysis step. Finally,
unlike the stable, unproductive complex with ATPy-S
bound, gp44/6ATP-y-S associated with gp45 alone or with
both gp45 and DNA readily exchanges AJPs for ATP
within seconds.

Likewise, there are notable similarities between the
holoenzyme assembly mechanisms of bacteriophage T4 and
E. coli. The first is that ATP hydrolysis is not coincident
with all of the ring opening and closing events. In the
bacteriophage T4 mechanism, step 3 results in both ATP
hydrolysis and ring opening, while ring closing in step 5 is
not accompanied by ATP hydrolysis but follows in step 7.
The first ATP hydrolysis event is not the microscopic reverse
of the second: opening of the clamp occurs in the absence =
of DNA, while its closure occurs in the presence of DNA, gp43
S0 an energy requirement for both processes is not unreason- (from RB69)
able. In theE. coli mechanism, binding of ATP but not FIGURE7: Proposed holoenzyme assembly model. (A) Interaction
hydrolysis results in ring opening, while ring closing occurs ©f 9p45 and gp44/62 in the presence of ATP. Two molecules of

. ATP are hydrolyzed in a process that opens the gp45 ring,
after ATP hydrolysis-coupled departure of thecomplex corresponding to steps-B of Scheme 1. (B) Subsequent interaction

(17). The second is that the formation of the claciamp of DNA. Two additional molecules of ATP are hydrolyzed in a
loaderDNA complexes does not result in complete closing process that closes the gp45 ring, corresponding to stefisod

of the clamps. In bacteriophage T4, we find that gp45 will Scheme 1. (C) Subsequent interaction of gp43 and dissociation of
close about an additioh® A after the formation of the ?hp14/|62' Tr;ﬁ f'”aLQO!Oer}Zyme complex 'Sdf.ormte‘j 't” a pr‘]Zcess
gp458'-gp44/62DNA complex. Similarly inE. coli, the th:nﬁ):ef € gp4s ring further, corresponding to stepk0c

clamp has a solvent-accessible subunit interface infthe

clampy complexDNA complex (7). The L273C position  three subsequent conformational changes are observed (175
of the 5 clamp lies at the subunit interface but cannot be 555 4.6-4.5 and 0.250.30 s1), with ATP hydrolysis
labeled with eosin maleimide either free in solution or in & |iyked to the last change and resulting in gp45 being closed
complex with DNA (followingy complex release), suggest- -y, 5 w19 to v1626-CPM distance of 35 A (see Figure 78B).
ing that theg clamp subunit interface is completely closed Once again, this complex can either dissociate (95

at the 'mltlal and final states of the clampDNA complex s or bind to gp43 (forward rate constant of 40600M~*
formation. The complex between tReclamp andy complex 1 andKq of about 40 nM). Upon binding to gpd3, two

. . 3 d . y
formed with either ATP or ATR-S and thefi clampy subsequent conformational changes are then observed (300

complexDNA complex formed in the presence of ATRS .
can all be labeled with eosin maleimide, suggesting that these200 @nd 16-20 s7), and we propose that the last change is
due to dissociation of gp44/62 (see Figure 7C). The final

intermediate states of assembly have an ghbelamp subunit :
interface, analogous to intermediate gp45 assembly statesN0loeénzyme complex has a W91 to V162CPM distance

In summary, we have demonstrated by stopped-flow FRET of 30 A, and dissociates thh a simulated rate constant of
that the bacteriophage T4 DNA polymerase holoenzyme is 0-01-0.05 s*. ATP hydrolysis by gp44/62 accounts for only
assembled in the multistep process shown in Scheme 1 and fraction of the total changes in the W91 to V162CPM
diagramed in Figure 7. The gp45 sliding clamp begins open distance. We suggest that ATP hydrolysis by gp44/62 is
in solution (W91 to V162€-CPM distance of the open gp45 powering conformational changes in gp44/62 that optimizes
subunit interface of 40 A) and interacts first with gp44/62. its interaction with the next component (DNA or gp43)
In the presence of ATP, there is a binding event with a required for loading of the holoenzyme onto DNA, thereby
simulatedKy of about 0.4uM followed by fast (106-110 forming a complex capable of processive DNA synthesis.
s 1) and then slow (5.56.0 s'!) conformational changes.
The last change is linked to ATP hydrolysis (since the change ACKNOWLEDGMENT
is not observed in the absence of nucleotides or in the
presence of ADP or ATR-S) and results in gp45 being We thank Ismail Moarefi and John Kuriyan for providing
opened to a W91 to V1626CPM distance of greater than the X-ray crystal structure coordinates of gp45 before
45 A (see Figure 7A). This complex can then either dissociate publication, as well as Daniel Sexton, Patrice Soumillion,
(0.3-0.4 s'1) or bind to DNA (forward rate constant of 60 Charles Scott, David Millar, Mark Maroncelli, and Joseph
80uM~1 st andKq of about 50 nM). Upon binding to DNA,  Beechem for helpful discussions.

2ATP 2ADP
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SUPPORTING INFORMATION AVAILABLE

Four tables containing additional kinetic parameters and 15,

one

shown in Figure 3. This material is available free of charge 16

figure containing various multiexponential fits to the data

via the Internet at http://pubs.acs.org.

NOTE ADDED IN PROOF
M. M. Hingorani et al. [(1999EMBO J. 18 5131-5144]

recently reported a biphasic pre-steady-state burst of ATP

hydrolysis by theE. coli y complex in the loading of thg
clamp onto DNA, demonstrating a two-step sequential ATP

hydrolysis mechanism. These results were obtained using 20-
rapid quench methods employing a cold ATP chase, which

require tight binding of ATP for success. gp44/62 does not

bind ATP tightly, and therefore, a biphasic pre-steady-state 22.

burst would not be expected. Sequential hydrolysis of ATP

by gp44/62 was alternatively demonstrated by differences
in the magnitude of the burst in the presence and absence of 5

DNA.
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