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ABSTRACT. Examination by time-resolved fluorescence spectroscopy of the trimeric bacteriophage T4 clamp
protein labeled across its three subunit interfaces with a fluorescence resonance energy transfer (FRET)
pair indicates that the clamp exists in just one state in solution, with one open and two closed interfaces.
This is in contrast to what is observed in the X-ray crystal structure. The population distribution of the
trFRET distance is bimodal, giving 67% as 17 A and 33% as 42 A. This leads to the conclusion that gp45
exists in an asymmetric open state in solution. The further increase in the separation of the FRET pair in
the presence of the clamp loader and ATP may be ascribed to either further opening of the open interface
or the opening of a closed interface. The ramifications for replisome remodeling by this pathway are
discussed.

The X-ray crystal structures of the sliding clamps from absence of a closed form in solution, we have further
bacteriophage T4 and RB69,5), Escherichia coli(6), and examined the influence of the clamp loader (gp44/62) on
yeast ) have been solved. Despite limited primary sequence the clamp protein.
identity, all of these sliding clamps are circular, multimeric MATERIALS AND METHODS

proteins with a central opening large enough to accommodate __
duplex DNA @). Trimeric gp45 from T4 and dimerig Time-Resaled Fluorescence Spectroscofyhe labeled

clamp fromE. coli each have six domains with flexible ~9P45 was prepared as reported previouSly The mutant
connecting loops tethering these domains and are closed a@P44(KS6A)/62 was prepared previoush0). Stopped-flow
all of the subunit interfaces. However, using a mutant form €Xperiments were performed, and the measured values of

of gp45 (V163C/W199F), in which the introduced cysteine FRET efﬁcienc_y were converted to d_onencceptor distances

is derivatized with 7-diethyl amino-3-(naleimidy! phenyl)- as described in Trakselis et a9)(T|me-resqued quo_res-
4-methylcoumarin (CPMYwe have measured a fluorescence CENCe measurements were performed using the time-cor-
resonance energy transfer (FRET) signal between CPM and'€lated single-photon-counting method. Samples were placed
Trp-92 located on the opposite side of the gp45 subunit N a_temperature—controlled houslng atZdand repetltlygly
interface 2, 3). The FRET data were consistent with a model ©xcited by short pulses-2 ps width, 1.87 MHz repetition

of gp45, having one open subunit interface, with a W92/ rate) of vertically polarized laser light. The laser pulses were
V163C—CPM distance of 3538 A, and two closed subunit generated by a mode-locked titanium/sapphire laser (Coher-

interfaces, with W92/V163€CPM distances of 19 AWe ent Mira) operating at 885 nm, the output from which was
proposed that the distances probably were the average oPaSSEd through a frequency-tnplmg .system'to.generate 295
two equilibrating forms of gp45 in solution. We now describe NM pulses for excitation. The resulting emission was col-
measurements of the decay kinetics of the Trp-92 emission!€cted at 90 to the excitation beam, collimated by a lens,
arising from fluorophore-labeled gp45 (VX6EPM, W199F) and then passed through a polarizer oriented at the magic

and show that they are consistent with only one state of gp45,angle (54.7 from vertical). Fluorescence emission was
with one open and two closed subunit interfaces. Given the Monitored at 345 nm using a monochromator with a spectral
band pass of 16 nm, and photons were detected by a

" This work was supported by NIH Grants GM013306 (to S.J.B.) Microchannel plate photomultiplier (Hamamatsu R2809U-
and GM44060 (to D.P.M.). 01). The photomultiplier output was processed with standard
* To whom correspondence should be addressed. Telephone: (814)time-correlated single-photon-counting electronics. Fluores-

86?}2)&825'5%15 Qgﬁgiﬁfﬁ?ﬁﬁﬁtﬁt‘g‘_‘ ail: sjpl@psu.edu. cence decay curves were collected in 4096 channels with a

S University of Cambridge. time increment of 10 ps/channel. Data collection was
"The Pennsylvania State University. o terminated when 40 000 counts were in the peak channel of
" Abbreviations: CPM, 7-diethyl amino-3‘tnaleimidyl pheny)-  1he decay curve. The instrument response function was

4-methylcoumarin; FRET, fluorescence resonance energy transfer. . . .
2 The sequence of gp45 was corrected by Miller etBL (W91 and collected at 295 nm using light scattered from a dilute

V162 in previously published paperg, (3) are now W92 and V163.  suspension of nondairy coffee creamer.
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Time-Resaled Fluorescence Data AnalysiEme-resolved of FRET. In previous steady-state experiments, FRET was
fluorescence data were analyzed by a standard reconvolutiorobserved by measuring the sensitized acceptor emission
procedure 11) using nonlinear least-squares regressid). ( arising from excitation of the tryptophan dond).(Here,

The fluorescence intensity decay of T9@ in unlabeled  we extend these measurements by quantifying the effect of
V163C/W199F gp45 (donor-only decay) was fit to a sum the CPM acceptor on the fluorescence decay kinetics of the
of exponentials (eq 1), where is the amplitude of each  tryptophan donor. In principle, time-resolved measurements
can reveal different doneracceptor distances across each
of the three subunit interfaces.

Tryptophan was excited at 295 nm by a short laser pulse
(ca. 2 ps), and the decay of the resulting emission at 345
nm was recorded by time-correlated single-photon counting.
In the absence of the CPM acceptor, the Trp-92 emission
determined by Successive|y incrementing the valudl af exhibited a bieXponential decay, with a mean fluorescence
eql and eva|uating the goodness of fit using the red%éed lifetime of 2.93 ns (|nd|V|duaI lifetimes of 3.61 and 1.57 ns,
criterion. The mean fluorescence lifetime was calculated With corresponding decay amplitudes of 0.756 and 0.244,
according to eq 2. Equation 1 was also used to analyze therespectively). Generally, the existence of multiple fluores-

cence decay components for a single tryptophan residue is

attributed to different rotamers of the indole side chdig)(

In the presence of the CPM acceptor, the mean fluorescence

lifetime of Trp-92 was reduced to 1.01 ns and the intensity
d decay required 3 decay components for best fit. It should be

noted that the increased complexity of the donor decay in
the presence of the acceptor does not necessarily indicate
any change in the distribution of side-chain rotamers, rather
it reflects significant heterogeneity in the dor@cceptor
distance (see below). Regardless, the overall FRET efficiency

N

K(t) = Zla‘ e Un 1)

component and; is the corresponding decay time. The
minimum number of components required for best fit was

N
F= ) o

)

fluorescence intensity decay of Trp-92 in CPM-labele
V163C/W199F gp45. The FRET efficiencl, was calcu-
lated from the mean donor lifetimes in the abseriggl,] or
presencelipal) of the acceptor, according to eq 3.

Fpa
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t
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resulting value,E = 0.655, is in good agreement with
To extract distance information, the decay of Trp-92 in
N
Ioa(t) = ka JPRY « ex;{
=
fixed at the values determined above for the donor-only
donor-acceptor distance distribution was represented by aindicated by the value of the reducgd parameter %2 =
reflected in both the reducegf value §> = 1.4) and the
describe the shape of the distribution @t a normalization  gyonor-acceptor distance distribution is shown in Figure 1C.
were optimized for best fit. Donor decays were analyzed maximum probability) of 11.7 0.9 A. The minor species

E can be estimated from the mean donor lifetimes in the
presence and absence of acceptor, according to eq 3. The
The dO”OT decay in the presence of the. acceptor was aIS’Oprevious steady-state measurements of sensitized acceptor
analyzed using a model of doreacceptor distance distribu- emission )
tions :
acceptor-labeled protein was analyzed using a model of
donor—acceptor distance distributions (eq 4). For these fits,
the intrinsic donor lifetimes and decay amplitudes were kept
whereR, is the critical transfer distance from the Trp-92 protein. The tryptophan donor decay (Figure 1A) was initially
donor to the CPM acceptor an@(R) is the probability fitted with a single Gaussian distribution of doracceptor
distribution describing the donelacceptor distanc&. The distancesK = 1 in eq 4), but the resulting fit was poor, as
weighted Gaussian function 12.0) and a nonrandom distribution of weighted residuals
5 (not shown). However, a good fit was obtained using a
P(R) = ¢ exp(- a(R— b)) (5) bimodal distance distributionk(= 2 in eq 4), which is
where ac and by are adjustable parameters that together yyejghted residuals (shown in Figure 1B). The corresponding
constant. The intrinsic donor lifetimes and decay amplitudes The major species, accounting for 87 13% of the total
in eq 4 were fixed at the values determined from the donor- gonor population, has a mean doracceptor distance of
only decay, while the shape parametegsandbx in €9 5 1674 3.9 A and a distribution width (full width at half-
according to eq 4 using both unimodé&l=€ 1) and bimodal
(k = 2) distance distributions. The Eter distance for the
tryptophan/CPM pair is 31 A2).
RESULTS AND DISCUSSION
A mutant form of gp45 (V163C/W199F) containing a

(833%) has a mean doneacceptor distance of 422 3.0
A and a distribution width of 19.6- 0.9 A.

The results of the donor decay analysis indicate that two
gp45 subpopulations are present in solution, with signifi-
cantly different tryptophanCPM distances. Each distance
is described by a distribution rather than a single value,

single tryptophan residue (Trp-92) and a unique cysteine presumably because of the conformational flexibilities of the
residue suitable for attachment of a complementary FRET tryptophan side chain and the linker between the CPM moiety

acceptor, CPM, has been described previough3J. In a

and the labeled cysteine residue. In principle, the observed

gp45 trimer, a donor and acceptor lie on opposite sides of heterogeneity in the tryptophat€PM distance could arise
each of the three subunit interfaces, allowing for the from (1) incomplete labeling of the introduced cysteine with
measurement of the distance across these interfaces by mearGPM, (2) a mixture of monomeric and trimeric gp45 species,
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In a previous steady-state FRET stu@y, @ll three of the
subunit interfaces were constrained in a closed conformation
by the presence of disulfide linkages. The resulting FRET
efficiency € = 0.95) indicated a tryptopharCPM distance
of 19 A at each interface. However, a significantly lower
FRET efficiency E = 0.70) was measured for an uncon-
strained gp45 trimer. This discrepancy could indicate that
the disulfide cross links alter the natural distance across each
of the subunit interfaces. Alternatively, one of the subunit
interfaces may open in the unconstrained gp45 trimer, with
a correspondingly longer distance between the tryptophan
donor and CPM acceptor. The previous steady-state data
could not distinguish between these two possibilities. How-
ever, the present trFRET results clearly show that two
different subunit distances are present in the gp45 trimer.
Significantly, the short distance recovered by trFRET (16.7
+ 3.9 A) agrees well with the value obtained previously for
the constrained gp45 trimer, indicating that this distance
reflects closed subunit interfaces. The longer distance (42.2
+ 3.0 A) corresponds to an open interface. Hence, the
trFRET data directly reveal the presence of both open and
closed subunit interfaces in the gp45 trimer and quantify the

T tryptophan-CPM distance in each case.

c The previous steady-state data could not resolve whether
an open interface was present in all or just some of the gp45
trimers. This question is also answered by the present trFRET
results. First, we note that a trimer of three gp45 subunits
can be either fully closed or have one (and only one) open
interface. If fully closed, each of the tryptophan donors will
be associated with a short dor@cceptor distance. In the
open form, two out of three tryptophans will have a short
donor—acceptor distance. Hence, the fractional population
of the short-distance species will be 100 or 66.7% for the
closed and open forms, respectively. For a mixture of the
two forms, the fractional population lie between these values.
Experimentally, we find that 6% 13% of tryptophan donors

Distance (A) are associated with the short distance. Hence, our results
FiGURE 1: Tryptophan fluorescence intensity decay and denor indicate that all gp45 trimers have one open subunit interface
acceptor distance distribution analysis. (A) Time-resolved intensity in solution, although we cannot rule out the presence of a
decay of Trp-92 in the CPMV163C/W199F gp45 construct. The  small population of fully closed rings in view of the
tei\);g:tati(%r; wsiet';'t](iasdsi&g‘gﬁ;’g%”&g}ﬁ;ﬁé%f‘;?ig 33;59”{;1@ Li?f’ecexperimental uncertainty in the recovered fraction. This
decgy using agbimodal distribution of dOH{HCCBptgr distances.y behavior is different than what IS observed in the X-ray
(C) Corresponding doneracceptor distance distribution. The major crystal structure, where all three interfaces are fully closed
species (67 13%) has a mean doneacceptor distance of 16.7  (4). A model of the gp45 clamp based on our trFRET results
+ 3.9 /3\ and a distribution width (full V\_/idth at half—max_imu_m is shown in Figure 2.
B ot s . e sistance and dSbyton_Given the open form of the gpds lamp profei n sluion
respectively. the |mmed|a_te question tha_lt arises is the role of the cIamp—

loader protein, gp44/62, which consists of four gp42 subunits

and one gp62 and its requirement for ATP hydrolysis to
function (14). A comparison to th&. coli clamp loader, the

Rel. probability

0 10 20 30 40 50 60

or (3) different subunit distances within a single gp45 trimer.
The first possibility is ruled out by measurements of the y complex, whose structure has been determined, is instruc-
stoichiometry of CPM labeling, which indicate 100% labeling tive (15). In they complex, the subunits are arranged in a
of gp45 (results not shown). To exclude the second pos- circular heteropentamer comprised of thgesubunits that
sibility, the time-resolved FRET analysis was repeated acrossbind ATP, ad subunit that binds to and opens the clamp
a range of gp45 concentrations from 2 to 2M. The protein, 8, and ad' subunit that modulates the interaction
recovered fractions of the two doneacceptor species were  betweeny and 8. By sequence comparison, it is apparent
constant across this range, arguing against the possibility thathat gp44/62 lacks &' subunit. The opening of thg ring

the long distance (low FRET) species actually represents a(there is no evidence for an open form in solution) can
population of gp45 monomers. Hence, the most likely surprisingly be effected by alone (L6) or in the presence
explanation of our results is that the don@cceptor of ADP (17), leading to the experimentally supported
distances across the three subunit interfaces of a single gp4®onclusion that the three equivalents of ATP hydrolyzed by
trimer are inequivalent. they complex in the overall process of loading {herotein
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Ficure 2: Ribbon diagrams with added surfaces of gp45. (A)
Crystal structure of gp45. (B) Solution structure of gp45 showing a
static open interface 0f42 A and (C) rotated 90around they axis.

onto primed DNA allow the dissociation of thecomplex
from f already loaded onto DNA1Q, 19).
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Scheme 1
44/62(4ATP
ePA4G2AATP) 5m gp4sC gp4sP
gpasA gpa4/62 <—== gp44/62 gp44/62
(4ATP) (4ATP) _(2ATP)
(1) (2) (3)2Pi

of the gp45 ring (Scheme 1). Notably, the transition from
state C— D is associated with an increase in the subunit
interface distance. Previously, we found that the clamp loader
does not open the clamp further in the presence of ADP or
ATyS (1. To confirm that ATP hydrolysis is required to
open the clamp, we monitored clamp opening in the presence
of a catalytically inactive clamp loader (Gp44(K56A)/62)
(10) and a slow tight binding inhibitor (Alfj. Gp44(K56A)/

62 was found to bind but not hydrolyze ATP.

Notably, ADP K; = 20 uM) and ADP/AIR in the
presence of gp44/62 or gp44 (K65A)/62 do not promote the
transition from state € D. The calculated subunit interface
distance of gp45 was<40 A in all of the following
conditions: gp44/62/ADP, gp44/62/AY8, gp44/62/ADP/
AlF,4, and gp44(K56A)/62/ADP/AIE: Only the inclusion of
ATP opened the clamp interface t045 A. We conclude
that, unlike they complex and despite the presence of an
open form of gp45, this clamp loader functions through ATP
hydrolysis (not simply binding) to load the clamp onto DNA.

In the present study, we have also shown that gp45 is
statically open in solution of a distance large enough to
accommodate dsDNA. The question, of course, arises as to
why a clamp loader is needed in the first place. One possi-
bility is that the clamp loader acts to further increase the
separation at the open subunit interface upon hydrolysis of
ATP. The enlarged opening would provide for a greater
chance of the clamp docking onto DNA, akin to throwing a
horseshoe around a pole. Alternatively, the opening may be
blocked by another replisome component, in which case the
clamp loader may open one of the other subunit interfaces
to load the complex onto DNA. In fact, there is evidence that
gp45 and gp43 polymerase readily form a binary complex in
solution, most likely through the interaction of the C terminus
of gp43 with the open subunit interface in gp4a). Such
a complex can be loaded onto DNA by the clamp loader to
yield an active holoenzyme2®). Loading of the clamp
polymerase complex also suggests a solution to the problem
of delivering the clamp to the 8rminus of the primer through
its recognition by the polymerase. Although this pathway
for holoenzyme formation proceeds some 60-fold slower than
the one proceeding through a clamgamp-loader complex,
it may be predominant under certain conditions.

In view of the preceding discussion, it follows that the
observed increase in the subunit/subunit separation in gp45
during clamp loading may reflect the opening of one of the
closed interfaces of the clamp or an additional separation of
the open interface. The opening of a second interface on the
clamp protein by the clamp loader not only provides a way
to load the complex onto DNA but also to drive complex

On the basis of previous pre- and steady-state kinetic formation with an additional protein, such as the primase or

studies 2, 3, 9, 20), we suggested that ATP hydrolysis by

helicase accessory protein, when the holoenzyme is carrying

the T4 clamp loader accompanies the formation of a gp44/ out lagging strand synthesis. This mechanism will be the

62-gp45 complex, competent for clamp loading. Using CPM-
labeled V163C/W199F gp45, one could identify steps within
the kinetic sequence for clamp loading with opening/closing

subject of a future communication. The kinetically preferred
pathway, loading of the clamp protein by the clamp loader
onto DNA followed by complexation by the polymerase, may
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also require the opening of a second subunit interface rather
than further separation of the open one. Distinguishing

between the two different models of clamp opening is not ;4
possible with our current FRET techniques. Both the T4
clamp loader and clamp protein possess differing structural
composition (clamp loader) and physical properties (clamp) L
than theirE. coli counterparts, and the mechanistic differ-
ences may reflect a less evolved but nonetheless efficient 12.
mode of clamp loading.

NOTE ADDED AFTER ASAP POSTING

This paper was inadvertently posted on the Internet on

09/04/04. There is a change to be made in the seventh
paragraph of the Results and Discussion. The second mention
of ref 14 was changed to ref5. The correct version was
reposted on the Internet on 09/13/04.
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