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ABSTRACT. The role of ATP hydrolysis by the 44/62 protein in formation of the stable holoenzyme DNA
replication complex has been further elucidated by specifically examining the role that the 44/62 protein
plays in loading the 45 protein onto the DNA substrate. A stable phospho-45 protein or phosphorylated
holoenzyme complex was not detected or isolated, suggesting that the 44/62 protein may not act as a
protein kinase. Product and dead-end inhibition data are consistent with an ordered kinetic mechanism
with respect to product release in which phosphate is released from the 44/62 protein prior to ADP.
Positional isotope effect studies support this mechanism and failed to demonstrate that ATP hydrolysis
by the 44/62 protein is reversible. Steady-state ATPase assays using aluminum tetrafluoride as an inhibitor
are also consistent with release of ADP being patrtially rate-limiting. Aluminum tetrafluoride acts to trap
ADP on the enzyme after turnover, forming a stable transition state analog that dissociates slowly from
the enzyme. Processive DNA synthesis does not occur using the accessory proteins in the presence of
pre- or post-hydrolysis analogs of ATP nor in the presence of ABIF,, indicating that turnover of the

44/62 protein is absolutely required for formation of the holoenzyme complex. Collectively, data obtained
regarding ATP hydrolysis by the 44/62 protein are described in terms of the clamp loading protein
functioning as a molecular motor, similar to other systems including myosin and kinesin.

The bacteriophage T4 DNA polymerase holoenzyme is proteins require ATP hydrolysis to form a sliding clamp that
derived from the phage DNA polymerase (the product of tethers the polymerase to the primer/template, increasing the
gene 43) and its accessory proteins (the products of genesate and processivity of both DNA synthesis arid-35'

44, 45, and 62) [reviewed by Nossal (1992) and Young et nucleotide excision catalyzed by the polymerase (Alberts &
al. (1992)]. The 44/62 protein is a tightly associated Frey, 1970; Mace & Alberts, 1984a,b). The 44/62 protein
complex, with a subunit stoichiometry of 4:1 (Jarvis et al., and the 45 protein are functionally similar to the&omplex
1989a), and is a DNA-dependent ATPase stimulated by the(Maki & Kornberg, 1988) and thg subunit (Stukenburg et
45 protein (Mace & Alberts, 1984b). Together, these al., 1991) inEscherichia colias well as the RF-C complex
(Lee et al.,, 1991) and proliferating cell nuclear antigen
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of which are in the shape of a ring with a central cavity = We have attempted to distinguish among these various
large enough to encircle duplex DNA (J. Kuriyan, personnal scenarios by a more extensive analysis of ATP hydrolysis
communication; Kong et al., 1992; Krishna et al., 1994). catalyzed by the 44/62 protein, focusing on the possibility
Although the 44/62 protein participates in loading the 45 of a phosphorylated 45 protein and/or holoenzyme complex,
protein onto duplex DNA, the mechanism of this loading the order and kinetics of ADP and; Pelease, and the
process is still largely speculative, i.e., how is a closed circle detection and trapping of differing 44/62 protein conforma-
transiently opened to concatenate the DNA. tional or liganded states with concomitant effects on ho-
Several possible models for ATP consumption by the 44/ loenzyme ass_embly. Collectively, the_ data demonstrate an
62 protein with regards to its interaction with the 45 protein aPSolute requirement for ATP hydrolysis by the 44/62 protein
and DNA to form the sliding clamp have been proposed. for Iogdllng of th(_e 45 protein onto duplex DNA. The 44/E_‘>2
Huang et al. (1981) originally suggested that the 44/62 Protéin is descrlpgd in terms of a molecular motor during
protein may act as a protein kinase in conjunction with the '0ading of the sliding clamp onto DNA.
45 protein to specifically phosphorylate the T4 polymerase,
but were unable to detect any transient phosphorylation of MATERIALS AND METHODS
the polymerase. They, however, did not examine whether paterials. [y-32P]ATP and f-3P]dCTP were purchased
or not the 45 protein is phosphorylated by the 44/62 protein. from New England Nuclear. Unlabeled dNTPs were ob-
It had been postulated that an ADP-bound state of the tained from Pharmacia (ultrapure). All oligonucleotides,
accessory proteins forms a sliding clamp, which is stabilized including those containing biotin derivatives, were synthe-
by polymerase (and the sliding clamp is stabilized by sized by Operon Technologies (Alameda, CA) and purified
polymerase in a reciprocal manner), decreasing the dissociaas previously described by Capson et al. (1992). ATP,
tion rate of the enzyme from the DNA and potentiating the phosphoenolpyruvate, Mg&£IMg(OAc),, ADP—morpholi-
high processivity of the holoenzyme conformation (Jarvis date, and all buffers were from Sigma. NADH was from
et al., 1989b). The ADP-bound state of the accessory Boehringer Mannheim.{O]H,O (98% purity) was obtained
proteins would prevent further ATP hydrolysis during the from Cambridge Isotopes while PCilvas from Aldrich
lifetime of the holoenzyme complex. This mechanism during Chemicals. All other materials were obtained from com-
processive DNA synthesis can be eliminated since the 44/mercial sources and were of the highest available quality.
62 protein acts catalytically to assemble the holoenzyme T4 polynucleotide kinase was from United States Biochemi-
complex (Kaboord & Benkovic, 1995; Berdis & Benkovic, cal. Lactate dehydrogenase and pyruvate kinase were from
1996) and does not remain part of the holoenzyme complexSigma. These enzymes were dialyzed against 25 mM Tris,
during processive DNA synthesis. However, it is still pH 7.5, and stored in 20% glycerol at20 °C. The T4
possible that an activated ADP-bound 4442 complex is exonuclease-deficient polymerase D129A (Asp-219 to Ala
formed during the process of loading the 45 protein onto mutation) was purified as previously described (Frey et al.,
duplex DNA. This activated form of the sliding clamp could 1993). Both the 44/62 protein and 45 protein were purified
potentiate the binding of polymerase to form the stable from overproducing strains obtained from William Konigs-
holoenzyme complex. Upon binding of polymerase, the 44/ berg (Yale University). The concentrations of the 44/62 and
62 protein then dissociates from the complex, retaining its 45 proteins are reported as units of 4:1 complex and trimer,
catalytic activity. respectively, in agreement with the stoichiometry reported

Elaborating on this theme, ATP binding/hydrolysis by the Y Jarvis et al. (1989a). . _
44/62 protein may act as signal for the clamp loading .Pr|mer/TempIate ConstructionThe Blo—_34/6_2—mer and
function of the protein. In one mechanism, the 44/62 protein Bio-34/62/36-mer DNA substrates used in this study were
is activated by ATP binding/hydrolysis to bind DNA, and constructed as previously described (Berdis & Benkovic,
the activated form of the protein then facilitates loading of 1996). Duplex DNA was purified as described by Capson
the 45 protein onto the DNA primer/template. Once ADP €t al. (1992) and quantitated as described by Kuchta et al.
and/or P dissociates from the activated enzyme form, the (1987).
44/62 protein is deactivated and released to commence Assays for the Dual Functionality of the 44/62 Protein.
another loading cycle. This type of ATP/ADP switch All ATP hydrolysis assays were performed as previously
mechanism would then be similar to the mechanistic action described (Berdis & Benkovic, 1996). The ability of the
of the RecA protein (Kowalczykowski & Eggleston, 1994) 44/62 to catalyze holoenzyme complex formation was
in which the binding and hydrolysis of ATP by the RecA measured using the strand displacement assay previously
protein is the “on-signal” to promote RecA binding to DNA described (Kaboord & Benkovic, 1995; Berdis & Benkovic,
while the ADP-bound RecA state is the “off-signal” (Kow- 1996).
alczykowski & Krupp, 1995). Alternatively, it is possible Attempts To Measure Protein Phosphorylatioviarious
that the energy of ATP hydrolysis drives a physical interac- complexes were formed in 1Q- reaction volumes contain-
tion between the 44/62 and 45 proteins transducing aing 25 mM Tris-OAc (pH 7.5), 150 mM KOAc, and 10
conformation in the latter to increase its affinity for DNA. mM 2-mercaptoethanol. Reactions were initiated by mixing
Force generation by the hydrolysis of ATP may be required 250 nM Bio-34/62/36-mer, 1 mM streptavidin, and 100 mM
for the 44/62 protein to physically open and/or close the 45 ATP with 50 nM [y-3?P]ATP in assay buffer with 250 nM
protein onto duplex DNA. This process would resemble the 44/62 protein and 250 nM 45 protein; 250 nM T4 exo
mechanism of ATP hydrolysis by the actin/myosin system polymerase was included where denoted. Reactions were
in which motility is mediated by the energy derived from allowed to incubate for 15 s and then passed through a 1-mL
ATP hydrolysis [reviewed by Hibberd and Trentham (1986) G-25 column for 2 min. Radioactivity was measured prior
and Johnson (1995)]. to and after elution and was expressed as cprb0®/mL.
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Formation of the holoenzyme complex was measured by v=VA[K(1+ /K + Al (1)
the strand displacement assays described above. Formation
of the holoenzyme complex was measured prior to and afterwherew is the initial velocity,V is the maximum velocity,
elution through the G-25 resin. Control experiments using A is the reactant concentratiol, is the Michaelis constant
T4 exo polymerase in the absence of the accessory proteinsfor A, | is the inhibitor concentration, an;s is the slope
were also performed. Reaction products were analyzed andnhibition constant fot. Data for Dixon plot analysis were
quantitated as described above. fit to equation 2:

Positional Isotope Effect Measuremen{$tO]H;PO, was y=Ax+B )
synthesized from'fO]H,O and PCJ by the method described
by Risley and Van Etten (1978). The resultitgd]Hs;PO, in whichy is 1/, x is the inhibitor concentration is the
was purified using a Dowex AGX8 cation exchange column. slope, andB is the ordinate intercept. Values & are
The concentration of phosphate was determined spectrophoobtained by determining the abscissa intercept raid\)(
tometrically by reactinglfO]HsPQO, with ammonium mo- divided by 2. Standard errors were determined by the
lybdate in sulfuric acid and measuring the absorbance at 630following:
nm using known concentrations of KRs a standard.
[1BO]ATP enriched in the four terminal oxygens was gener- SE= [int/slope[(SEx int/int)” +
ated from f80]HsPQ; via reaction with ADP-morpholidate SE x (slope/slop€]¥y/2 (3)
by the procedure of Wehrli et al. (1965) and Middlefort and
Rose (1976). Briefly, the method involves condensation of Where all values are determined by computer fit.
ADP—morpholidate andfO]HsPQO, under anhydrous and Data for nonlinear inhibition were fitted to eq 4:
anaerobic conditions for 24 h. Thé8Q]ATP was then it
purified by elution from DEAE-Sephacel (2 40 cm) using y=Ae " +B (4)

a 1 L gradient of 0—1 M TEAB. [*O]ATP was distin- wherev i GOA - :

: X . y is the velocity A is the amplitude of the curvé,is
guished from ADP and ADPmorpholidate by using tWo o annarent first-order rate constant, @ds a defined
different coupled assay systems. The first system consisted.stant.

of converting ATP to ADP using 10 mM glucose and 3 units
of hexokinase in the presence of 1 mM NAD®&nd 4 units RESULTS AND DISCUSSION
of glucose-6-phosphate dehydrogenase. The production of

NADPH from NADP' is measured spectrophotometrically
at 340 nm using an extinction coefficient of 6220 Mm™.
The second method consists of measuring ADP using 3 m
phosphoenolpyruvate and 2@ NADH in the presence
of 6 units of pyruvate kinase and 6 units of lactate
dehydrogenase. The production of NAErom NADH is

The Bacteriophage T4 Holoenzyme Complex Is Not
Phosphorylated by the 44/62 ProteirAllosteric changes
pin proteins can be driven in some instances by protein
phosphorylation. Certain transcription and replication factors

are common examples of proteiDNA interactions that are
either strengthened or dependent upon phosphorylation of

measured spectrophotometrically at 340 nm using an extinc-t_he [?NA—bmdmg protein. For example, ,SV4O DNA replica-

tion coefficient of 6220 M! cm™t. Fractions containing tion is enhanced Wh_en the T antigen is spe(_:lflcally phos-
[*8O)ATP were free of ADP, and the pooled fractions were phorylated on threonine 124 by the_ p34cdc2 kinase (_McVey
concentrated by lyophilization. The concentration’80]- etal., 1989). By analogy, itis possible that the bacteriophage

: : T4 DNA replication system adopts a similar strategy to
ATP was determined using the coupled assay system ™ . . ] I ;
described above. ¢ P Y oy achieve highly processive DNA synthesis in which the 45

. . . ._protein and/or DNA polymerase is specifically phosphory-
Posmonal.lsotope exchange_ reactions were performed in|5teq by the catalytic action of the 44/62 protein. Once
300uL reaction volumes containing 25 mM THOAC (pH phosphorylated, the 450lymerase complex would become

7.5), 150 mM KOAc, and 10 mM 2-mercaptoethanol. highiy stable on duplex DNA, an absolute requirement for
Reactions contained 250 nM 44/62 protein, 250 nM 45 processive DNA synthesis.

protein, 5 mM POJATP, and 10 mM Mg(OAg); 250 nM To determine if the 44/62 protein acts as a protein kinase
Bio-34/62/36-mer primer/template was added where denoted.q, nhosphorylate the 45 protein, a series of experiments was
The reactions were quenched by the addition of 0.5 M EDTA performed to isolate the possible phosphorylated 45 protein
to obtain a final concentration of 80 mM EDTA. Proteins ¢ part of the holoenzyme complex. The 44/62 protein
were removed by phenol/chloroform extraction followed by displays a high rate of ATP consumption in the presence of
centrifugation through a Centricon 30 filtration apparatus at duplex DNA and 45 protein (Berdis & Benkovic, 1996). In
5000 pm for 20 min at 4C. The filtrate was then diluted  {he apsence of T4 polymerase, this high rate of ATP
1:1 with D;O. All NMR experiments were performed ona  consumption might be caused by the 44/62 protein acting
Bruker 500 Fourier transform spectrophotometer operating 55 3 kinase to phosphorylate the 45 protein, enabling the 45
at 202.45 MHz. Data were collected between 15 000 and protein to bind to DNA. Since the 45 protein does not
25 000 scans with a pulse of 7. ms using a sweep width of yemain stably associated with the DNA in the absence of
7352.9 Hz. polymerase, the phosphorylated 45 protein dissociates from
Data Processing.Reciprocal initial velocities were plotted  the primer/template in a process hypothetically involving
against reciprocal substrate concentrations, and all plots wergauto)dephosphorylation. However, using the forked, bio-
linear unless otherwise stated. Data were fitted using thetinylated DNA substrate, it is possible to form the stable 45
appropriate rate equations and computer programs developegholymerase complex for which ATP consumption is not
by Cleland (1979). Data for competitive inhibition were required to maintain its stability (Berdis & Benkovic, 1996).
fitted using eq 1: Accordingly, the holoenzyme complex consisting of the
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Table 1: Summary of Detection of Phosphorylated 45 Protein

and/or Polymerase by Gel Filtration Techniqties Bi“'::'“’" o
~mer
prior to after relative
condition elution elution percent
[y-32P]ATP alone 1.6 0.0 4.1d
250 nM 44/62 & 45, 250 nM 1.35 0.042 3.1
Bio-34/62/ 36-mer, LM 44-mer -
Streptavidin - -
250 nM 44/62, 45, & T4 1.86 0.039 21
exo, 250 nM Bio-34/62/ 3S-mer | -

34-mer

36-mer 1uM Streptavidin m ggfa m&

a All assays were performed in a buffer consisting of 25 mM Fris 01Inc 105 305 Olnc10s30s  OIne10s305 0 Inc 105 30s
OAc (pH 7.5), 150 mM KOAc, and 10 mM 2-mercaptoetharidlalues Ficure 1: Strand displacement capabilities of the holoenzyme
represent the amount of radioactivity present before elution through complex prior to elution (A) and after elution (B) through a gel

the gel filtration column and are e_xpressed as opmf’/mIT. ¢Values filtration column. The holoenzyme was assembled, eluted, and
represent the amount of radioactivity present after elution through the monitored for strand displacement capabilities as described under
gel filtration column and are expressed as cpnl0®mL. ¢ Values Materials and Methods. Strand displacement products formed by

represent the ratio of the amount of radioactivity present after elution the holoenzyme complex were analyzed on a 16% denaturing
versus before elution through the gel filiration column. Results are sequence gel and are denoted as 62-mer while shorter products
discussed in the text. (<44-mer) are produced by nucleotide incorporation by the T4 exo
polymerase alone. For comparison, strand displacement capabilities

phosphorylated 45 protein and T4 expolymerase should ~ of T4 exo” polymerase in the absence of accessory proteins prior
thus be isolatable, since the lifetime of the holoenzyme is to elution (C) and after elution (D) through a gel filtration column

. - . - are also shown. The zero point (0) indicates DN&loenzyme in
several minutest{, = 7 min) (Kaboord & Benkovic, 1995).  ihe apsence of dNTPs. Inc refers to incubation of the BNA

A series of experiments in which the holoenzyme was holoenzyme in the presence of dCTP while 10 and 30 refer to the
assembled and then separated from the remaining radiolatime points quenched after the addition of the remaining dNTPs

beled |-32P]JATP by column exclusion chromatography are and single-stranded trap.
summarized in Table 1. A control reaction measuring the ) _ )
amount of radiolabeled/[32PJATP retained by the column elu_tlon process. A control reaction also was performed in
in the absence of accessory proteins showed that 4.1% ofhich the polymerase and DNA in the absence of accessory
the label appeared in the void volume. This percentage wasProteins were passed through the gel filtration column.
calculated from the radioactivity appearing in the void Allq_uots of the _reactlo_n solution obtained prior to and_ a_fter
volume divided by the total radioactivity of the sample. In €lution were mixed with dCTP followed by the remaining
a second control experiment, a reaction mixture consisting ANTPs and single-stranded DNA trap. No strand displace-
of [y-3%P]ATP, accessory proteins, and Bio-34/62-mer re- ment produc;s were fom_md for either a_hquot (Figure 1C,D),
sulted in 3.1% of the radioactivity being eluted in the void Cconsistent with the anticipated behavior of the polymerase
volume. The lack of appreciable labeled 45 protein bound in the absence of the accessory proteins (Kaboord &
to DNA might simply reflect the instability of this binary — Benkovic, 1995). Since phosphorylation of either the 45
complex and corresponding loss of phosphorylation in the Protein or the polymerase was not detected, we conclude
absence of the polymerase. When the holoenzyme wasthere is no direct evidence for the formation of a phosphq-
assembled using stoichiometric concentrations (250 nM) of fylated holoenzyme complex. We cannot, however, elimi-
Bio-34/62/36-mer (in the presence of streptavidin), 44/62 hate the possibility ofgtran5|ently phosphorylated 45 protein
protein, 45 protein, T4 exopolymerase, andyf32P]JATP, that_vvould b_e re_spon5|ble f(_)r holoenzyme complex assembly.
the percentage of label appearing in the void volume was |f this species is formed, it must be highly unstable since
still only 2.1%. If the 45 protein was phosphorylated and the lifetime of the_phosphorylated intermediate must be less
present as holoenzyme in the void volume, then at least 20%than 1 s, the time required for holoenzyme assembly
of the label should have been found in the void volume. A (Kaboord & Benkovic, 1995; Berdis & Benkovic, 1996).
small aliquot of the void volume, which was run on a 12%  Order and Kinetics of Product Releasén alternative
SDS—polyacrylamide gel and Coomasie stained (data not model for ATP hydrolysis by the 44/62 protein in the
shown), revealed all proteins were present. assembly of the holoenzyme complex is that either a 44/
Strand displacement assays were also performed to checl62-ADP or a 44/62P, complex formed after ATP hydrolysis
that the holoenzyme complex was assembled under thesecould potentiate the formation of the sliding clamp to which
conditions as well as to demonstrate that the holoenzymethe polymerase binds with high affinity. By determining the
complex was stable during elution through the gel filtration order and kinetics of product release, we attempted to
column. Briefly, holoenzyme was formed from 250 nM Bio- distinguish different liganded states of the 44/62 protein
34/62/36-mer (M streptavidin) with 250 nM 44/62 and  acting during the clamp loading process. Several minimal
45 protein in the presence of 1004 ATP. The T4 exo kinetic mechanisms for ATP hydrolysis by the 44/62 protein
polymerase (250 nM) was added, and the reaction wascan be describea priori in Scheme 1. Mechanism 1A
allowed to incubate 15 s before passage through the geldepicts a ping-pong mechanism in which there is formation
filtration column. An aliquot of the reaction solution prior of a covalently bound ADP enzyme form and presumes
to and after elution was mixed with dCTP followed by the attack at the3-phosphorus of the nucleotide. Mechanism
remaining dNTPs and single-stranded DNA trap to extend 1B depicts possible sequential mechanisms featuring attack
any assembled holoenzyme complexes. The 62-mer productt they-phosphorus in which release of the products can be
is produced in both aliquots (Figure 1A,B), indicating that either random or ordered if ADP is released prior {@®P
holoenzyme complex was formed and stable through thevice versa. Several kinetic techniques were thus employed




Role of ATP Hydrolysis in DNA Replication

Scheme 1: Possible Kinetic Mechanisms for Hydrolysis of
ATP Catalyzed by the 44/62 Protein in the Presence of 45
Protein and Duplex DNA

A.

P, H,0 ADP

I L i

F:ADP (F:ADP:H,0)

ATP

E (E:ATP==F:ADP:P)

ADP

ATP

|

E (E:ATP == E:ADP:P)

ADP

aMechanism A depicts a ping-pong mechanism in which there is
formation of a covalently bound ADP enzyme form that undergoes
hydrolysis to regenerate free enzyme. Mechanism B depicts a
sequential mechanism in which release of products ADP arwhr®
either be random or be ordered in whichi®released prior to ADP
(boldface pathway) or vice versa.

Scheme 2: Schematic Outline of the Elucidation of the
Kinetic and Chemical Mechanism for the Hydrolysis of ATP
Catalyzed by the 44/62 Protein by Application of Positional
Isotope Exchange Measuremeénts

H\ /H
B, A.
A
Ado- —l"~o~1er~1|*— }
o o e
o B Y
PN
[ ! [ I
Ado-o—x\»—o—l"—o' ‘0—x|=—o' AdO'O—Tfo—T—d '.—1"—.'
0. 0. [ ) 0. 0. o

a1n both kinetic mechanismsi§O]JATP will be hydrolyzed to yield
ADP and R. In a ping-pong kinetic mechanism.® will attack the
covalently bound ADP-enzyme form which will result in a lack of
retention of*®0 in ADP (A). In a sequential mechanism,®i will
attack they-phosphate, resulting in retention'8® in the3-phosphate
of ADP (B). 80 is denoted by blackened circles whif® is denoted
by opened circles.

to distinguish among these differing kinetic mechanisms.
(1) Isotope Exchange Measurement$he ping-pong
mechanism 1A can be differeniated from the sequential
mechanism 1B by determining the position of bond cleavage
(Scheme 2). For the ping-pong mechanism usii@
y-labeled ATP, nucleophilic attack on tfiephosphate leads
to the expulsion of thé®O at theB,y position, and thus only
160 should be found in the ADP whil€O should be retained
in the B. Conversely, in the sequential mechanism 1B, one
would expect attack by either,B® or an enzymic residue
on they-phosphate, leading t8O in the product ADP and
160 in P, from the ultimate incorporation dfO from water.
Figure 2A depicts th@-phosphate peak of the synthesized
[*BO)ATP, indicating the purity of the isotopic enrichment.
Analysis of thes-phosphate as well as threphosphate (data
not shown) indicated that greater than 95% of the ATP
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FIGURE 2: (A) 3P NMR spectrum of thg-phosphorus group of 1

mM [$80O]ATP. (B) 3P NMR spectrum of th@-phosphorus group

of [180O]ATP after reaction with GAR transformylase, an enzyme
known to display positional isotope exchange. @P NMR
spectrum of thg3-phosphorus group offfO]JATP after reaction

with the 44/62 protein in the presence of 45 protein and duplex
DNA.

generated possess& in all four positions of the/-phos-
phate. This high isotope enrichment allowed for measure-
ment of both the position of bond cleavage and also the
positional isotope exchange by examining either gher

the y-phosphate peak. Positional isotope exchange measure-
ments were performed specifically examining the ATP
hydrolysis reaction catalyzed by the 44/62 protein in the
presence of the 45 protein and in the presence of both the
45 protein and Bio-34/62-mer DNA substrate. The reaction
was allowed to proceed to 100% completion, andiipeak

of the resulting ADP was analyzed for positional isotope
exchange. Comparison of the spectra of fheeak of the
reacted to unreacted ATP sample revealed no accumulation
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of 180 that would arise from positional isotope exchange
(Figure 2CY¥ Furthermore, inspection of the-phosphate
group produced by hydrolysis fot*O content showed
incorporation of oné®0. Thus, mechanism 1A is clearly
excluded by the finding thafO from the medium appears
in the R generated during the course of the positional isotope
effect measurements. The significance in finding no detect-

Berdis and Benkovic

Scheme 3: Schematic Outline of Positional Isotope
Exchange Measurements for the Hydrolysis of ATP
Catalyzed by the 44/62 Protéin
o [ ]
AMP-o—i‘;—o-ffo'

HYDROLYSIS

able positional isotope exchange is discussed in more detail

below.

(2) Product Inhibition StudiesProduct inhibition studies
were performed in an attempt to determine the order of
product release as well as the location of the rate-limiting
step along the reaction pathway. All ATPase activity studies
of the 44/62 protein were performed in the presence of
stoichiometric concentrations of 45 protein and Bio-34/62-

mer DNA substrate (in the absence of streptavidin) to ensure

maximal ATPase activity (Berdis & Benkovic, 1996).
Inhibition studies using ADP as the product were performed
by direct analysis of the hydrolysis ofyf?P]JATP as
previously described (Berdis & Benkovic, 1996). The
concentration of ADP was varied from 0 to 1Q@M,
maintaining the concentration of unlabeled ATP at L00
and [-*?P]JATP at 50 nM. The rate of ATP hydrolysis by
the 44/62 protein decreased linearly as a function of
increasing ADP concentration, and Dixon plot analysis
reveals & .pp = 20+ 5uM. The inhibition exhibited by
ADP is consistent with this product binding to free enzyme,
the same enzyme form that binds ATP.

Product inhibition studies using phosphate were performed
using both the coupled assay and the radioactive assay a

previously described (Berdis & Benkovic, 1996). The
concentration of the 44/62 protein was 250 nM as were the
concentrations of 45 protein and Bio-34/62-mer DNA
substrate. ATP was maintained at 204, and a concentra-
tion of 50 nM [y-3?P]ATP was used in the radioactive assay.
Using either method, inhibition of the ATPase activity of
the 44/62 protein was not detected up to a concentration o
10 mM R. Since Rdoes not inhibit, no conclusions can be

drawn about the kinetic sequence. Since the 44/62 protein

displays biphasic kinetic behavior under similar conditions
(Berdis & Benkovic, 1995), catalysis is most likely not rate-
limiting. Thus, the release of; Phay be likely irreversible
due to a possible conformational change in the protein.

1

AMP —o—F—0—r—@ AMP —0—p—0—P—@’
o e o e

NO EXCHANGE

EXCHANGE

NO EXCHANGE

2 [180]ATP is hydrolyzed, yielding ADP and; P Positional isotope
exchange will be measured if ATP hydrolysis is reversible (A). No
positional isotope exchange will occur if release of one or both products
is faster than the rate of ATP-reformation (B) or if there is no rotation
of the S-phosphate in the enzyme active site (GJO is denoted by
blackened circles whilé®O is denoted by opened circles.

active site of the enzyme. If ATP hydrolysis is irreversible,
no positional isotope exchange of tH® label will occur,

nd the!®O label will be in its original position. Myosin
and other ATPases that have a slow rate pfrdPease
following hydrolysis demonstrate positional isotope ex-
change, indicating that ATP re-forms at a rate comparable
to that of R release (Sleep et al., 1980; Sleep & Hutton,
1980; Hackney, 1988). Furthermore, the reversal of hy-
drolysis may also result in the incorporation of multiple

fwater-derived oxygensfQ) into R (provided that Pis free

to rotate) so that the extent of incorporation of water-derived
oxygens can provide an estimate for the relative rate of
product release versus re-formation of ATP.

Figure 2B depicts the spectra of tjfiephosphorus peak
of 180-labeled ATP after incubation with GAR transformy-
lase, an enzyme known to undergo reversible ATP hydrolysis

The positional isotope exchange measurements using(K- Mattia, M. Warren, and S. J. Benkovic, unpublished
highly enriched ATP discussed above also aided in determin-results). Comparison of Figure 2A and Figure 2B demon-
ing further aspects of the sequential mechanism. PositionalStrates splitting of thg-phosphorus peak due to movement
isotope exchange measurements can be used to probe an§f **0 from the bridging position to a nonbridging position
enzyme-catalyzed reaction in which functional nonequivalent and is diagnostic of positional isotope exchange. By contrast,
groups become torsionally equivalent via a reversible reaction Figure 2C depicts the spectra of thephosphorus peak of

intermediate. In this case, the intermediate could be E
ADP-P, or E-P-ADP (a phosphoryl enzyme). Positional

0-labeled ATP after incubation with the 44/62 protein in
the presence of stoichiometric 45 protein and DNA substrate.

isotope exchange of the ATPase reaction catalyzed by theAnalysis of thes peak of*®O-labeled ATP after incubation

44/62 protein was followed by measuring the positional
exchange of'%0 in ATP from a bridging £, y) to a

nonbridging ) position (Scheme 3) by NMR techniques.
Because of rotational equivalency of the thfeaonbridge

oxygens of ADP, the re-formation of ATP results in a 67%
probability that the labeled oxygen will be found at one of
the 5 nonbridging positions of ATP, provided the reaction
is reversible and th@-phosphorus is free to rotate in the

2We estimate that20% isotope exchange would not have been
detected.

with the 44/62 protein in the presence of stoichiometric 45
protein and DNA substrate that was allowed to proceed to
50% completion also showed a lack of positional isotope
exchange (data not shown).

The lack of positional isotope exchange detected in either
case indicates that either there is little rotational freedom in
the enzyme active site or, most likely, the release of products
is fast relative to the rate of ATP reformation. This could
be caused either by an extremely slow reverse reaction
(ADP-Pi — ATP) or by release of Pfollowed by a
conformational change so that the hydrolysis reaction
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becomes irreversible even if ADP dissociates slowly. The
latter scenario would be consistent with the aformentioned
product inhibition studies. In the absence of data to the
contrary, we will presume the absence of a transienPE
ADP species.

Positional isotope exchange measurements could not be

performed to examine the possible formation of the 44/62
ADP-P, complex alone or in the presence of DNA since the
rate of ATP hydrolysis by the 44/62 protein under these
conditions is too slow to achieve significant turnover of 5
mM ATP within a reasonable timeAf;, > 48 h).

(3) Aluminum Tetrafluoride Inhibition.To further inves-
tigate the kinetics of ATP hydrolysis and product release,
molecules that might possibly mimic the transition state for
ATP hydrolysis were tested as inhibitors. Inhibition by
aluminum tetrafluoride (Alp) was performed using the
coupled assay system for detection of ATP hydrolysis. There
is no inhibition of the coupling enzymes in the presence of
either 1 mM aluminum nitrate, 20 mM sodium fluoride, or
a mixture of 1 mM aluminum nitrate and 20 mM sodium
fluoride? Likewise, neither sodium fluoride nor aluminum
nitrate alone at the concentrations listed above inhibits the
ATPase activity of the 44/62 protein. Thus, the inhibition
by AlF, accurately reflects the inhibition of ATP hydrolysis
catalyzed by the 44/62 protein. All assays were performed
using 250 nM 44/62 protein, 45 protein, and Bio-34/62-mer
in the appropriate reaction buffer containing 10 mM Mg-
(OACcy), and 1 mM ATP. The concentration of aluminum
nitrate was varied while a fixed concentration of 10 mM
sodium fluoride was used. The time course for AlF
inhibition is depicted in Figure 3A. AlFcan best be
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FiIGUure 3: (A) Time course measuring ATP hydrolysis by the 44/
62 protein in the presence of increasing concentrations of.AlF
The time course reflects a turnover-dependent “inactivation” of the
44/62 protein by All. Assays were performed using 250 nM 44/
62 protein, 250 nM 45 protein, 250 nM Bio-34/62/36-me N
streptavidin, 1 mM ATP, 10 mM Mg(OA%,, and the coupled assay

described as a slow irreversible inhibitor since the decreasereagents in a buffer consisting of 25 mM TH®Ac (pH 7.5), 150

in the rate of ATP hydrolysis appears to follow a progress
curve that reflects complete inactivation of the enzyme
(Williams & Morrison, 1979). The rate of inhibition by AlF
was fit to a single exponential with a floating end point to
yield apparent rate constants for inhibition. Reciprocal rate
constants were then plotted versus reciprocal Atfhcentra-
tions, and the resulting plot was linear, yielding an apparent
Ki of 110 + 15 uM (Figure 3B). Correcting for the
concentration of ATP substrate yields a tigefor AlF, of

18 + 3 uM.

AlF, is a potent inhibitor of many ATPase/GTPase
reactions since AllFin conjunction with ADP is proposed
to mimic the transition state for ATP hydrolysis (Coleman
et al., 1994; Mittal et al., 1996). AlFdoes not appear to

mM KOAc, and 10 mM 2-mercaptoethanol. Aluminum nitrate was
fixed at 10 mM while the concentration of sodium fluoride was
varied to obtain the concentration of Alfhdicated. (B) Determi-
nation of the apl; for AlF4 by plotting reciprocal rate constants
of inactivation versus reciprocal inhibitor concentrations.

complete enzyme “inactivation” is obtained at even moderate
levels of AlF,. The inhibition by AlR, is good evidence for

an ordered product release kinetic mechanism in whijét P
released prior to ADP. However, if release of ADP from
the 44/62ADP complex is at least partially rate-limiting, one
would also expect that phosphate at sufficiently high
concentrations should inhibit as well. The lack of P
inhibition can most easily be explained by a large difference
in affinity between Pand AlF, for the 44/62ADP species.

bind to free enzyme since the decrease in the rates of ATP (4) Dead End Inhibition StudiesDead end inhibition

hydrolysis is not linear as one would expect for a typical
competitive inhibitor. At face value, this inhibition is
consistent with the lack ofinhibition. Furthermore, the

studies were performed to further elucidate the kinetics and
dynamics of nucleotide binding. All dead end inhibition
studies were performed using the coupled assay system for

coupled assay system used in these assays converts any fragetecting ATP hydrolysis. These ATP analogs (Figure 4)
ADP immediately to ATP. Thus, the inhibition manifested did not inhibit the coupling enzymes, and thus the kinetics
by AlF, is dependent upon the formation of the 44/&RP accurately reflect inhibition of ATP hydrolysis by the 44/62

enzyme form caused by the enzymatic turnover of ATP and protein. All assays were performed using 250 nM 44/62

not by the accumulation of any ADRIF, free in solution.
This indicates that the Alfbinds to the 44/6ADP enzyme
form, inferring that the release of ADP from the 44/62 protein
must be at least partially rate-limiting. Once formed, the
44/62ADP-AIF, complex must be highly stable since

3 The combination of aluminum nitrate and sodium fluoride produces
aluminum tetrafluoride as well as other various aluminum hydroxy-
fluoride complexes.

protein, 45 protein, and Bio-34/62-mer DNA substrate in the
appropriate reaction buffer containing 10 mM Mg(Qhc
For Dixon plot analysis, the concentration of ATP was
maintained constant at 1M while the concentration of

4Itis also possible that AlFbinds to a covalently bound ADP form
of the 44/62 protein which would arise from a ping-pong mechanism.
However, the positional isotope exchange measurements described
clearly ruled against a ping-pong mechanism.
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4: Structure of ATP and ATP analogs used for inhibition

studies.

Table 2: Summary of Product and Dead End Inhibition Patterns
and Inhibition Constants for the 44/62 Profein

inhibitor pattern Ki (uM)
ADP Dixon plot 20+£5
POS no inhibition up
to 10 mM
AlF, slow-irreversible 18+ 3
inhibition®
ATPyS competitivé 45+ 5
AMP-PCP competitive 220@ 300
AMP-PNP competitive 1208- 200
AMP Dixon plot 2400+ 100
ADP-ribose Dixon plot 250@:= 300
1 mM ADP and no attenuation
10mMPR of inhibition?
1 mM AMP and no attenuation
10mMPR of inhibition
1 mM AMP and no attenuation
10 mM PR of inhibition
GTP no inhibition or

substrate activity
up to 2 mM

Berdis and Benkovic

yield important information regarding nucleotide binding. As
shown in Figure 4, ATPS differs from ATP only by
substitution of S for O in the-phosphate position. As a
result, ATP/S is nonhydrolyzable and is a competitive
inhibitor of the 44/62 protein, binding tightly withlg value
of 45 uM. This value is the same order of magnitude as
that of the substrate ATP (1QM) and that of the product
ADP (20uM). The ATP analogs AMP-PCP and AMP-PNP
(Figure 4) differ from ATP only at thg,y-phosphate position
in which the 3,y-oxygen of ATP is replaced either by a
methylene group-{CH,—) in the case of AMP-PCP or by
a nitrogen in the case of AMP-PNP. Although these analogs
are nonhydrolyzable, one would expect that their binding
affinities should not be severely affected by these substitu-
tions. In contrast to ATP, ADP, and A}S, these analogs
bind with less affinity to the 44/62 protein. AMP-PNP and
AMP-PCP bind approximately 22 times less tightly than
ATP, indicating that thg,y-phosphate portion of ATP plays
an important and intricate role in nucleotide binding. This
large discrimination in nucleotide binding may be caused
by active site residues forming hydrogen bonds with the
bridging 8- and y-oxygens of ATP. Replacement of the
hydrogen bond acceptor oxygen with the methylene group
or an N—H moiety would destroy these possible interactions
and thus could explain the strong discrimination against these
nucleotides binding. Furthermore, AMP which lacks both
the 5- andy-phosphate groups binds with poor affinity and
possesses K; value more comparable to AMP-PNP and
AMP-PCP than to ATP or ADP.

Inhibition studies were also performed using various
combinations of analogs in an attempt to mimic ATP or
ADP. For example, AMP plus pyrophosphate and AMP plus

aAll assays were performed as described under Materials and phosphate were used to mimic ATP and ADP. These

Methods. The concentration of ATP was maintained at ZBDfor
Dixon plot analysis or varied from 100M to 1 mM for competitive
inhibition patterns®? The inhibition displayed by AlFis nonlinear and
can best be described as a slow-inactivator or irreversible inhibitor.
See text for discussioi.Competitive inhibition patterns were performed
varying the concentration of ATP from 1QM to 1 mM at several
fixed levels of inhibitor, including the absence of inhibit8iSlight
inhibition was obtained under these conditions as the concentration of these experiments again represent a negative result, it is most
the inhibitor AMP was maintained at X6 However, no further
inhibition was detected upon the addition of either, PRor AlF, since

identical rates of ATP hydrolysis were obtained in their absence as

were obtained in their presence.

experiments examined whether one analog would increase
the affinity of the second molecule for the enzyme. In all
cases examined, there is no further decrease in the rate of
ATP hydrolysis compared to that detected in the presence
of the nucleotide inhibitor alone. Results of the combination
inhibitor experiments are summarized in Table 2. While

likely that the 44/62 protein possesses a mechanism for
discriminating hydrolyzable nucleotides from those that are
not. Nucleotide discrimination would ensure that the 44/62
protein is always catalytically competent to load the 45

inhibitor was varied. In cases where inhibition patterns were protein onto duplex DNA for holoenzyme assembly, an
generated, the concentration of ATP was varied at severalabsolute requirement for efficient DNA replicatiam vivo.

fixed concentrations of inhibitor, including the absence of
inhibitor. In all cases, the initial velocities measured were Formation. The ability of the 44/62 protein to catalyze the

linear.

ATP/S (Figure 4) is a competitive inhibitor of ATP,

yielding aK; = 45 + 5 uM. Both AMP-PCP and AMP-
PNP (Figure 4) also display competitive inhibition versus Ideally, we wish to identify the step in the ATP hydrolysis

ATP.

However, both analogs yield substantially higher

values than ATPS, since the&; for AMP-PCP is 2.2+ 0.3

mM and that for AMP-PNP is 1.2 0.2 mM.

Inhibition

ATP Turnaer Is Required for Holoenzyme Complex

formation of the holoenzyme complex was examined as a
function of the kinetic steps involved with ATP hydrolysis.

pathway catalyzed by the 44/62 protein associated with
holoenzyme formation. In other words, is the holoenzyme
formed during a prehydrolysis event (through binding of ATP

constants for AMP, ADP-ribose, and GTP were measured or a nonhydrolyzable analog), during the hydrolysis event
using Dixon plot analysis. All inhibition constants are (driven by the free energy of hydrolysis), or during a
summarized in Table 2.
The competitive inhibition exhibited by the ATP analogs, test for these possibilities, strand displacement assays were
ATPyS, AMP-PNP, and AMP-PCP, indicates that each performed under conditions that would closely mimic these
inhibitor competes with ATP for free enzyme. While the possible steps along the ATP hydrolysis pathway.
qualitative nature of the dead end inhibition does not aid in
further elucidating the mechanism of ATP hydrolysis by the which a solution of Bio-34/62/36-mer (500 nM) and strepta-
accessory protein, the quantitative nature of the data doesvidin (1 M) was incubated with 550 nM 44/62 protein and

posthydrolysis event (through a 44/6DP complex)? To

Assembly of the holoenzyme was generally performed in
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FiGURE 5: Formation of the bacteriophage T4 DNA holoenzyme for strand displacement capabilities as described under Materials
complex requires ATP hydrolysis. The holoenzyme complex was and Methods using (A) ATPAt = 10 s), (B) ATP and Alk (At
assembled and assayed for strand displacement capabilities as= 10 s), (C) ATP At = 10 min), and (D) ATP and AlF(At = 10
described under Materials and Methods using ATP (A), ASP ~ min). Strand displacement products formed by the holoenzyme
(B), AMP-PCP (C), ADP (D), ADP and;RE), and ADP and Al complex were analyzed on a 16% denaturing sequencing gel and
(F). Strand displacement products formed by the holoenzyme are denoted as 62-mer while shorter productst4-mer) are
complex were analyzed on a 16% denaturing sequencing gel andproduced by nucleotide incorporation by the T4 exmlymerase

are denoted as 62-mer while shorter productsi4-mer) are alone. The zero point (0) indicates DN#vloenzyme in the absence
produced by nucleotide incorporation by the T4 eymlymerase of dNTPs. Inc refers to incubation of the DNHolonenzyme in
alone. The zero point (0) indicates DN#loenzyme in the absence  the presence of dCTP while 10 and 30 refer to the time points
of dNTPs. Inc refers to incubation of the DNoloenzyme inthe ~ quenched after the addition of the remaining dNTPs and single-
presence of dCTP while 10 refers to the time point quenched after Stranded trap. The 39-mer band present in these experiments is a

the addition of the remaining dNTPs and single-stranded trap. ~ contamination that arose from purification of Bio-34/62-mer.
However, this small contamination does not adversely affect

45 protein in the presence of 1 mM ATP or analogs of ATP holoenzyme formation or the activity of the holoenzyme or
for 10 s. T4 exo polymerase (100 nM) was then added as Polymerase itself.
well as 10uM dCTP, the first nucleotide to be incorporated. .
After approximately 5 s, the remaining dNTPs (il each) ~ in the presence of 1 mM ADP and 50 AlF, (Figure
along with single-stranded DNA were added to initiate 5F). Under these conditions, ADP should bind to 44/62
processive DNA synthesis by any assembled holoenzymeProtéin and be trapped on the enzyme by Alé form a
complexes. Control reactions using 1 mM ATP as the Mimic of the transition state for ATP hydrolysis.
hydrolyzable nucleotide indicated that holoenzyme complex ~We note, however, that the appropriate 44A2P-AlF 4
was formed owing to production of the strand displacement complex may not be formed by the addition of each
product (62-mer) as shown in Figure 5A. The formation of individual component. Thus, the 44/DP-AlF, complex
the holoenzyme complex under these conditions is consistenwas formed by enzymatic turnover of ATP by the 44/62
with previous reports that ATP hydrolysis is absolutely protein in the presence of AlRo promote holoenzyme
required for holoenzyme formation (Jarvis et al., 1991), formation (or lack thereof) through this complex. Strand
although the effect of nucleotide binding alone causing displacement assays were performed as described previously
holoenzyme complex formation was not conclusively ruled except that the 44/62 protein was incubated with the 45
out from these experiments. To test whether binding of ATP protein and Bio-34/62/36-mer substrate (plugM strepta-
or an analog is sufficient for holoenzyme complex formation, Vidin) in the presence of 1 mM ATP and 5@/ AIF 4 for
strand displacement assays were performed substituting 110 s prior to the addition of T4 exgpolymerase and dCTP.
mM ATPyS (Figure 5B) or 10 mM AMP-PCP (Figure 5C) In this case, holoenzyme was produced, and quantitation of
for ATP. Since saturating levels of nucleotide analog were the 62-mer product formed indicated that the same amount
employed, all 44/62 protein should be in the 44/8PPyS was produced whether AlRvas added or omitted (Figure
or 44/62AMP-PCP enzyme form. The lack of strand 6A,B). Thus, AlR does notimmediately inhibit the loading
displacement products obtained under these conditionsof the 45 protein by the 44/62 protein, consistent with the
indicates that holoenzyme was not formed, demonstrating Steady-state inhibition data indicating that Alfhibition
that a pre-ATP hydrolysis event such as nucleotide binding of the 44/62 protein is dependent upon ATP turnover. The
is not sufficient for holoenzyme complex formation. lack of immediate inhibition also indicates that AlBoes
To test whether a post-ATP hydrolysis event is sufficient not inhibit the T4 exo polymerase. The formation of
for holoenzyme complex formation, strand displacement holoenzyme under these conditions is consistent with previ-
assays were performed using 1 mM ADP in place of ATP ous work (Berdis & Benkovic, 1996) demonstrating that only
(Figure 5D). Since ADP binds with relatively high affinity —one turnover of the 44/62 protein is required for holoenzyme
(Ki = 20 uM), all 44/62 protein should be in the 44/62 formation and that ATP hydrolysis is not required for loading
ADP enzyme form. No strand displacement products were of polymerase.
detected under these conditions, indicating that a post-ATP Reactions were then performed incubating the 44/62
hydrolysis event is not sufficient for holoenzyme formation. protein with the 45 protein and Bio-34/62/36-mer substrate
Structural mimics of the ATP hydrolysis transition state (plus 1uM streptavidin) in the presence of 1 mM ATP and
were also tested for their ability to support holoenzyme 500 uM AlF, for 10 min prior to the initiation of DNA
formation. Strand displacement products were not detectedsynthesis. Under these conditions, holoenzyme was not
using a combination of 1 mM ADP and 10 mM phosphate formed as indicated by the lack of strand displacement
(Figure 5E). Holoenzyme formation was likewise undetected products (Figure 6D). A control reaction under identical
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conditions but in the absence of Allyielded substantial ~ for opening and/or closing the ring-shaped 45 protein upon
62-mer product (Figure 6C), indicative of holoenzyme which the clamp is loaded onto duplex DNA. The ATP
complex formation. The lack of holoenzyme formation at hydrolysis pathway for the 44/62 protein is very similar in
long incubation times in the presence of ATP and Al nature to that of the classical molecular motors. Myosin,
not simply due to a depletion of ATP but instead reflects kinesin, and dynein all possess a low basal rate of ATP
the turnover-dependent nature of AliRhibition. hydrolysis that is increased more than 1000-fold in the
Collectively, these results indicate that AlEoes not presence of motile cofactor [reviewed by Johnson (1995)].
immediately inhibit the 44/62 protein, but instead requires The ATPase activity of the 44/62 protein is similarly
enzymatic turnover of ATP to form the 44/@DP enzyme activated, although both DNA and protein cofactor are
form to which AlF, productively binds. Since holoenzyme required for this large rate enhancement (Berdis & Benkovic,
complex was not formed through the 44/8DP-AIF, 1996). One can easily envision that the ATPase stimulation
complex, a species resembling the transition state for ATP of the 44/62 protein is enhanced by the physical interaction
hydrolysis bound to the 44/62 protein is not sufficient for with the 45 protein, similar to that of the molecular motor
the assembly of the holoenzyme complex. systems interacting with their respective filament partner.
The 44/62 Protein Acts as a Molecular MotoA common Furthermore, transient kinetic measurements of the ATP
mechanism in achieving highly processive DNA replication hydrolysis reaction indicate that myosin (Sadhu & Taylor,
is the tethering of the DNA polymerase to the primer/ 1992), kinesin (Hackney et al., 1989), and the 44/62 protein
template by an auxillary protein generically referred to as (Berdis & Benkovic, 1996) all display biphasic kinetic
the sliding clamp. The sliding clamp essentially decreases behavior in which there is a rapid burst in ATP consumption
the rate at which the polymerase dissociates from the primer/followed by a slower steady state rate of consumption. The
template, thus substantially increasing the polymerase’s low principal difference between myosin and kinesin is that the
intrinsic degree of processivity. Crystal structures of sliding rate-limiting step for kinesin is release of ADP whereas for
clamps fromEscherichia coli(Krishna et al., 1994), yeast myosin the step is a conformational change before product
(Kong et al., 1992), and bacteriophage T4 (J. Kuriyan, release. The 44/62 protein appears more similar to myosin
personnal communication) reveal that all three processivity in this regard since the release of ADP from the enzyme
factors are ring-shaped and capable of encircling duplex appears to be partially rate-limiting during turnover. Alu-
DNA. The closed circular nature of the sliding clamps minum tetraflouride binds very tightly to both the 44/62
confirms the need for a clamp loading protein to achieve protein (vide supra) and kinesin (Romberg & Vale, 1993),
holoenzyme complex formation. Unfortunately, these crystal presumably forming a stable transition-state mimic resulting
structures do not immediately provide mechanistic insight from the slow(er) release of ADP from the enzyme.
into how the clamps are loaded onto duplex DNA by the  Although the precise molecular events of the mechano-
clamp loader. We have thus attempted to further elucidate chemical cycle are not completely understood, force produc-
the mechanism by which the clamp is loaded onto duplex tion in both myosin and kinesin is proposed to be coupled
DNA by examining what role ATP hydrolysis by the clamp with product release following ATP hydrolysis (Johnson &
loader plays during this process. Gilbert, 1995). With these enzymes, movement of the
Several models for the role of ATP hydrolysis by the 44/ filaments as a result of ATP hydrolysis has been directly
62 protein in the assembly of the holoenzyme complex have demonstrated (Malik et al.,, 1994) and in some cases
been addressed in this study. First, a stable phosphorylatedrisualized (Svoboda et al., 1993; Svoboda & Block, 1994).
holoenzyme complex was not isolated or detected, suggestingVe have performed analogous experiments which clearly
that the 44/62 protein does not act as a protein kinase todemonstrate that ATP hydrolysis by the 44/62 protein is
phosphorylate stably the 45 protein and/or the polymerase.absolutely required for the assembly of the holoenzyme
Second, formation of a high-energy enzyme form with bound complex. Although the dynamics of ring opening and/or
P, responsible for loading of the 45 protein is also unlikely. closing of the 45 protein are also currently undefined, we
The order and kinetics of product release from the 44/62 propose that the 44/62 protein may catalyze ring opening
protein during the process of clamp loading argue that and/or closing by a mechanism similar to the “power stroke”
phosphate is released prior to ADP, thus arguing againstexhibited by kinesin. We envision that the 44/62 protein
formation of the 44/62P, enzyme form. One interpretation acts as a “molecular lever” to open and/or close the ring-
of the lack of positional isotope exchange is that ATP shaped 45 protein. The 44/62 protein is a tightly associated
hydrolysis by the 44/62 protein may be irreversible, perhaps complex, containing one 62 protein and four 44 subunits
as a consequence of the off-rate being faster than the rate ofJarvis et al., 1989a) which contain the ATP binding and
ATP re-formation. Although release of ADP appears to be hydrolysis domains. While the function of the 62 protein is
partially rate-limiting as inferred by trapping of ADP on the presently unclear, it is known that the 62 protein is absolutely
enzyme by AlR, strand displacement assays revealed no required for interactions with the 45 protein (Rush et al.,
holoenzyme formation under conditions in which a 44/62 1989). Itis tempting to speculate that the 62 protein acts as
ADP species should predominate. Thus, although the 44/the “fulcrum” to physically open the closed, circular 45
62-ADP enzyme form may exist, it is not responsible for protein and that activation (or movement) of the “fulcrum”
holoenzyme assembly. Consequently, we conclude that theis derived from the energy of ATP hydrolysis by each 44
energy derived from ATP hydrolysis is absolutely required subunit. Indeed, we have recently demonstrated that the 44/
for loading of the 45 protein onto duplex DNA. 62 protein and 45 protein form a tight complex in the
The molecular motors myosin, kinesin, and dynein all presence of ATP but in the absence of DNA (Sexton et al.,
hydrolyze ATP concomitant with force generation to mediate 1996). This model may explain why four ATPs are
motility. By analogy, we propose that the 44/62 protein consumed by the 44/62 protein per each loading event of
hydrolyzes ATP concomitant with force generation required the 45 protein (Berdis & Benkovic, 1996). Although not
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conclusive proof, the similarities in the nature of the ATP- Johnson, K. A. (1995Methods Enzymol. 2488-61.
dependent processes (force-generation) as well as in thelohnson, K. A., & Gilbert, S. P. (1998iophys. J. 68173S-

overall kinetics and mechanism of ATP hydrolysis suggest

that the 44/62 protein indeed acts as a molecular motor in

the process of clamp loading.

ADDED IN PROOF
A recent paper published by the von Hippel laboratory

(Young et al., 1996) has confirmed several of our results Krishna,T. S. R., Kong, X.-P., Gary,

79S.
Kaboord, B. F., & Benkovic, S. J. (1998)urr. Biol. 5, 149-157.
Kong, X.-P., Onrust, R., O’Donnell, M., & Kuriyan, J. (199CEll
69, 425-437.
Kowalczykowski, S. C., & Eggleston, A. K. (1994nnu. Re.
Biochem. 63991-1043.
Kowalczykowski, S. C., & Krupp, R. A. (1995 roc. Natl. Acad.
Sci. U.S.A. 923478-3482.
S., Burgers, P. M., & Kuriyann,

and mechanistic interpretations. These authors have estab- 3. (1994)Cell 79, 1233-1243.

lished that ADP binds very tightly to the 44/62 protely(
= 14+ 7 uM), identical to our reporte; value of 20+ 5

Kuchta, R. D., Mizrahi, V., Benkovic, P. A., Johnson, K. A., &
Benkovic, S. J. (1987Biochemistry 268410-8417.

uM, and that phosphate does not inhibit the enzyme up to aMace, D. C., & Alberts, B. M. (1984a). Mol. Biol. 177 279~

concentration of 23 mM. They have also demonstrated that

ATP hydrolysis is irreversible, confirming our positional

Mace, D. C., & Alberts, B. M. (1984bJ. Mol. Biol. 177 313—
327

isotope exchange measurements. Their conclusion that theyaki, S & Kornberg, A. (1988). Biol. Chem. 2636561-6569.

“internal” equilibrium constant for ATP hydrolysis is very
large and in favor of product formation is consistent with

Malik, F., Brillinger, D., & Vale, R. D. (1994Proc. Natl. Acad.
Sci. U.S.A. 914584-4588.

our model of the clamp loader acting as a molecular motor McVey, D., Brizuela, L., Mohr, D., Marshak, D. R., Gluzman, Y.,

during loading of the 45 protein onto duplex DNA.
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