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ABSTRACT: The roles of the RecA protein in the survival of bacteria and the evolution of resistance to
antibiotics make it an attractive target for inhibition by small molecules. The activity of RecA is dependent
on the formation of a nucleoprotein filament on single-stranded DNA that hydrolyzes ATP. We probed
the nucleotide binding site of the active RecA protein using modified nucleotide triphosphates to discern
key structural elements of the nucleotide and of the binding site that result in the activation of RecA for
NTP hydrolysis. Our results show that the RecA-catalyzed hydrolysis of a given nucleotide triphosphate
or analogue thereof is exquisitely sensitive to certain structural elements of both the base and ribose
moieties. Furthermore, our ligand-based approach to probing the RecA ATP binding site indicated that
the binding of nucleotides by RecA was found to be conformationally selective. Using a binding screen
that can be readily adapted to high-throughput techniques, we were able to segregate nucleotides that
interact with RecA into two classes: (1) NTPs that preferentially bind the active nucleoprotein filament
conformation and either serve as substrates for or competitively inhibit hydrolysis and (2) nonsubstrate
NTPs that preferentially bind the inactive RecA conformation and facilitate dissociation of the-RecA
DNA species. These results are discussed in the context of a recent structural model for the active RecA
nucleoprotein filament and provide us with important information for the design of potent, conformationally
selective modulators of RecA activities.

Antibiotic resistance in pathogenic bacteria is a growing ments (0, 11). A collapsed filament forms on ssDNA in
problem that has a tremendous socioeconomic impactthe absence of the nucleotide cofactor or in the presence of
worldwide. The mechanisms leading to the development and ADP, while an extended filament is formed when ATP or
transmission of antibiotic resistance are not fully understood, its slowly hydrolyzed analogue, A}S, is present. The
but the bacterial RecA protein has been identified as a likely collapsed filament represents the inactive conformation of
player in this phenomenon. RecA facilitates the development RecA with a relatively low affinity for sSDNA, while the
of antibiotic resistance via its roles in stress-induced DNA extended filament represents an active conformation of RecA
repair (1—3) and the horizontal transfer of genes between that binds ssDNA more tightlyl@, 13). The interconversion
organisms 4, 5). The functions of RecA require the from inactive to active nucleoprotein filament does not
formation of a nucleoprotein filament composed of RecA, simply occur via direct conformational isomerization upon
ssDNA' and ATP. This activated filament is responsible for pinding of ATP (L4—16). Rather, this conversion consists
induction of the SOS response to genomic damage byof ATP binding to the inactive filament, causing it to
stimulation of LexA repressor autoproteolysis, and it also dissociate from DNA, followed by reassociation of the ATP-
directly participates in recombinational DNA repa, (7). bound monomers with the ssDNA which forms the activated
Because of these vital roles within prokaryotes, RecA RecA nucleoprotein filamentlf). Other nucleotides, par-
remains an attractive target for mechanistic and pharmaco-ticularly ADP, bind and stabilize the inactive conformation

logic study 8, 9). and cause the release of RecA from DNA without inducing
Investigation of the structure of RecA using EM directly the conformational change leading to the activated size (
demonstrated two structurally distinct Ree8sDNA fila- 16). The design of nucleotide analogues capable of dif-

ferentiating the active and inactive conformations of RecA
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A variety of experimental approaches have demonstratedwas determined using a monomer extinction coefficient of
selectivity in the binding and hydrolysis of NTPs by the 2.2 x 10* M~ cm™! at 280 nm(27). ATP, dATP, GTP,
active RecA filament 13, 17—22). Although a wealth of dGTP, ITP, dITP, CTP, dCTP, UTP, TTP, and 8-bromo-
information is available about the structure of the RecA ATP were purchased from Sigma Aldrich (St. Louis, MO)
protein itself 6, 23, 24), few insights into atomic details of  as their sodium salts at the highest level of purity possible
the basis for NTP selectivity have been provided by the (see Figure 1 for NTP structures). Ara-ATP;QMe-ATP,
crystal structures. In part, this dearth of information arises 3-OMe-ATP, 2-NH,-ATP, 2-F-ATP, 2-NH-ATP, 6-Cl-
from the fact that the adenosine moiety of RecA resides PTP, 2-OMe-ATP, 5-Me-UTP, 5-Me-CTP, 5-propynyl-
within a wide, shallow, and solvent-exposed cleft on the dUTP, and O%-Me-GTP were purchased from TriLink
surface of RecAY). The lone residue making a potentially Biotechnologies (San Diego, CA) as their sodium salts.
base-specific contact with an adenosine nucleotide is Asp100MANT-ATP, N&-benzyl-ATP, andNS-phenyl-ATP were
and Bryant and co-workers have suggested that the specificitypurchased from AXXORA (San Diego, CA) as their sodium
of RecA for ATP was due in part to a hydrogen bond salts. N6-(1-Naphthyl)-ATP was synthesized as described
between the Asp100 carboxylate and the exocyclic 6-amino previously 0). The EnzChek phosphate assay kit, which
group of ATP @5). Our own recent observations, however, includes purine nucleoside phosphorylase enyzme (PNP) and
suggest that the negatively charged side chain of Asp1007-methylthioguanosine substrate (MESG), was purchased
creates an electrostatic potential pattern that regulates thérom Invitrogen (Carlsbad, CA). Poly(dT) ssDNA (average
transduction of ATP binding into conformational activation length of 319 nucleotides) was purchased from Amersham
for DNA binding and higher-order processing and, as a Biosciences (Piscataway, NJ). Desalted biotin-¢gTyas
consequence, discriminates against GTP (and ITP) bindingpurchased from Sigma Genosys (The Woodlands, TX) and
and usage (A. M. Lee and S. F. Singleton, in press). used without further purification. Streptavidin paramagnetic
Unfortunately, a high-resolution structure of the active particles (SA-PMP) were from Promega. Clear 96-well flat-
conformation of RecA has not been reported, and the key bottom microplates were purchased from Evergreen Scien-
structural determinants of the dynamic equilibrium between tific (Los Angeles, CA).
inactive and active RecA filaments remain elusive. Nucleotide Triphosphate Hydrolysis Assake hydroly-

To date, the crystal structures have not provided specific sis of NTPs by RecA was assessed using a published
molecular insight into the binding selectivity of the ATP site enzyme-coupled continuous spectrophotometric assay for
in an activated RecA filament. Therefore, more indirect inorganic phosphate release8|. Reactions (final volume
methods are needed to characterize the structural featuresf 100uL) were initiated in a 96-well microplate by adding
of the site. In this study, we probed the nucleotide binding a preincubated solution containing @/ RecA, 10 mM
site of RecA using a systematic, ligand-based approachMg(OAc),, 1 mM DTT, 15 uM-nts poly(dT), 0.3 mM
involving a total of 28 prospective ligands comprising both  MESG, and 1 unit/mL PNP in 25 mM Tris-HOAc (pH 7.5)
canonical NTPs and 19 synthetic analogues never previouslyat 25 °C with 5% (v/v) glycerol to various concentrations
tested with RecA. Using three rapid screening assays, weof nucleotide triphosphate (from 0 to 100d/4). The Aseo
characterized binding of the nucleotide to either the active was monitored every 30 s in the microplate reader at@37
RecA filament, the inactive RecA filament, or both. The data for 30 min using a Perkin-Elmer HTS 706MDioassay reader
clearly demonstrate that the nucleotides can be segregatedavith a 360+ 5 nm band-pass filter. The initial, steady-state
into two groups based on mutually exclusive activities in reaction velocity {5, in micromolar per minute) for each
the three assays: (1) nucleotides that preferentially bind theNTP was calculated from the change in absorbance as a
active NPF conformation and either serve as substrates forfunction of time QA/dt) using aAezgo of 6.0 x 1074 uM 1
or competitively inhibit hydrolysis and (2) nonsubstrate NTPs as measured in the microplate reader. Each set of data,
that preferentially bind the inactive RecA conformation and corresponding to a range of NTP concentrations, was
facilitate dissociation of the RecAssDNA species. The analyzed using a MichaelidMenten equation modified for
observations are consistent with the recently reported pseudosubstrate cooperativity as described previou2, 80):
atomic model of the active state of RecA based on an 18 A

EM reconstruction of the active NPRX). In this model, INTPJ?
the ATP binding site is located between adjacent RecAs such Vgps = KeaRo 3 3 (1)
that an ATP interacts with the P-loop and several key INTP]"+ S5

residues of one RecA subunit, and a neighboring RecA
monomer completes the binding site by enveloping the whereR is the total concentration of RecA arg;s is the
adenine moiety. These results have important implications NTP concentration when the velocity is half of its maximum
not only for the elucidation of important structural details value.
of the nucleotide binding site of the active RecA filament  Inhibition of ATPase Actity by Selected NucleotideA.
but also for the design of specific, potent, and conforma- solution containing 0.%M RecA, 100uM nucleotide, 10
tionally selective ligands for modulating RecA activities.  mM Mg(OAc),, 1 mM DTT, 0.3 mM MESG, and 1 unit/
mL PNP in 25 mM Tris-HOAc (pH 7.5) at 25C was mixed
EXPERIMENTAL PROCEDURES with 5% (v/v) glycerol for 5 min at 37C. The ATPase
reactions were initiated by the addition of a solution
Materials. The Escherichia colRecA protein was purified  containing ATP and poly(dT) (final concentrations of 500
as described previously2¢) to =97% homogeneity and M and 1.5«M-nts, respectively) to achieve a final reaction
stored in aqueous buffer [25 mM Tris-HCI (pH 7.5), 1 mM volume of 600uL. The change iAgso was recorded for 30
DTT, and 5% glycerol] at-80 °C. The protein concentration min at 37 °C in a Perkin-Elmer Lambda 20 UWis
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ﬁ'dm o R o R
PPP-O R2 PPP-O OH PPP-O OH
Entry Nucleoside R' R? R’ R? R’ Abbreviation
ATP Analogs
1 araadenosine OH OH H NH, H Ara-ATP
2 2'-O-methyladenosine OMe OH H NH, H 2'-OMe-ATP
3 3'-0-methyladenosine OH OMe H NH, H 3'-OMe-ATP
4 2'-aminoadenosine NH, OH H NH, H 2'-NH,-ATP
5 2'-fluoroadenosine F OH H NH, H 2'-F-ATP
6 6-chloropurineriboside OH OH H Cl H 6-CI-PTP
7 2,6-diaminopurineriboside OH OH NH, NH, H 2-NH,-ATP
8 8-bromoadenosine OH OH H NH, Br 8-Br-ATP
9 NC-phenyladenosine OH OH H NHPh H N°-Phe-ATP
10 N°-benzyladenosine OH OH H NHCH,Ph H N°-Bn-ATP
11 N°-1-naphthyladenosine OH OH H  NH(I-Naphthyl) H N°-Np-ATP
12 O°-methylguanosine OH OH NH, OMe H 0°-Me-GTP
CTP Analogs
13 5-methylcytidine OH - - - Me 5-Me-CTP
UTP Analogs
14 2'-O-methyluridine OMe - - - H 2'-OMe-UTP
15 5-methyluridine OH - - - Me 5-Me-UTP
16 5-propynyl-2'-deoxyuridine  OH - - - C=CCH; S-propynyl-dUTP

Ficure 1: Non-natural nucleotide analogues used in this work. The abbreviation “PPP” indicates that a triphosphate p@ietyigP
appended at the' #0-position of each depicted nucleotide. The stereochemistry of the first OH inltbeltnn is the opposite of that of
the representative purine NTP shown.

spectrophotometer with a thermojacketed six-cell changerbackground is defined as the amount of RecA released in
regulated by a Peltier temperature control system. i(the the absence of any additional nucleotide (data not shown).
values were determined as described above usihga of SA-PMP beads were washed three times with dssay
1.1 x 10* M~t cm!, and the percent inhibition was buffer by resuspension in buffer followed by pelleting with
calculated relative to the velocity in the absence of any addeda magnet and removal of the supernatant. The entirel50
inhibitor. reaction volume was added to the washed SA-PMP beads
Assessment of ATPase Inhibition and Determination of and was mixed thoroughly to ensure coating of the beads
Inhibition Constants (K). ATPase kinetic measurements with the reaction mixture. The reaction mixtures with beads
were carried out as previously describegil,(32) with were incubated for 20 min at 37C in an Eppendorf
modifications for microplate measurements. Briefly, reactions Thermomixer R microplate incubator. After the incubation
(volume of 10QuL) were initiated in a microplate by adding  period, the SA-PMP beads were pulled down with a
15 uM-nts poly(dT) to a solution of nucleotide {€L000 microplate magnet and 1. of the supernatant was removed
uM), 0.5uM RecA, 10 mM Mg(OAc), 3 mM ATP, 2 mM to a second microplate. To this supernatant was added 200
NADH, 2.3 mM phosphoenolpyruvate, 5 units/mL pyruvate uL of Protein Assay Reagent (Bio-Rad), and the absorbance
kinase, and 5 units/mL lactic dehydrogenase. The decreasef the resulting solution was measured in the microplate
in Asgo was recorded as a function of time for 30 min at 37 reader using a 59% 25 nm band-pass filter. Th&sgs value
°C in a Perkin-Elmer HTS7000 bioassay reader using a was converted to RecA concentration by comparison with a
380 + 10 nm band-pass filter. Th& P values were RecA standard curve to quantify the RecA remaining in the
measured as described above in the presence of differensupernatant.

concentrations of inhibitor. Thi&;; values were determined Assessment of Apparent ReegsDNA Dissociation In-
by linear regression analysis of plots &fs?°? as a function duced by NucleotideRecA dissociation, induced by the
of inhibitor concentration. various nucleotides, was assessed as described above over a

Inhibition of ssDNA Binding by Selected Nucleotides. fixed nucleotide concentration range—0000 «M). The
RecA (4uM) was incubated at 37C for 20 min with 100 apparent dissociation constank&®?) were determined by
uM nucleotide, 18:M-nts biotin-(dTkes, 2 uM ATPyS, 60 nonlinear least-squares analysis of the resulting titration
mM NaCl, and 1 mM DTT in k assay buffer [25 mM Tris-  isotherms using the following equation:

HOAc (pH 7.5) at 25°C, 5% (v/v) glycerol, and 10 mM

Mg(OACc),] in a total volume of 5Q«L. In optimization trials, Ases = A+ Ara— Auin) INTP] )
the inclusion of NaCl and substoichiometric amounts of 9 n ax "INTP] + K 2P

ATPyS were found to maximize the signal-to-background

ratio for the assay, where the signal is defined as the amountwhere Ani, and Anax are the minimum and maximum
of RecA released in the presence of 0@ ADP and the absorbance values, respectively.
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MOIe_CU|ar Model Building for the AQB-B_ Filament _Con' Table 1: Kinetics of NTP Hydrolysis by the RecA Protein
formation The all-atom model of the active RecA filament eotid Py M kot
was constructed by superimposing the iackbone of the nucieotide at (Min~) So5 (M) (kealSo.5)e

Xing and Bell crystal structure [PDB entry 1XM\38)] onto ATP 20+1 50+2 1.0
the G, backbone of two adjacent RecA filament subunits of dATP 2241 39+1 L4
| ) Ara-ATP 2241 86+ 8 0.65
the Egelman laboratory electron microscopy model of the 2.ome-ATP né >1000 _
active filament [PDB entry 1NO31()]. A simple minimiza- 3-OMe-ATP 19+ 1 56+ 8 0.82
tion of the superimposed, all-atom structure was then g";“'k%gp igii ﬁgi gg 8-25
performed using Insight Il (Accelrys) to relieve steric clashes 6_'C|'_ PTP 174 1 99+ 8 0.42
between residues due to adjustments in their position made 2_NH,-ATP 274+ 1 54+ 5 1.2
during alignment. 8-Br-ATP 18+1 140+ 10 0.33
NS-Ph-ATP 2443 49+ 6 1.2
RESULTS NS-Bn-ATP 33+ 1 280+ 30 0.29
NS-Np-ATP no >1000 -
The purpose of our studies was to probe the specificity of GTP %‘Eﬁ i 122% ggo 8_’83
the ATPase active site of RecA by characterizing the ability s.pme-gTP nd >1000 -
of various nucleotides and their analogues to bind and serve ITP 22+1 2404+ 10 0.23
as substrates for RecA-catalyzed hydrolysis. As a first step, dITP gli 1 SOOi 20 0.09
NTPs were first assayed for activity with RecA in a DNA- T zéii zggi 18 8‘22
dependent NTPase assay. Those NTPs that could be hydro- 5 pe-cTp nd >1000 —
lyzed were then fully characterized with respect to the steady- UTP 25+1 350+ 40 0.09
state kinetic constant&,:andSys. If a given NTP was not duTpP 25+ 1 110+ 30 0.58
hydrolyzed by RecA at a concentration 8250uM, it was g'l‘\)/[Opy”y"dUTP ne ~1000 B
e - -Me-UTP nd >1000 -
gss_ay_ed for (1) inhibition of ATPase activity and (2) T1p nd >1000 _
inhibition of RecA NPF formation. As described below, the  2-OMe-UTP nd >1000 -

latter two assays were used to segregate nonsubstrate NTPS ajnetics of ATP hydrolysis were measured using the MESG/PNP
into groups of nucleotides that either bind to the active RecA system to detect release of free phosphate. Each kinetic parameter was

nucleoprotein filament, prevent RecA activation and filament determined in triplicate, and the error shown is the standard deviation
formation. or have neither of these two effects. of three trials? Hydrolysis was not detected at concentrations of 1000

Steady-State Hydrolysis of Modified NTPs by the RecA#M'
Nucleoprotein Filamenur initial work explored the extent .
to which modification of the nucleotide base or ribose Nydrolyzed atameasurable rate, itis clear thaGhvalues
functional groups affected the ability of RecA to hydrolyze SPan & range>40-fold) much wider than that of thia
NTPs. We chose to examine 20 analogues of the eightvalues (2-fold). Interestlngly, nine NTPs were not hydroly;ed
canonical ribo- and'eoxyribonucleotides that span a range unde_r the experimental conditions, even at concentrations
of steric and electronic modifications on the purine and &S high as 1 mM (20-fold greater th&hs for ATP). The
pyrimidine heterocycles and thé and 3 positions of the  Structure-activity relationships summarizing the key struc-
ribose ring (Figure 1). tura}I (_algments that influence the hyd_ronS|s of purine- or

Normally, active nucleoprotein filament formation occurs pyrimidine-based NTP analogues are illustrated in Figure 2.

when RecA is simultaneously bound to ATP and ssDNA  For the eight canonical (r,d)NT_Ps, the data_obtained using
and results in ATP hydrolysis. Hence, ssDNA-dependent the PNP-coupled system recapitulated previously reported
NTP hydrolysis serves as a useful indicator that a NTP conclusions 13). Specifically, the order of decreasithg,/
promotes active filament formation in vitro. We monitored s Was as follows: (r,d)ATP> UTP > (r,d)CTP >
the steady-state kinetics of the poly(dT)-dependent NTPase(l.d)GTP> TTP. While ATP is the preferred substrate, it is
activity of RecA using a known enzyme-coupled continuous MOt necessarily the purine ring that Ie_ads to the _select|V|ty.
spectrophotometric assay for inorganic phospha8). ( GTP and _ITP, both of which are purine r_1uc|eot|des, were
Quantitative control experiments to evaluate the potential @ble to stimulate only RecA activation with s values of
influence of the substrates or products of the coupled reaction240 and 1400uM, respectively. ITP and GTP have a
on the steady-state kinetic parameters for ATP turnover by carbonyl group at position C6 in lieu of the exocyclic amine
RecA revealed no measurable effects\bp,, S5 for ATP, of ATP, and this appears to attenuate the_ ability of those
or K¢ for poly(dT) binding. Further control experiments nucleotides to activate RecA. Previous stu_o_lle_s by the Bryant
for each NTP confirmed that the hydrolysis activity was laboratory have suggested that the specificity of RecA for
poly(dT)-dependent and that the enzyme of the coupling ATP was due in partto a hydrpgen bqnd between the Asp100
system, PNP, was not affected by the NTP (data not shown).carboxylate and the exocyclic 6-amino group of ATIB)(

For each of the 28 NTPs, the initial steady-state rates of P We have observed that the specificity for ATP over GTP
formation were plotted as a function of the total NTP and ITP does not appear to be entirely related to hydrogen
concentration, and nonlinear least-squares curve fitting usingonding as 6-CI-PTP, which is unable to hydrogen bond with
the NTP concentration required for half-maximal velocity, Several aspects of the kinetic results (Figure 2) are not
S5 (Table 1). To facilitate comparisons among the NTPs, readily explained by examination of the open ATP binding
specificity constants relative to that of ATP were also site observed in crystal structures of RecA bound to different
tabulated. Considering the data for the 20 NTPs that were nucleotides 33—35). For example, ATP modifications such
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Ficure 2: Analysis of structureactivity relationships for RecA-catalyzed NTP hydrolysis of ATP analogues (A), UTP analogues (B), and
CTP analogues (C). The kinetic constants are compared to that of ATP using the rilatior{kea/S s)nTe/(Keal So.5)ate (S€€ Table 1).

Modifications abrogating all RecA activity are colored red.

as 2-F or 2-NH,, which change the electronic character but
not the steric size of the' dosition, were tolerated well by
RecA. However, the slight steric increase arising from the
replacement of the '20H group with a 20Me group
abolished the hydrolytic activity of RecA. Hydrogen bonding
by the C2 substituent was not a requirement for RecA’s
NTPase activity as dATP and Ara-ATP resulted in hydrolysis
kinetics essentially identical to those of ATP. Remarkably,
the effect of the OH— OMe change was restricted to 'C2
when the 30H group was replaced with d-®Me group,

was able to accommodate aromatic modifications at the N
position of adenosine. A phenyl ring appended to tife N
amino group had essentially no effect on hydrolysis, while
a benzyl group at the Nposition, which has more rotational
degrees of freedom than the phenyl substituent, increased
kear Significantly but also increase® s. A naphthyl substitu-
tion at the N position yielded an adenosine nucleotide that
was not hydrolyzed by RecA.

Although the RecA active site for ATP hydrolysis can
accommodate sterically demanding substituents as large as

there was no substantial change in the kinetic parameters ofa benzyl group, replacement of the exocylic Ndoup with

NTP hydrolysis. The inability of RecA to hydrolyze NTPs
modified with groups larger than a hydroxyl at the'C2
position also extended to pyrimidines ds@Me-UTP was
not turned over by RecA. Moreover, MANT-ATP, which
was utilized as a mixture of regioisomers with an aromatic
substituent at either the ribosé &r 3-hydroxyl, was not a
substrate for RecA NTPase activity.

The substitution of a methyl group for the hydrogen atom
at the C5 position of pyrimidine NTPs also eliminated the
ability of RecA to utilize such nucleotides as substrates.

an OMe group at position 6 of a purine to produceNe-
GTP abrogated ATP hydrolysis. Three trivial structural
rationales for this observation can be ruled out by internal
controls. First, the presence of an exocyclic Ndoup at

C2 of &-Me-GTP likely has little influence on its resistance
to hydrolysis by RecA because the same functional group
in the context of the adenine heterocycle (2-NATP) had
only modest effects on the kinetic parameters. A second
possible explanation for the 6-NHo 6-OMe effect is the
removal of a hydrogen bond donor. However, this possibility

Indeed, the natural nucleotide TTP and the C5-substitutedis ruled out as replacement of the Bgroup with a Cl atom

nucleotides 5-Me-UTP, 5-Me-CTP, and 5-propynyl-dUTP

(6-CI-PTP) had an only modest effect on RecA’s NTPase

were not RecA substrates. Presumably, the 5-methyl groupsactivity. Likewise, purine riboside'80-triphosphate, which

of such pyrimidine NTPs occupy an area of space corre-

sponding to the likely positions of prospective substituents

has no exocyclic functional groups, has been shown to be a
substrate for RecA-catalyzed hydrolys®0). Finally, the

at the N7 and C8 positions of a purine NTP. The idea that potential impact of a syn glycosidic torsional preference for

a similar effect would be produced by adding a &ized
substituent at N7 or C8 of ATP was only partially con-

unbound &-Me-GTP @6) is minimized by the observation
that 8-Br-ATP which has a similar syn preferen&?,(38)

firmed: we observed 8-Br-ATP to be a modest substrate of was hydrolyzed in a manner similar to that of ATP.

RecA NTPase activity.

The molecular determinants of attenuation of the DNA-

Contrary to the tight tolerances on the size of substituents dependent NTPase activity of RecA can be summarized as

at C2 of all NTPs and at C5 of pyrimidine NTPs, RecA

follows. Substitution at the C2osition of the ribose ring
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with groups larger than a hydroxyl moiety prevented both

purine- and pyrimidine-based NTPs from acting as substrates

for RecA NTPase activity. Replacement of thé-amino
group of the adenine ring with aromatic groups larger than
benzyl disrupted the ability of RecA to use the NTP as a
substrate. Likewise, addition of a methyl group or propyny!l
group at the C5 position of pyrimidine NTPs produced the
same effect.

A Rapid Screen for Aate NPF Binding by Nonsubstrate
NTPs. Although we were able to determine the kinetic
parametersk.,; and S5 for hydrolysis of 19 NTPs, the
interpretation of the negative results for the other nine NTPs
is complicated by the nature of the complex series of events

leading to an activated NPF state and subsequent hydrolysis

(16, 39, 40). In particular, we could not determine whether
the nonsubstrate NTPs were binding to the RecA ATP
binding site without being turned over. To investigate this
possibility, we assessed the inhibition of RecA poly(dT)-
dependent ATPase activity by nonsubstrate nucleotides.
Under the conditions of this assay, which includes excess
ATP (0.5 mM), RecA maintains its active conformation
during steady-state turnover of ATP. To impact the rate of
ATP hydrolysis by RecA, a general ligand must be able to
bind the active nucleoprotein filament and a NTP must be
able to compete with 0.5 mM ATP for its binding site on
RecA.

In conjunction with our previous work which explored
potential inhibitors of RecA activitie®], we desired a rapid,
high-throughput screening compatible assay for character-
izing the influence of select small molecules on the poly(dT)-
dependent ATPase activity of RecA. To optimize a single-
point screen (one ATP concentration and one inhibitor
concentration) for identifying nonsubstrate nucleotides that
bind the active NPF, we measured the inhibition constants,
Kic, for the ATP-competitive inhibition of ATP turnover and
compared th&; values to a single point of relative ATPase
inhibition. The analysis included data for six of the nine
nonsubstrate NTPs and ADP, which is a known inhibitor
(17, 41-43), and the optimal conditions were found to
include 100uM nucleotide inhibitor and 50@M ATP. The

Biochemistry, Vol. 45, No. 14, 20061507
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Ficure 3: Correlation plots for validation of binding screens. (A)
The poly(dT)-dependent ATPaBg of a given nucleotide is plotted
as a function of the percent inhibition of RecA poly(dT)-dependent
ATPase activity caused by an inhibitor at a single concentration
point of 100 uM. The line represents the best fit using the
“Exponential” curve fitting function of KaleidaGraph version 4.0
(Synergy Software). Values reported are the averageee standard

use of the single-point screening assay was validated by adeviation of at least three independent experiments. (B) RecA

correlation plot (Figure 3A), suggesting that a single ATPase
measurement at 1QM nucleotide is sufficient to character-
ize rapidly the inhibitory properties of a particular nucleotide.

Nonsubstrate NTPs Are Low-Affinity Binders of the Aeti
NPF. Interestingly, none of the nonsubstrate NTPs competi-
tively inhibited RecA ATPase activity>10% with the
exception of MANT-ATP. At a concentration of 1Q@M,
MANT-ATP abolished>95% of the ATPase activity in our
active NPF binding screen and is consistent with the low
Kic value reported here and elsewhetd)( A full discussion
of the ATP-competitive inhibition of RecA ATPase activity
using nucleotide analogues is beyond the scope of this wor
and will be presented elsewhere.

A Rapid Screen of Inaett NPF Binding by NTPsThe
competitive ATPase inhibition analysis provides a method
of gauging whether prospective ligands bind to the ATP

ssDNA dissociation constants of nucleotide bindikg, of the
nucleotides plotted in panel A as determined in the RessDNA
dissociation titration are plotted as a function of their respective
percent RecAssDNA dissociation induced in our single-point
screening assay at an inhibitor concentration of ZPD The line
shown was fit to the data as described for panel A. The identities
of the nucleotides are indicated on the graph, and the numerals
correspond to the entry numbers in Figure 1. Values reported are
the averages: the standard deviation of at least three independent
experiments. The relationship between potency and efficacy does
not hold true for ADP, which binds RecA tightly as indicated by
the lowKy value, but the maximum level of dissociation stimulated
is much lower than that of the other nucleotides that were studied

I((see the text for details).

the inactive NPF. We therefore utilized a method for
characterizing the interaction of nucleotides with RecA that
does not involve the NTPase activity of the protein.

Our laboratory recently developed a high-throughput

binding site of RecA during active ATP hydrolysis, and the screening compatible assay to determine the effects of
low extents of ATPase inhibition by the nonsubstrate NTPs synthetic small molecules on the binding of RecA to ssDNA
indicated that they are not high-affinity binders of the active (45). This assay is not competitive with respect to other
filament. However, the ATPase inhibition assay does not nucleotides. The assay design takes advantage of two
provide any information about the binding of nucleotides to important observations: (1) ADP decreases the stability of
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NPFs @6), and (2) the addition of ADP to a complex of

AxP
RecA bound to a 30mer oligonucleotide results in dis-
assembly of the complex and concomitant release of RecA GxP
from the DNA (16). Hence, for the 96-well microplate assay, CxP

(dT)ss conjugated to biotin was incubated with RecA and a
selected nucleotide at a concentration of 480 The extent
to which the selected nucleotide disrupts the binding of RecA dAxP
to ssDNA is measured by quantifying the amount of RecA
displaced into the supernatant after any RecA remaining
bound to biotin-(dT3s was pulled down with streptavidin- dCxpP
coated paramagnetic particles. TP
To ensure that the screen would identify nucleotides that
bound RecA and induced its dissociation from ssDNA, we
measured the apparent equilibrium dissociation constant for None [—— .
RecA—-ADP binding by monitoring the amount of RecA i i i '
released from (d3)-biotin as a function of ADP concentra-
tion. The resulting titration isotherm was fit to a standard 595
equation for a right hyperbola to produc&g®? of 80 4+ 30 Ficure 4: Extent of RecA-ssDNA dissociation induced by the
1M (data not shown). This value compares favorably to the presence of various nucleoside diphosphates (gray) and triphos-

K42 of 120 uM reported by Lee and Coxib), verifying phates (white). Each (r,d)NxP (final concentration of 144) was
. . R .. added to RecA-(dE}y filaments immobilized on SA-PMP as
that the rapid nucleotide binding assay results are quantita-jescribed in Experimental Procedures. The amount of RecA

tively related to the extent of RecAnucleotide binding. As  displaced into the supernatant was measured using a Bradford assay
further validation of the assay, we conducted two further (Asgs). Values reported for each (r,d)NxP are the meastandard

control experiments described below. deviation of at least three independent experiments.

First, we determined the dissociation constakitg?®, for o ) _ -
binding of nucleotide to RecA and compared these values Observation is consistent with the fact that the conditions of
to a single point of relative displacement of RecA from the DNA displacement screen allow a NTP to be hydrolyzed
(dT)se-biotin. As described above, the analysis included data t0 the corresponding NDP during the experiment.
for ADP and the same six nonsubstrate NTPs at a concentra- The difference in RecA displacement observed with TTP
tion of 100 uM in the single-point microplate assay. and TDP is significant. TTP is not a RecA substrate under
Considering the data for all of the NTPs, but not for ADP, the assay conditions (Table 1), and as such, the displacement
a correlation was observed between the ability of a nucleotidewe observed is due solely to the presence of TTP. The
to facilitate dissociation of a RecAssDNA species at a  dramatic extent of RecA displacement from ssDNA by TTP
concentration of 10@M and theK 2PPvalue calculated from  is consistent with the conclusion that TTP binds RecA under
a titration of the nucleotide (Figure 3B). It is noteworthy these conditions, whereas it could not replace or compete
that the data point for ADP fell well off the trend line in the  with ATP. In contrast, TDP displaces RecA less effectively
correlation plot (Figure 3B). At a descriptive level, the result than ADP, and the extent of TDP-induced filament dissocia-
for ADP may be attributed to a higher-than-expected potency tion is the same within error as that is observed in the absence
(i.e.,Kqis lower than the correlation predicts), a lower-than- of any nucleotide. We conclude that TDP does not bind RecA
expected efficacy (i.e., the amount of RecA displaced from under these conditions. Taken together, these results suggest
the NPF is lower than thig predicts), or a combination of  that the RecA-ssDNA dissociation screen will be useful for
both. The titration data (not shown) suggest that ADP is less assaying both nonsubstrate nucleotide triphosphates and the
efficacious than expected: the shape of the titration isothermnucleoside diphosphate that corresponds to the NTP sub-
is indistinguishable from the shapes of those of the nonsub-strates of RecA NTPase activity.
strate NTPs, while the maximum extent of RecA displace- Nonsubstrate NTPs Bind Preferentially to the Inaeti
ment is lower than that induced by any nonsubstrate NTP. NPF. The nine nucleotides that were not substrates of RecA
Because Rec/MDP retains the ability to bind ssDNA, albeit  for hydrolysis at a concentration up to 25M were
with a reduced affinity, the fact that the efficacy of ADP is evaluated for potential RecAssDNA dissociation using the
lower than that predicted by the correlation for this assay DNA displacement screening assay. The extents of filament
may suggest that RecA has a particularly low affinity for dissociation varied over a wide range, and these values, along
ssDNA when bound to one of the nonsubstrate NTPs. This with those for the substrate NTPs from Figure 4, were plotted
may have important implications if the difference can be as a function of the relative specificity constant (Figure 5).
generalized to other NTPs. The data illustrate that nonhydrolyzable structural analogues

Second, to establish the robustness of the RexgDNA such as 20Me-NTPs, 5-substituted pyrimidine NTPs, and
dissociation assay further, we screened nine pairs of canonicalD®-Me-GTP are the most potent inhibitors of DNA binding,
nucleoside di- and triphosphates, both ribo- ahde&bxy- despite the fact that their parent molecules, UTP and ATP,
ribonucleotides, for RecA binding. As shown in Figure 4, are good substrates for RecA NTPase activity. In contrast,
no differences were detected among the extents of dissociathose NTPs that can serve as substrates for DNA-dependent
tion of the RecA-ssDNA species stimulated by the different RecA hydrolysis do not facilitate extensive filament dis-
di- and triphosphate pairs, with the notable exception of TTP sociation despite the fact that they are converted to the
and TDP. These NTPs are uniformly known to be at least corresponding NDP during the experiment. In this context,
moderate substrates for RecA NTPase activity (Table 1). Thisit is important to distinguish between these NTPs that are

UxP

dGxP

IxP
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100 NTPs Are Conformationally Seleedi in Their Binding to
RecA.Nineteen of the 28 tested NTPs served as substrates
TP for RecA-catalyzed ATP hydrolysis. The NTPs’ abilities as
i i substrates were attenuated when certain structural features
were present. Importantly, those same functional groups
0"Me.GTP enhancedhe NPF dissociative activities of the NTPs. The
e particular structural modifications included &@-methyl

% RecA-ssDNA Dissociation

nilimii group on either a pyrimidine or a purine, substitution at the

el s C5 position of a pyrimidine with a methyl or larger functional
group, and naphthyl substituents at tHfgolsition of a purine

snisichiible ATp (Figure 2). Clearly, these key nucleotide functional groups,

- in combination with those of specific residues in the RecA

N-Np-ATP -dCTP protein, provide the molecular basis for the dichotomy

i TR between those NTPs that bind the active NPF and those that
ok BLelIfCLL: : bind the inactive NPF.
0 0.01 0.1 1 The generality of the separation of NTPs into two groups
(kS5 e of conformation-specific binders is supported by two obser-

FIGURE 5: Analysis of the potential correlation between a NTP's Valions. First, those NTPs that caused dissociation of RecA
ability to serve as a substrate for RecA-catalyzed hydrolysis and from DNA in the inactive conformation binding screen did
its ability to induce RecAssDNA filament dissociation. For each  not make for very potent inhibitors of RecA ATPase activity
NTP, the relative NPF dissociation induced by 108 nucleotide in vitro. In quantitative terms, th&;. values measured for

was plotted as a function of the value of the relative specificity ¢ ) :
constant koS 9 for that nucleotide. Thit.u andS,s values were five nonsubstrate NTPs were at least 3-fold higher than the

taken from Table 1. The relative NPF dissociation values are the COTTesponding{s*" values (data not shown). The data for
mean of at least three independent experiments and were calculateJANT-ATP provide a second rationale for the distinction
by dividing the RecA concentration observed in the assay super- between those NTPs that bound the active and inactive

natant by the average of the maximum RecA concentration observed-qgnformations of RecA Specifically, although MANT-ATP
in the supernatant in three experiments. The data points for the. : . f S
canonical (r,d)NTPs are shown as empty circles, and those for the'S not a substrate for hydrolysis by RecA, the nucleotide is

NTP analogues are shown as filled circles. For reference, the light@ Potent competitive inhibitor of RecA’s ATPase activity
gray box represents the NPF dissociation caused by:M@DP but does not effectively induce NPF dissociation. In other

(21 £ 6%). words, MANT-ATP can be represented by the cartoon
depicted in Figure 6B. This suggests that MANT-ATP is a

not efficiently hydrolyzed and the classic nonhydrolyzable high-affinity binder of the active NPF but a low-affinity

ATP analogues with phosphate isosteres. Members of thebinder of the inactive NPF. We conclude that the binding to
latter group, which includes AT ADP-AIF;( and AMP- RecA by NTPs is conformationally selective. This has
PNP, bind and stabilize the active NPE4( 47, 48) and Important |mpllcgt|ons as d|scusse_d below. :

prevent ATP hydrolysis by simple competitio#gj. On the .Str.uctual Basis_for anformgtlonally S‘?'a‘ﬁ' RecA
other hand, the NTP analogues evaluated in this paper beaPinding by NTPsThe available high-resolution structures

substituents on the heterocycle or ribose moieties that prevenf)]c the E 90" R_ecA filgment \.Nith _nucl_eotide bound at the
them from binding or stabilizing RecA in the active NPF ATP binding site depict the inactive filamer3 34). As

conformation. We conclude that there is an apparent di- part of a recent comparative analysis of the RecA crystal

chotomy between those NTPs that bind the active NPF angStructures with those of related ATP-dependent enzy8jes (
we noted that the adenosine moiety in the RecA structures

those that bind the inactive NPF and induce filament . : ) . )
dissociation. is located in a wide crevice near the surface of the protein
(Figure 7A,C). The binding site is superficial and accessible,
DISCUSSION apparently providing room for a variety of voluminous sub-
stitutions on both the base and ribose moieties of a nucleo-
We have probed the specificity of the DNA-dependent tide. Consistent with this observation, the inactive RecA
NTP hydrolysis activity of RecA using a ligand-based conformation accommodates many different nucleotides.
approach involving a total of 28 prospective substrates With the exception of TTP and TDP, all of the canonical
comprising both canonical NTPs and synthetic analoguesnucleoside di- and triphosphates, both ribo- ahd&bxy-
thereof. The kinetic parameteks,: and S s were measured  ribonucleotides, induced similar extents of dissociation of
for each NTP. Those NTPs that were not subject to RecA from ssDNA (Figure 4). Furthermore, several of the
hydrolysis by RecA were then characterized with regard to nonsubstrate nucleotide triphosphate analogues induced dis-
their abilities to bind RecA nucleoprotein filaments in their sociation of between 30 and 90% of the DNA-bound RecA
active and inactive conformational states. The principle (Figure 5). This extent of NPF dissociation is equivalent to
conclusion of this work is that the NTPs can be readily a maximum range in the apparent dissociation constants
segregated into two groups based on mutually exclusive (K9 between 10 and 250M. This rather modest range
activities in three assays: (1) NTPs that preferentially bind corroborates the expectation that the ATP binding site of
the active NPF conformation and either serve as substratesRecA in its inactive conformation is not particularly selective.
for or competitively inhibit hydrolysis and (2) nonsubstrate  In contrast to the observations with the inactive conforma-
NTPs that preferentially bind the inactive RecA conformation tion of RecA, the active nucleoprotein filament has a more
and facilitate RecA ssDNA dissociation (Figure 6). narrow tolerance for modified NTPs (Table 1). As a corollary
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NTP binds NTP binds
Active Conformation Inactive Conformation

NTP is a substrate NTP is an inhibitor

Ficure 6: Summary of three different in vitro assays characterizing the binding of 28 NTPs to the two conformational states of the RecA
nucleoprotein filament. The cartoons represent ssDNA (white ribbon) and either bound (light gray ovals) or free (dark gray circles) RecA
protein monomers. A NTP binding the active nucleoprotein filament can either (A) be hydrolyzed by RecA or (B) competitively inhibit
ATP hydrolysis. (C) A NTP which binds to and stabilizes the inactive conformation will cause the dissociation of RecA and ssDNA.

to the conclusion drawn above, a wide, solvent-accessiblewould create the potential for steric clashes with the protein
ATP binding cleft is not consistent with the high degree of side chains that have moved into position to interact with
selectivity noted for the active RecA conformation in our the bound nucleotide.
studies. The differences we observe in binding between the Influence of N-Substituted Adenine on Conformational
active and inactive conformations of RecA cannot be Selectiity. We have shown that RecA tolerated as substrates
rationalized using the existing high-resolution crystal struc- ATP analogues modified at theS)dosition with functional
tures and require a different model for the conformation of groups as large as benzyl and phenyl but th#(1-
the active RecA nucleoprotein filament. naphthyl)-ATP preferentially bound the inactive RecA
The groups of Egelman and Campbell recently reported conformation and induced dissociation. The structural model
an 18 A EM reconstruction of the extended NPF from which of VanLoock et al. for the active filament reveals several
they developed a pseudoatomic model of the active state offeatures that may rationalize the efficiency with which RecA
RecA (11). A remarkable feature of the model is the is activated or deactivated by nucleotides modified at the
reorientation of RecA monomers with respect to their N position.
crystallographic locations such that the ATP binding site is ~ TheNé-phenyl-ATP analogue was hydrolyzed with kinetic
now located between adjacent monomers and comprisegparametersi¢, = 23.5 mint, $ 5= 49uM) nearly identical
highly conserved residues on both subunits. Many important to those of ATP, the usual substrate for RecA. The larger,
aspects of the model, including the location of the ATP site and presumably less constrained, benzyl group diminished
at the subunit interface, have been substantiated by analysethe apparent affinity of the active NPF for the nucleotide
of the crystal structures of RecA homologues in extended almost 6-fold & s = 281 M) compared to that with ATP,
filaments @4, 33, 49). We reconstructed the model of but it increased th&. parameter by a surprising 65%. The
VanLoock et al. using the reported, @oordinates as a  fact that the small increase in size from phenyl to benzyl
template for the 1.9 A structure of RecA bound to PP had a substantial influence on hydrolysis kinetic parameters
recently reported by Xing and BelB®) (Figure 7). was corroborated by the results witli-(1-naphthyl)-ATP.
The active filament structural model suggests that a In this case, the larger naphthyl substituent at thedsition
complete nucleotide binding site in the active conformation resulted in a nucleotide which could not be hydrolyzed by
should be viewed as being composed of a primary binding RecA at the concentrations that were tested. Howe\er,
site, which contains the P-loop of one RecA subunit in a (1-naphthyl)-ATP bound the inactive RecA conformation and
NPF, and a secondary site comprising the interacting residuesnduced the dissociation of RecA from ssDNA.
of the neighboring RecA monomer. The residues that come In contrast to the inactive RecA conformation, which we
into the proximity of the primary ATP binding site upon have shown can uniquely accommodate a sterically demand-
activation are Lys216, Arg222, Lys248, Lys250, Pro254, and ing substituent at Nof ADP (9), the model of the active
Phe255. The changes in the positions of these residues camNPF predicts that the ATP binding site envelops the adenine
be appreciated by comparison of the active filament model moiety in a pocket and maintains close contact with its edge
(Figure 7B,D) with the inactive filament crystal structure and both faces. Hence, it is reasonable to speculate that the
(Figure 7A,C). In the inactive filament structure, the ATP residues from the secondary monomer are positioned close
binding site should readily accommodate substituents on theto the N position of the bound nucleotide (Figure 7D). The
nucleotide (Figure 7B). However, addition of voluminous smaller, more flexible substitutions such as phenyl and benzyl
moieties on the nucleotide in the active filament (Figure 7D) groups may not interfere, but as the size of the substitution
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Ficure 7: Structural models of the RecA ATP binding site in the inactive (A and C) and active (B and D) filament conformations of
Aspl100 and Argl00 with adjacent RecA monomers during filament assembly. Each panel depicts a RecA dimer wherein one subunit is
colored according to its domain structure and the second monomer is gray. The domain coloring is as follows: N-terminal domain (residues
1-33) in green, core/ATP-binding domain (residues-240) in yellow, C-terminal domain (residues 27323) in red, and the tether
between the core and C-terminal domains (residues-280) in magenta. (A) RecA dimer from the crystal structure of the inactive
filament state §3). The proteins are rendered as their Connolly surfaces, and the bound ADP molecule is rendered as a stick model. (B)
RecA dimer from the VanLoock et al. structural model of the active filament state, rendered as in panel A. (C) Enhanced view of an ATP
binding site from the crystal structure of the inactive filament state. The proteins are rendered as ribbon cartoons. The individual residues
involved in interactions with the bound nucleotide are shown as stick models and labeled (see the text for details). (D) Enhanced view of
an ATP binding site from the VanLoock et al. structural model of the active filament state, rendered as in panel C.

increases to that of the naphthyl group, there is the potentialsensitive to modifications at the ribosé [@osition of the
for steric clashes between the naphthyl group and the sideNTPs. The fact that dATP has been demonstrated to be a
chains of the secondary RecA monomer that have folded better substrate for RecA ATPase than AEP)(indicates
down to complete the binding pocket. We conclude that our that the presence of a hydroxyl group at thep@sition is
observations regarding the influence of-dubstituted ad-  not necessary to achieve the activated conformation of the
enine on the conformational selectivity of NTP binding are RecA NPF. Our own data show that, although hydrogen,
fully consistent with the VanLoock et al. model for the active hydroxyl, fluorine, or amine substituents are well tolerated
filament. at the 2 position, steric occlusion by functionalities as large
Influence of 20-Substituted Ribose on Conformational or larger than a methoxy group abrogated the ability of a
Selectiity. We have shown that RecA activity is exquisitely NTP to serve as a substrate for RecA NTP hydrolysis.
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Interestingly, while 20Me-ATP selectively binds the in-
active RecA conformation, substitution with an aromatic
group at the 2position makes for a NTP that does not bind
the inactive conformation but is a sub-micromolar inhibitor
of RecA’s ATPase activity.

In the crystal structures of RecA bound to nucleotides,
the residue which appears to be closest to th@R of the
ribose moiety is Tyr26433, 34). This residue is highly

segregated into two groups based on three activity assays:
(1) NTPs that preferentially bind the active NPF conforma-
tion and either serve as substrates for or competitively inhibit
hydrolysis and (2) nonsubstrate NTPs that preferentially bind
the inactive RecA conformation and facilitate ReegsDNA
dissociation (Figure 6). The observed trends are consistent
with the structural model of the active NPF proposed by
Egelman, Campbell, and their co-workers. Our systematic,
conserved §), and mutational analysis has shown it to be ligand-based approach provides insight into differences
crucial for proper RecA functiorb(, 52). Tyr264 lies within ~ between the ATP binding site of RecA in its inactive

a loop that connects the core domain of RecA, which includes conformation and the ATP binding site of the active
the ATP binding site, with the RecA C-terminal domain nucleoprotein filament. We therefore think these insights will
(residues 276352; Figure 7). The C-terminal domain of €nhance our understanding of the conformational selectivity
RecA is postulated to regulate RecA activity by acting as a ©f RecA-ligand interactions and provide information for the
switch to modulate DNA binding and the subsequent refinement of pseudoatomic models of the active conforma-
hydrolysis of ATP 84, 53—-55). The EM reconstructions  tion of the RecA filament. Moreover, our laboratory is using
directly demonstrated that the state of the bound nucleotidethese insights for the design of bioorthogonal RecA-NTP
modulates the structure of the C-terminal domain, and Pairs for future chemical biology experiments and for the

Egelman and co-workers speculated that allosteric couplingdevelopment of lead compounds for inhibiting RecA-
between these two substructures may be communicated irfependent processes in vivo.

both directions 11). The Tyr264-containing region, which
tethers the core and C-terminal domains, may provide a
means of transmitting allosteric information between the ATP 1
binding site and the C-terminal domai4j. We propose
that steric interference with the Tyr264 residue is the key
molecular determinant of the inability of RecA to hydrolyze
NTPs modified at the ribose’ Dosition with functional
groups as large or larger than @methyl group. The steric
occlusion generated by such analogues could prevent the
internal degrees of rotational freedom required by Tyr264
in this tether region that facilitates the rearrangement of the
C-terminus in space. In turn, the restrictions on internal
rearrangements would preclude the formation of the active
conformation of RecA.

4

The inhibition of ATPase activity we observe with MANT- 6.

ATP can be rationalized by interactions between the ad-
ditional ribose 23")-O-anthraniloyl moiety and the Tyr264 7
side chain. We speculate thatstacking interactions between
an aromatic group at theé gosition of a nucleotide analogue
and the phenol side chain of Tyr264 may enhance the affinity
of the nucleotide analogue for the active NPF, allowing it
to more effectively compete with ATP for the nucleotide

binding site. When RecA is in the inactive conformation, &

the same aromatic substituent on the nucleotide analogue
may be sterically occluded from the ATP binding site such
that the nucleotide analogue binds with only low affinity.
Experiments are underway to test this structural hypothesis.

CONCLUSION

In summary, we have probed the nucleotide binding site

of the RecA protein using a total of 28 prospective ligands 12-

comprising both canonical NTPs and 19 synthetic analogues
never previously tested with RecA. We reported an assay to
determine whether a given nucleotide analogue can bind to

and stabilize the inactive conformation of RecA, and we have 13-

also shown that RecA ATPase activity can be significantly
inhibited in vitro using substituted analogues of nucleotide
triphosphates. Our results clearly demonstrate that the ATP
binding site of RecA is exquisitely sensitive to some
modifications at certain positions on nucleotides yet surpris-
ingly tolerant to others. Indeed, the NTPs can be readily

10.

11.
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