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Bacterial RecA promotes the development and transmission
of antibiotic resistance genes by self-assembling into an ATP-
hydrolyzing filamentous homopolymer on single-stranded
DNA. We report the design of a 29mer peptide based on the
RecA N-terminal domain involved in intermonomer contact
that inhibits RecA filament assembly with an ICs, of 3 pM.

Drug resistance is an ever-increasing problem for modern
chemotherapy of bacterial infectious diseases.'? Although the
mechanisms that facilitate the de novo development, clonal
spread, and horizontal transfer of resistance factors are not fully
understood, the rapid rate at which antibiotic-resistant bacteria
appear is largely due to mutations arising during stress-induced
DNA repair*” and gene transfer between organisms.*® Recently,
the bacterial RecA protein has emerged as a crucial player in
these phenomena.®? Interestingly, RecA has long been known
to influence the ability of bacteria to overcome the metabolic
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T Electronic supplementary information (ESI) available: CD spectra for
peptides, ATPase assays in presence of DTT, MALDI-TOF results for
in-gel chymotrypsin digestion of RecA-peptide conjugates, RP-HPLC
assessment of peptide purity. See DOI: 10.1039/b70315%a

i Materials and Methods MBHA Rink amide resin, HBTU, HOBt, and
appropriately side-chain protected Fmoc-amino acids were purchased
from SynPep (Dublin, CA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO), and solvents were from Fisher (Somerville, NJ).
HPLC solvent A was 95% water, 5% acetonitrile, 0.1% TFA, and HPLC
solvent B was 5% water, 95% acetonitrile, 0.1% TFA.

Peptide synthesis INPEPs were prepared using standard manual Fmoc-
solid phase peptide synthesis protocols, cleaved from resin for 3 h using
TFA : thioanisole : anisole : triisopropylsilane : water (88 :5:3:2:2), and
purified by reverse-phase HPLC on C-18 column using a linear gradient
of 0% to 26% HPLC solvent B in HPLC solvent A over 13 min followed
by an additional gradient 26-36% over 20 min. The physical purities of the
peptides were estimated to be >98% using analytical HPLC with a linear
gradient of 0 to 100% HPLC solvent B in HPLC solvent A over 100 min
(see Fig. S4 in ESI). Purified INPEP was identified by ESI-MS: calc’d
(M + H)* = 3222.8, found 3222.3. Pure reduced peptide (INPEP-SH)
ESI-MS: calc’d (M + H)* = 3194.8, found 3195.0. Thiopyridine activated
peptide (INPEP-STP) was obtained from INPEP-SH by a modification
of a known protocol.*® Briefly, INPEP-SH (7.0 mg) was dissolved in a
1:3 mixture of HPLC solvents A to B at 0.1 mg mL~" and reacted with
20 eq. 2,2'-dithiodipyridine for 30 min. After removal of the acetonitrile
by rotary evaporation, the remaining solution was purified by HPLC (see
above) and identified by ESI-MS: calc’d (M + H)* = 3304.8, found 3304.0.
Acetylated peptide (INPEP-SAIlk) was obtained from reaction of 0.9 mM
INPEP-SH with 1 mM iodoacetamide in 100 mM potassium phosphate,
pH 7.2. After 4 h, the product was isolated by HPLC (see above, peak
eluted at 23 min) ESI-MS: calc’d (M + H)* = 3252.8, found 3251.5.
Abbreviations used in text: phosphoenolpyruvate, PEP, lactic dehydro-
genase, LDH, pyruvate kinase, PK, dithiothreitol, DTT, 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HBTU,
N-hydroxybenzotriazole, HOBt, trifluoroacetic acid, TFA.

stress induced by a range of antibacterial agents,*'** and its
functions are also important for other aspects of bacterial
pathogenicity, including the colonization of host environments,?
induction of toxin biosynthesis,'”*® virulence factor production,™
antigenic variation,” and survival responses to antibiotic
chemotherapy.'*'>* These activities, which are ubiquitous among
bacterial species, make RecA an attractive target to attenuate the
rate at which bacterial pathogens become resistant to antibiotic
chemotherapy.

In spite of RecA’s remarkably diverse set of biological activities,
all but one of the protein’s known functions require formation of an
active RecA-DNA filament comprising multiple RecA monomers
(each bound to a molecule of ATP) stoichiometrically coating
DNA to form a multimeric right-handed helical filament with
about 6 RecA monomers and 18 DNA base pairs per turn.* Hence,
the discovery of small molecules that suppress the formation of
such RecA-DNA filaments would be an important step in the
development of agents that modulate the evolution and trans-
mission of antibiotic resistance genes. Unfortunately, no natural
products have been definitely characterized as inhibitors of RecA’s
activities.*>*® To overcome this limitation, we have rationally
developed metal-dithiol complexes®? and nucleotide analogues®**
that inhibit the in vitro activities of pre-formed RecA-DNA
filaments. In this report, however, we describe a peptide inhibitor
designed to prevent the assembly of RecA-DNA filaments—
an obligatory early intermediate in all of RecA activities—by
disrupting the monomer—monomer interfacial contact region.

The o-helix A and B-sheet 0 (Fig. 1, blue) of one RecA monomer
form the key interfacial contacts with helix E and sheet 4 (orange)
of the adjacent monomer in the crystal structure reported by
Story et al*® Previous studies have established the importance
of this contact region, where N-terminal truncation mutants were
deficient in ATPase activity and filament formation.’* Disrup-
tion of interfacial contact regions by peptides has been previously

Fig. 1 RecA filament and intermonomer interface. The N-terminal helix
(blue) packs against the adjacent monomer (orange). Note Cysl16 and
Met 27 sidechains are within H-bonding distances (2.8 A, dashed line).
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reported as an effective strategy for antagonizing protein—protein
interactions (for recent reviews, see references 43-45). With RecA,
however, the N-terminal 30 amino acids proved ineffective as an
inhibitor of RecA activity, requiring a 12 h pre-incubation at 4 °C
to yield ICs, of > 500 uM (data not shown). A cursory inspection
of the N-30 sequence suggested several elements which could lead
to relaxed secondary structure in the 30mer. Therefore, a rational
design strategy was employed to increase the secondary structural
elements involved in the interfacial contact to improve potency in
our designed INhibitory PEPtide (INPEP, Fig. 2).

1 5 10 15 20 25 30
RecA N-30 ATDENKQKATAAAT.GQTEKQFGKGSIMRLG
INPEP Ac-YGGDRORATARALERI ARQHGRUTVMRIT- NH,
INPEP-SH  Ac-YGGDKQKATARATEKIAKOH RIT-NH,
N-Cap Salt Bridge Reactive Cys

Fig. 2 Design of INPEP based on RecA N-terminal domain.

Residues involved in key contacts between monomers (red)
were retained on the designed helical peptide, while residues not
involved in binding were changed to increase structural stability
(blue). The contact region of the native peptide begins at the
Asn in position 5. Here, the neutral Asn residue was changed
to a charged residue Asp to cap the N-terminal dipole of the o-
helix (Fig. 2, boxed sequence), and thus acts as an initiator of
helix formation.***’ Residues Alal2 and GInl6 were changed to
Lys to improve water solubility. Glyl5 was changed to Glu to
both provide an i, i + 4 salt bridge with Lys19*® and improve
helicity. Glul8 was changed to an Ala to increase the positive
character of the peptide while maintaining the helical propensity
at this position. Replacing the anionic Glu residue with Ala was
expected to decrease the potential for inter-peptide salt-bridge
formation that would promote aggregation, and to increase the
Coulombic attraction between the peptide and RecA (pl < 7).
Ser25, Leu29, and Gly30 were all changed to threonine residues
to promote B-strand formation* (Fig. 2, shaded box). Gly24
and Ile26 were changed to valine residues to increase B-strand
propensity*® while maintaining hydrophobic character at those
positions. Lastly, a leader sequence, Tyr-Gly-Gly, was placed at
the helix N-terminus to aid in spectroscopic quantitation. This
peptide, INPEP, demonstrated a higher helical content than the
RecA N-30 peptide (see Fig. S1 in ESIT) and was assessed for its
ability to inhibit RecA’s ATPase activity.

The first step in both RecA-mediated SOS induction and
recombinational DNA repair is the binding of RecA to ATP and
ssDNA to form an active RecA-DNA filament. Active filament
assembly normally results in ATP hydrolysis, which is necessary
for controlling SOS induction as well as for the subsequent
stages of recombinational DNA repair. ATP hydrolysis serves
as a useful indicator of filament activity, and the abrogation of
ATPase activity would be an important aspect of RecA inhibition.
The experimental details of the in vitro ATPase assay have been
described previously.** Briefly, the steady-state rate of ATP
hydrolysis catalyzed by RecA (1 uM) in assay buffer§, at 37 °C with
3 mM ATP was compared before and after the addition of varying
concentrations of peptide inhibitor. The fraction of ATPase
activity remaining was plotted versus the inhibitor concentration
to afford dose-response curves (Fig. 3).
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Fig. 3 RecA in vitro ATPase activity inhibition. Dose dependent
inhibition of RecA ATPase activity by INPEP (), INPEP-SH with
2mM DTT present (V), unreactive, alkylated thiol INPEP-SAIlk (4), and
thiopyridine-activated thiol INPEP-STP (@).

INPEP proved to be an effective inhibitor of RecA activity
with an ICs, of 35 uM (see Fig. 3), a > 20-fold improvement
over the N-30 peptide. Although the absolute ICs, is only
modest, this inhibition is notable in the context of the monomer—
monomer dissociation constant, which lies in the high nM-uM
range.’®% Importantly, assay mixtures which contained the ATP-
regeneration system and coupled NADH reporter system were not
inhibited in the presence of excess INPEP, indicating the specificity
of the peptide for RecA.

To improve the potency of the peptide’s inhibition of RecA,
a second-generation design was considered. The Cys116 residue
of one RecA monomer was noted to be within disulfide bonding
distance of residue 27 (Met) of the subsequent monomer (sce
Fig. 1). To exploit this, Met27 of INPEP was changed to a
Cys residue to give INPEP-SH. We reasoned that a disulfide
formed between this residue and RecA Cysl16 would prevent
the dissociation of INPEP-SH in the presence of competing RecA
monomers, making the inhibition irreversible.

Inhibition of RecA by INPEP-SH under non-reducing condi-
tions was both time- and dose-dependent (Fig. 4A). This result is
indicative of a slow, irreversible inhibition of the ATPase activity
of RecA. Because this assay was performed in the absence of
reductant, disulfide bond formation was presumed to be the cause
of the irreversibility. In confirmation of this hypothesis, addition
of excess dithiothreitol (2 mM) to the assay mixture after complete
inhibition by INPEP-SH resulted in the partial recovery of RecA
ATPase activity (see Fig. S2 in ESI¥).

To explore further the putative relationship between disulfide
formation and inhibition by INPEP-SH, the reactivity of the
cysteine thiol was modulated. First, the ATPase assay was repeated
in the presence of excess DTT. Here, the assay traces did not
display the curvature indicative of time-dependent irreversibility as
in Fig. 4A, but rather remained linear with rates dependent on the
concentration of INPEP-SH in the assay (see Fig. S2 in ESI¥). This
allowed for the fractional inhibition under reducing conditions to
be calculated as a function of increasing concentrations of INPEP-
SH (Fig. 3, ¥), which was essentially identical to the dose-response
observed using INPEP (Fig. 3, ).

Second, to eliminate the possibility of disulfide formation
between INPEP-SH and RecA, the peptidic Cys residue was
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Fig. 4 A. In vitro RecA ATPase activity is irreversibly inhibited by INPEP-SH in a time and dose-dependent manner when performed without
dithiothreitol reductant. The assay was initiated with addition of ssDNA and ATP after 5 min thermal equilibration (note break in data traces). Complete
inhibition is seen after 15 min (20 uM), but INPEP-SH shows minimal effect relative to the uninhibited RecA control (no peptide) at 5 uM. B. Comparative
time-dependent inhibition by 10 uM INPEP-SH without DTT ([J) to same concentration of INPEP (), INPEP-SH + DTT (V¥), INPEP-SAIk (A), and

INPEP-STP (®).

reacted with iodoacetamide to alkylate the thiol. The resultant
peptide, INPEP-SAIK, inhibited RecA ATPase activity (Fig. 3, A)
with an IC,, comparable to that of INPEP and INPEP-SH under
reducing conditions. However, the presence of DTT in the assay
buffer had no influence on the observed ICs, for INPEP-SAlk
(data not shown).

Lastly, to facilitate disulfide formation, the electrophilicity
of the cysteine residue was increased by conjugation with 2-
thiopyridine to yield INPEP-STP. The 2-thiopyridone released
by thiol-disulfide exchange between RecA Cysl116 and INPEP-
STP is resonance stabilized in neutral buffer, and thus provides
the driving force for this reaction.®® A similar derivative using
5-thio(2-nitrobenzoic acid), was used to activate a cysteine thiol
in a peptide-based HIV-1 protease dimerization inhibitor.*® The
concentration-dependent RecA inactivation by INPEP-STP under
non-reducing ATPase assay conditions was measured (Fig. 3,
@®). By making the Cys residue on the INPEP-SH design more
reactive toward free thiols, the apparent potency of the inhibitor
was increased by a factor of 10.

To underscore the tunable reactivity of the peptide’s thiol
functional group, relative RecA activity was plotted over time for
cach inhibitory peptide at 10 uM (Fig. 4B). Using both INPEP (¢)
and INPEP-SAIlk (A), RecA’s activity was indistinguishable from
uninhibited control, or 100% relative activity (dashed line), while
using INPEP-SH in the presence of excess DTT (2 mM) resulted
in approximately 85% relative activity (V). Likewise, INPEP-SH
without DTT present began at 85% relative RecA activity, but
over the course of the assay RecA activity decreased to zero,
presumably as disulfide bond formation progressed (). Using the
same concentration of INPEP-STP (@), however, the enzyme was
completely inactivated at the onset of the experiment (solid line).

no DTT

To assess whether the peptide was stably coupled to RecA, the
assay mixture containing RecA and INPEP-SH was fractionated
by SDS-PAGE and the resulting bands were analyzed by in-gel
digestion MALDI-MS. Fig. 5 shows the mobility shift of the RecA
band when incubated with increasing concentrations of INPEP-
SH. Some higher molecular weight aggregates were also seen in
the silver-stained gels, but all reverted to the original RecA band
if treated with DTT prior to loading on the gel (lanes 7-10).

A similar gel containing only RecA standard and RecA reacted
with INPEP-SH was submitted to UNC’s Proteomics facility
for in-gel digestion with chymotrypsin and subsequent MALDI-
MS characterization of the fragments. Chymotrypsin was used to
produce fragments where each of the three Cys residues in RecA
(90, 116, or 129) were contained in individual fragments. The
cysteine of RecA disulfide-bonded to the reactive Cys in INPEP-
SH should then be identifiable. As anticipated, the fragment
containing Cysl116 was observed to form a covalent bond to
INPEP-SH (see Fig. S4 in ESIf). No fragments corresponding
to Cys90 or Cys129 bound to INPEP-SH were detected.

These results highlight the role of the cysteine residue in the
INPEP design. Under reducing conditions, the peptide half-
maximally inhibited RecA ATPase activity at 30 uM, and the
iodoacetamide-inactivated and methionine peptides showed sim-
ilar activities at 50 uM and 35 puM, respectively. The activated
cysteine (INPEP-STP), however, showed enhanced activity (ICs, =
3uM). This s likely due to an increased rate of disulfide formation,
which results in virtually no time-dependence of the irreversible
inhibition (Fig. 4B).

Taken together, these results demonstrate the inhibitory effect
of INPEP is due to association of the peptide to the RecA protein,
the effectiveness of which is enhanced by disulfide formation. This
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Fig. 5 SDS-PAGE of ATPase assay using INPEP-SH. Lanes 1-4 show the gel shift of the RecA band relative to reduced RecA standard (lane 5) with
increasing doses of peptide inhibitor (concentrations in uM indicated above gel image) and no DTT in loading buffer. Lanes 7-10 show consolidation of
bands back to reduced RecA upon addition of DTT to loading buffer. Lane 6:42.7 kDa molecular weight marker (NEB #P7702S).
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peptide inhibitor, rationally designed from the RecA sequence,
provides a useful lead for the development of additional peptide
and small molecule inhibitors of RecA activities. Such agents
ultimately have the potential to be used as stand-alone antibiotics
or as adjuvants with existing antibiotics to slow the spread of
antibiotic resistance.
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PK, 15 uM-nts poly(dT).
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