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ATP Hydrolysis in the RecA—DNA Filament Promotes Structural
Changes at the Protein—DNA Interface
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ABSTRACT: To address the mechanistic roles of ATP
hydrolysis in RecA-promoted strand exchange reaction in
homologous recombination, quantum mechanical calcu-
lations are performed on key parts of the RecA—-DNA
complex. We find that ATP hydrolysis may induce changes
at the protein—DNA interface, resulting in the rearrange-
ment of the hydrogen bond network connecting the ATP
and the DNA binding sites.

DNA maintenance and repair are vital for normal cellular
function; thus, all three kingdoms of life employ the process of
homologous recombination reaction. A major element of this
process is the exchange of strands between two homologous
DNA molecules. In bacteria, genetic recombination is
important also in horizontal gene transfer to propagate
antibiotic resistance where RecA, an archetype enzyme,
catalyzes the central step forming a DNA—protein complex in
which DNA strands are compared and, in the case of sequence
homology, exchanged.1 ATP is involved in all recombinases,
though its exact role is still unclear.

The strand exchange described above occurs in several steps.
First, RecA monomers assemble onto a single-stranded DNA
(ssDNA), with ATP binding between adjacent RecA
monomers. This RecA—DNA—ATP filament"” then also
binds a double-stranded DNA (dsDNA), allowing screening
for sequence homology between the two DNA molecules.” In
the case of a homology match, strand exchange starts, and
thereafter, the filament, now containing a newly formed
dsDNA, dissociates into ssDNA, the new dsDNA, and ADP.
ATP located between RecA monomers is hydrolyzed, and this
may aid either the strand exchange reaction, the dissociation of
the protein—DNA filamentous complex, or both.” X-ray
structures of the DNA—RecA—ATP complex show that there
is a H-bond network between DNA and ATP involving also
Argl96, GInl94, and Glu96, the latter coordinating the y-
phosphate group in ATP (Figure 1)."*7° When the filament
size reaches 6—10 monomers, ATP hydrolysis starts and
proceeds along the filament probably as a unidirectional wave,
at a rate of 20—30 min~'.”"
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However, how ATP hydrolysis may initiate and promote vital
parts of this process remains elusive. To obtain atomic level
insight, we here perform QM calculations on this reaction using
large active site models that involve key regions at the RecA—
RecA interfaces and the neighboring DNA strand.

We note that the problem of mechanochemical energy
conversion coupled to ATP hydrolysis is also interesting in the
context of other RecA-like helicases, such as PcrA, Rad50, Rho,
and F.F;-ATP synthase.””"" These important biological energy
converters show similarity both in macrostructural buildup and
in how the ATP binding site is formed between subunits.”
Recent computational advances and methodological progress
make quantum mechanics/molecular mechanics (QM/MM)
and active site QM methods useful for exploring protein
function.'”'*~"* Here we employ QM models with more than
240 atoms, which can test the behavior of the larger
environment near the reaction center. The QM models were
built from a crystal structure in which AlF, and ADP were
bound in the active site mimicking a transition state (TS)
structure." The models were constructed by closely investigat-
ing and comparing structural properties of RecA and ATP
synthase active sites and using the software DOWSER,"® which
overall localized a total of five water molecules in the active site.
The two models presented include key fragments of the active
site, QM-I (196 atoms), and also parts connecting ATP with
DNA, QM-I (245 atoms), where positions of some atoms were
fixed to retain the structure of the active site (Figures S1 and
S2). First, the T state was optimized and used for the other
states as a reference. For validation, these were superimposed
on the crystal structure, where no major differences were found
(Figure S3). Calculations were performed at the B3LYP/6-
3114++G(d,p)//B3LYP/6-31G(d) level of theory with zero-
point energy corrections and polarization effects of the protein
considered. For more details on the models, see the Supporting
Information.

We here focus on three key states of the reaction: ATP +
H,O (T), ADP + P; (D), and a transition state (TS) in which
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Figure 1. (A) RecA—ssDNA filament complex. Individual RecA units appear in different colors, and single-stranded DNA is shown as red sticks.
ATP and Mg** bind at interfaces of adjacent RecAs (ATP as red sticks, Mg** as orange spheres). (B) Initial state, T (blue sticks), and end state
Drorot (red sticks), in QM-II, superposed on the corresponding part of the RecA—DNA crystal structure (Protein Data Bank entry 3CMW )." Key
residues connecting DNA and the ATP site are labeled, and selected H-bonds are shown as dotted lines. Mg is shown as a green sphere. From T to
Dqr.rov the H-bond breaks between side chains of Q194 and Arg196, and Arg196 could coordinate on the DNA. See the text and Table 1 for details.

the O—P bond in ATP breaks. In the initial T state, the
optimized model has the triphosphate part of ATP surrounded
by the Walker- or P-loop region, where the y- and f-phosphates
comprise an eclipsed configuration coordinated by Mg** and
Lys72 (Figure S1). Lys250 and Lys248 coordinate the same
oxygen on y-phosphate, with two H-bonds, the O,H(-N)
distances being 1.62 and 1.67 A, respectively. The nucleophilic
water is coordinated by the side chain of Glu96 and by an other
O on the y-phosphate.

Its oxygen, Oy, is 3.34 A from the y-phosphorus of ATP (yP)
(Figure 1 and Figure S1). This is in line with similar models
and high-resolution crystal structures of related proteins."®

When the reaction moves from the T state to the bond-
breaking TS state, the only major rearrangement observed is
that GInl94 coordinates the nucleophilic water molecule,
making a weak interaction with the lone orbital of the NH,
group (Figure 1B and Figures S1 and $4).

The TS geometry has a planar PO;™ that was also observed
in other ATPases.'”'® Here the Oy-yP distance is 2.10 A,
while the yP---O(-fP) distance is 2.71 A, which is somewhat
longer than those of observed for the other enzymes.

In the final ADP + P; state, the P; is doubly protonated and
forms H-bonds with an oxygen of the f-phosphorus in ADP
and with the nitrogen from the CO-NH, group of the GIn194
side chain. In crystal structures, the carbonyl oxygen from this
CO-NH, group is H-bonded to the positively charged
guanidinium group of Argl96, which is located between the
ATP site and DNA in the protein. This leaves the NH, part of
the group pointing toward the ATP site. However, another
orientation has also been found, where the carbonyl group is
turned toward the active site." In a related manner, we note that
several of our initial calculations resulted in such a rotated
position during the development of model QM-I. Note that
GIn194 and Argl96 are believed to be key residues implicated
in allosteric coupling of DNA binding to ATP binding.”"”

Therefore, to assess the potential role of GIn194 side chain
positioning, the same states were also located with the carbonyl
group on GInl194 rotated toward the ATP site (ie, Tq oy
TSq.rov and D o). In Ty the active site is very similar to the
T state, though the nucleophilic water in T, is coordinated
via the C=0 group of the GIn194 side chain. The difference
between TS and TSq,,, is more pronounced as for the latter
the O,yP (2.08 A) and yP--O(-BP) (2.56 A) distances are
shorter (Figures S1 and S4). Further, in D, 2 new H-bond is
formed between the GIn194 carbonyl and the H-(O-) group of
the P; (Figure 2 and Figure S4).
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Figure 2. Schematics of the H-bond network (dashed red lines) and
its changes along the reaction steps (QM-II relative energies in
kilocalories per mole in parentheses). For more details, see Figure SS.

Considering energies of the six conformations obtained in
QM-I described above (Table 1 and Figure 2), the barrier
height of hydrolysis in the original conformation is 27.9 kcal/
mol. The D state is slightly less favored than the T state, by 3.5
kcal/mol. In contrast, in the Q-rot state, both the TSq, and
Do States are stabilized relative to the T state (Table 1),
which results a lower barrier, 23.6 kcal/mol. This value is in the
vicinity of the experimental hydrolysis rate, derived back to a
free energy of 18 kcal/mol using classical transition state
theory. The accuracy of QM active site models was earlier
estimated to be relatively good, with errors of a few kilocalories

DOI: 10.1021/acs.biochem.5b00614
Biochemistry 2015, 54, 4579—4582


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00614/suppl_file/bi5b00614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00614/suppl_file/bi5b00614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00614/suppl_file/bi5b00614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00614/suppl_file/bi5b00614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00614/suppl_file/bi5b00614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00614/suppl_file/bi5b00614_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00614

Biochemistry

Rapid Report

Table 1. Relative Energies of Selected Key Reaction Steps”

reaction step QM—Ib QM-II°
initial state

ATP + H,0 T 0.0 0.0

TS (PO,) TS 27.9

ADP + P; D 3.5 8.2
GIn194 rotated

ATP + H,0 T Qurot 8.8 (0.0)7 8.9

TS (PO,) TS ot 23.6 (14.7)

ADD + P, Dot 03 (-8.5) 46
Argl196 rotated

ADD + P, D —62

“All values are in kilocalories per mole. Please see the Supporting
Information for more details. “Obtained at the B3LYP/6-311+
+G(d,p)//B3LYP/6-31G(d) level of theory. “Obtained at the
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p) level of theory. “alues

in parentheses are given using T as a reference.

per mole, which does not affect significantly the conclusions
drawn here."?

To address the mechanistic role of ATP hydrolysis in the
complex, we used an extended model, QM-II. The rotated
GIn194 side chain would break up the H-bond with Argl196;
thus, we focused on this residue: QM-II included all heavy
polar neighboring groups of the Argl96 side chain and also a
fragment of the DNA strand (Figures 1 and 2 and Figure SS).
In QM-II, the T and D states were obtained for both the
original and rotated position of the GIn194 side chain (Table 1
and Figure 2). While the active site conformations of these
states are rather similar in QM-I and QM-II, the latter reveals
that in the Q-rot states the Argl96 side chain has a larger
distance to GInl94 and coordinates closer to DNA. This is
even more pronounced in Dq ., where the Arg196 side chain
is in an optimal position to coordinate the two negative
phosphates of the DNA—sugar—phosphate backbone (Figure
2). This results in a state in which both GIn194 and Argl96
side chains are rotated from their original positions (DQR_rot),
which is significantly stabilized, by 6.2 kcal/mol, relative to the
initial T (Table 1).

Upon comparing relative energies of the T, D, Tq,, and
Dq.or States in QM-II with those obtained in QM-I, we note
smaller shifts in values, but the overall qualitative differences
remain the same. The T state is somewhat favored over D in
the original GIn194 side chain position, whereas the D, state
is favored over Tq o The large CPU requirements set by a
QM system with 245 atoms allowed us to focus on only
selected states, and thus, the TS in QM-II was not obtained.
Nevertheless, compared to QM-I, QM-II did not have
additional groups near the O,-yP--O(-fP) region, and in
such cases, the TS barrier height is not expected to change
significantly.'” The energetic variations between T-TS-D and
T Qror TSQrot-Dqror Obtained are quite similar when compared
to those of the F;-ATPase mechanism.””*' In the case of F-
ATPase, the decrease in barrier height at the TS and the
stabilization of the D state occur when the so-called “tight”
ATP binding site conformation converts to a “loose”
conformation coupled to a 120° rotation of the central y-
subunit. Recently, Ma et al. have shown that the Rho—RNA
complex has an ATP-coupled force generation mechanism very
similar to that of the latter.'' These suggest that beside
similarities in macroscopic buildup, this protein family may also
have several common mechanistic elements, including the ATP

4581

hydrolysis reaction and its coupling to the substrate site
through a H-bond network.

We have addressed ATP hydrolysis at the RecA—RecA
interface in the RecA—DNA filament complex, using large
active site QM models. Important conformational changes
triggered by ATP hydrolysis would induce a new orientation of
the Argl96 side chain, bringing it right next to the DNA
backbone gap region. This new coordination may change the
stability of the RecA—DNA complex. The observed flipping of
Arg196 in RecA seems to be very similar to the conformational
change of Lys326 inside the translocation channel of Rho
transcription termination factor.'" Both of these residues flip
toward and away from their corresponding substrates,
controlled by ATP hydrolysis and ATP binding. This
mechanism provides a plausible scenario for RecA for the
early stages of the filament disassembly and release of the newly
formed duplex, as well as generation of some torsional freedom
needed to accomplish the strand exchange step. The idea that
the filament disassembly results from cooperation between
ATP hydrolysis and release of the tension is supported by
single-molecule experiments, which show that external tension
applied to the DNA slows filament disassembly.”” A similar
trend is also observed in the case of eukaryotic recombinase
Rad51.>* Our QM results give useful atomic level insight into
how ATP hydrolysis initiates important conformational
changes, which are in good accord with the experimental
observations described above. However, to reach solid
conclusions about the macroscopic mechanism and to under-
stand how the Argl96—DNA interaction affects the complex,
larger scale models capable of reporting on protein—DNA level
rearrangements initiated by ATP hydrolysis will also be
required."" Currently, such models are subject to investigation
in our laboratory.
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