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ABSTRACT: Elucidating the nature of the gene editing mechanism of
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is
an important task in view of the role of this breakthrough to the
advancement of human medicine. In particular, it is crucial to understand
the catalytic mechanism of Cas9 (one of the CRISPR associated proteins)
and its role in confirming accurate editing. Thus, we focus in this work on
an attempt to analyze the catalytic mechanism of Cas9. Considering the
absence of detailed structural information on the active form of Cas9, we
use an empirical valence bond (EVB) which is calibrated on the closely
related mechanism of T4 endonuclease VII. The calibrated EVB is then
used in studying the reaction of Cas9, while trying several structural
models. It is found that the catalytic activation requires a large
conformational change, where K848 or other positively charged group
moves from a relatively large distance toward the scissile phosphate. This
conformational change leads to the change in position of the Mg2+ ion and to a major reduction in the activation barrier for the
catalytic reaction. Our finding provides an important clue on the nature of the catalytic activation of CAS9 and thus should help
in elucidating a key aspect of the gene editing process. For example, the approach used here should be effective in exploring the
nature of off target activation and its relationship to the energetics of the unwinding process. This strategy may offer ways to
improve the selectivity of Cas9.
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1. INTRODUCTION

The CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats)−Cas (CRISPR-associated genes) system has
recently received major attention for its remarkable applic-
ability in gene editing.1 Cas9, one of the CRISPR associated
proteins, is an RNA-guided DNA endonuclease enzyme which
was originally found in the adaptive immune system of
Streptococcus pyogenes.2 The editing action of Cas9 (described
schematically in Figure 1) starts where the native Cas9
endonuclease binds to a guide RNA composed of two RNAs,
CRISPR RNA(crRNA) and a trans-activating RNA-
(tracrRNA),3 where the system has been simplified (relative
to the Cas9 that uses in nature the separate crRNA and
tracrRNA) by replacing these two disparate RNAs with a single
guide RNA (sgRNA).2 After a conformational change that
transfers the Cas9 complex with the guide RNA to its activated
form, the complex searches for a target DNA with sequences
that match the conserved protospacer adjacent motif (PAM)
sequence, which is responsible for binding of the target DNA
to the Cas9-guid RNA complex.4 The double stranded DNA
(dsDNA) is melted when the Cas9 protein finds a target
sequence in the PAM region and an RNA−DNA formation is
hybridized.5 At this stage, the well-conserved RuvC and HNH
domains cleave the non-target and the target DNA strand,
respectively. The elucidation of the details of the mechanism of

the type II CRISPR is an area of a very active research. There
have been many structural studies that identified the
conformational changes in different steps of the DNA binding,6

the PAM recognition,5,7 the transformation of the cleavage
domains to the precatalytic state,8 and subsequent cleavage.9

These structural studies suggested that conformational changes
of the HNH domain play important roles in the activation
process. In particular, after the dsDNA binding and R-loop
formation, a significant conformational rearrangement of the
HNH domain brings this region close to the cleavage site on
the target strand (Figure 1).10 An early experiment using
intramolecular Förster Resonance Energy Transfer (FRET)
revealed that the conformational dynamics of the HNH
domain plays an important role in controlling the cleavage
efficiency.8c However, this high flexibility of the HNH domain
makes it difficult to determine the precise catalytically active
structure, and the exact mechanism of the catalysis is still
elusive. The difference in the conformation and position of the
HNH domain in the two available Cas9 structures (with an
incomplete non-target DNA strand5 and with both unwound
DNA strands10) demonstrated the plasticity of the HNH
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domain and its important interplay with the nucleic acids.
However, even in the latter structures, in the absence of
divalent cations, the distance between the catalytic HIS840 and
the scissile phosphate is ∼10 Å, which is still too far to support
the catalytic reaction.
There have been several in sillico attempts of using extensive

molecular dynamic simulations in exploring possible active
conformations.11 Furthermore, a recent cryo-EM structure,
solved at a 5.2 Å resolution, was used in MD simulation that
tried to determine the closest position of the HNH domain to
the cleavage site.8b However, the relevance and validity of
those structures cannot be established without calculating the
free energy of the chemical reaction that would occur in the
corresponding structures.

At this stage, in the absence of a high resolution structure of
a catalytically active state, it may be still too early to try to
examine in a conclusive way the free energy landscape of the
catalytic process. However, in view of the importance of the
understanding of the Cas9 action, we move in this direction by
modeling the catalysis with several structural hypotheses. In
particular, our previous computational studies for polymerases
and endonucleases provide a powerful benchmark as all of
these systems share very similar chemistry.
In view of the uncertainties about the catalytic structure of

Cas9, it is important to exploit relevant information from other
related systems. In this respect, we noted that the HNH
domain shares structural similarity with other nucleases such as
Staphylococcal nuclease,12 and especially with phage T4

Figure 1. The mechanism of the conformational change of Cas9 upon dsDNA binding and PAM recognition and cleavage. The structures of the
PAM interacting domain and the guide are adjusted for PAM recognition, followed by DNA base pair melting and DNA−RNA hybridization.
Then, the HNH domain undergoes rearrangement to bring catalytic residues to the cleavage site on the targeted DNA strand (phosphate at
position −3).

Figure 2. Common positive residues (circled) at the catalytic site in (a) Staphylococcal nuclease, (b) T4 Endonuclease VII, and (c) Endonuclease
Vvn.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b04324
ACS Catal. 2019, 9, 1329−1336

1330

http://dx.doi.org/10.1021/acscatal.8b04324


endonuclease VII13(Endo VII, rmsd of 2.7 Å for 61 equiv Cα
atoms) and Vibrio vulnif icus nuclease14 (rmsd of 2.7 Å for 77
Cα atoms). While the catalytic structure at high resolution for
Cas9 has not been reported yet, most of the other nucleases
including the ones mentioned above are known to have one
metal ion mechanism (Figure 2) and have similar con-
formations for the catalytic state, which includes a histidine/
glutamic acid as a general base, aspartic acid or/and asparagine
to hold a divalent cation, and positively charged residues
nearby. One major difference between these nucleases and the
currently assumed catalytic state of Cas9 (from Cryo-EM
structure (PDB: 5Y36)8b and those suggested by molecular
dynamic simulations11b,c) is a positively charged residue on the
other side of the divalent cation ion and next to the O3′ of the
scissile phosphate. For example, there is ARG87 in Staph-
ylococcal nuclease (Figure2a), H43 in Endo VII (Figure 2b),
and ARG99 in Endonuclease Vvn (Figure 2c). In the case of
Endo VII, the H43T mutant has shown a very low activity.15

Therefore, it seems that the presence of a positive charge has a
significant role for the common catalysis.
Neither the Cryo-EM structure nor other FRET experiment

for Cas9 has shown any corresponding positive residue nearby.
However, the HNH domain is known to have major
conformational changes right before the cleavage event.8a,c,16

Looking for possible positive residues, we note that there are
only two positive residues (K848 and K855) within 10 Å from
the scissile phosphate. Interestingly, these two residues were
mutated to alanine to improve the specificity of Cas9 (eSpCas9
1.117) and are widely used to avoid off-target cleavages.
Although this mutant still has cleavage activity unlike Endo
VII, it was reported that it has slower cleavage rates.16 Thus,
we explore here the possible catalytic role for these two
residues. This is done considering several structural options
with the hope to get an insight about the activation process.
Significantly, our study finds that moving K848 near the

reaction center leads to a major structural change and to a very
large rate acceleration. This structural change has most
probably a major role in translating changes in base pairing
to the activation of Cas9.

2. METHODS
Our calculations of the activation barriers were performed
using the empirical valence-bond (EVB) method18 that has
been used in many of our previous studies, which successfully
quantified the key factors in enzyme catalysis (e.g., ref 19).
Furthermore, our EVB studies have revealed the important
factors that lead to the high replication fidelity of DNA
polymerase β.20

All the calculations in this study used the MOLARIS-XG
package.21 The reacting region and the Cas9−RNA−DNA
complex for the EVB calculations were immersed in a 30 Å
sphere of water molecules using the surface-constraint all-atom
solvent (SCAAS) type boundary condition.21a This system was
further surrounded by a 2 Å surface of Langevin dipoles and
then a bulk continuum. The local reaction field (LRF)
method21a was used to treat the long-range effects. All other
atoms beyond this sphere were fixed at their initial positions in
the Cryo-EM structure, and the electrostatic interaction from
outside of the sphere was turned off. The center of the
simulation sphere was set to the geometric center of the EVB
reacting atoms with the same parameters defined in our
previous study of Staphylococcal nuclease24 (see however
below the treatment of the histidine parameters). The

protonation states were determined by calculating the pKa’s
with our coarse grained (CG) model22 for the residue within
12 Å from the center of the simulation with a macroscopic
large charge dielectric for the effect of ionizable residues
beyond this range.
After this preparation of the system, the structure was

equilibrated by increasing the temperature from 10 K to 300 K
for the first 200 ps with a 100 kcal/mol Å2 positional constraint
on each atom. The constraint was gradually released over the
next 100 ps. The system was then relaxed for 10 ns, followed
by generating five different starting structures with 40 ps of
consecutive relaxation from the previous structures. The
average of each free energy calculation from the five runs
with each of these starting structures is reported as the results.
The EVB free energy calculations used the free energy
perturbation/umbrella sampling approach (FEP/US)18c with
51 frames of 10 ps each and 1 fs time step. Note that the
starting structures were relaxed with histidine protonated at
both δ and ε positions and a hydroxide ion. In the first
calculation, the histidine transferred a proton to the hydroxide;
then, the opposite sign was applied to get the free energy of the
protonation on the histidine. In the second calculation starting
from the same relaxed structures as the one used for the proton
transfer, the EVB potential was changed from the reactant to
the intermediate potential. The reaction regions were extracted
at each 10 fs of the simulation with the scissile phosphate
converted to dimethyl phosphate and then solvated for 2.5 ps
while the EVB reacting atoms were fixed. This simulation was
used to calibrate the gas phase shift and the off diagonal term
of the EVB Hamiltonian.
The stepwise associative mechanism was considered, as our

previous study23 proved that it is more practical to explore the
TS free energy with the well-defined penta-covalent
intermediate state between the nucleophilic attack and the
bond breaking steps, while it gives a similar result to that of the
concerted mechanism. Since we focus on the overall cleavage
barrier, the calibration step for the barrier of the protonation
step and the EVB calculation of the bond breaking steps were
omitted.

3. RESULTS AND DISCUSSION
3.a. EVB Simulations of the Reaction of T4

Endonuclease VII. Before exploring the reaction in Cas9,
we explored the same reaction for T4 Endonucleases VII
(Endo VII). The study of Endo VII was based on trying to
reproduce the observed kinetics, considering the mechanism
depicted in Figure 3 and using the same EVB parameters from
the previous study for Staphylococcal nuclease24 for the one
metal mechanism. We note, however, that unlike Staph-
ylococcal nuclease that uses GLU43 as a base, Endo VII and
Cas9 use histidine to abstract proton from a water molecule.
The proton was transferred to the δ nitrogen of H41, and the
partial charges and vdW parameters of HIP and HIE for the
EVB were taken from MOLARIS’s force field. The gas phase
shift was calibrated according to the free energy of proton
transfer, obtained from the pKa of histidine and water.
The crystal structure of H43A (PDB: 2QNC), which is

catalytically inactive, was used. For the wild type, H43A was
mutated back to a histidine. In the original structure, the
position of the Mg2+ ion is coordinated between OP1 and O3′
of the scissile phosphate (Figure 4a). Although the EVB results
for nucleophilic attack by OH− were reasonable, using this
coordination of the Mg2+, there was a very large free energy
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cost (∼15 kcal/mol) for the proton transfer step, because the
distance between OH− and the Mg2+ was too far to benefit the
negative charge on the oxygen as it is deprotonated. This effect
of the magnesium on the proton transfer step has been already
observed in many of our previous studies of DNA polymer-
ases.20c,23a,25 Thus, the structure was equilibrated with a
constraint that positioned the Mg2+ ion in a way that favored
the proton transfer step as well as the nucleophilic attack step
(Figure 4b). Interestingly, when the Cas9 structure was relaxed
with HIS840 brought close to the active site, the Mg2+ ion was
also positioned between OP1 of the scissile phosphate and the
attacking OH−. We note that although our calculations
considered the OH− in the first coordination shell of the
Mg2+ ion, it is also possible that this ion resides in the first or
second shell. This is an important challenging open question,
but it is assumed that a calibration on Endo VII does provide a
reasonable result even without resolving this question.

The above generated structure was equilibrated slowly and
relaxed for 1 ns, and the EVB was then calculated (Figure 5
and Table 1). The observed kcat was nicely reproduced for the
wild type, while H43A showed a very high free energy barrier.

3.b. EVB Calculations of the Reaction of Cas9. After
reproducing the kinetics of Endo VII, we used the same
structural preparation and settings in calculating the same
reaction for Cas9. In choosing the structure, we noted the
recent Cryo-EM structure (PDB: 5Y36), which was recently
reported as the closest conformation to the catalytic state.
However, this structure is likely to be far from the actual
catalytic structure, since the position of the histidine base
(which was mutated to alanine to inactivate the enzyme) is
located ∼8 Å away from the scissile phosphate. Moreover,
N863, which corresponds to N62 in Endo VII, which is clearly
a catalytic residue (since its mutation to alanine also causes
inactivity), is ∼10 Å away from the catalytic site. Thus, we
applied distance constraints with a 15 kcal/mol Å2 force
constant, at 2.0 Å between the OD1 of N863 and Mg2+ and at
5.0 Å between the CG of H840 and the phosphorus of the
scissile phosphate, and the structures were relaxed for 10 ns
(Figure 6).

Figure 3. One metal ion mechanism used in the calculation. A water
molecule is deprotonated by Nδ of histidine, and the resulting
hydroxide ion attacks the scissile phosphate between two nucleotides.

Figure 4. Different positions of the Mg2+ ion in (a) the original crystal structure of Endo VII and (b) after adjusting it to favor the proton transfer
step as well as the nucleophilic attack step.

Figure 5. Calculated free energy profiles for the reference reaction in
solution, the wild type and H43N of Endo VII.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b04324
ACS Catal. 2019, 9, 1329−1336

1332

http://dx.doi.org/10.1021/acscatal.8b04324


In exploring the possible role of a positive residue near the
catalytic site, we identified two potential residues (LYS848 and
K855) within 10 Å from this site. In addition, we identified
K810 that is, however, at a distance of ∼15 Å (the possible
involvement of this residue is discussed in the Conclusions
section). While the side chain of K848 is highly flexible and
can be moved toward the catalytic site, K855 could not be
brought to the site even with a distance constraint with a 50
kcal/mol Å2 force constant, due to the presence of other
residues on the way. Thus, we took the structure prepared
above and imposed a distance constraint with a 10 kcal/mol Å2

force constant at 2.0 Å between the NZ of K848 and the O3′
of the scissile phosphate and pulled the lysine next to the
phosphate during 200 ps of relaxation (Figure 7).
The following three cases were explored: (a) K848 is kept

far from the scissile phosphate, as in its the original structure,
(b) K848 is brought near to the scissile phosphate but is not
ionized, and (c) the ionized K848 is brought near the scissile
phosphate (Figure 8 and Table 2). We compared our EVB
barrier to the barrier obtained from a recent study, where the
intrinsic rate of cleavage by the HNH domain was determined
to be 0.67 s−1.26 The calculated barrier was found to be higher
when K848 was far away (both for the PT step and
nucleophilic attack step) than when it was near the catalytic
site. When we ionized the K848, the barrier was reduced by
about 5 kcal/mol relative to the case when it was not ionized,
and most of the reduction was at the nucleophilic attack step.
However, the change in barrier upon uncharging K848 is much
smaller than the overall change upon conformational change.
Thus, the main change is not due to the charge of K848 but to
other structural changes. Exploring this effect, we found that it
is largely due to the motion of the Mg2+ ion, which changes
drastically the exothermicity of the proton transfer step. More
specifically, the Mg2+ moved more closely to the O1A of the
phosphate and the attacking OH−, upon the motion of K848,

while the Mg2+ tries to interact with both the attacking OH−

and the O3A of the phosphate with a similar distance to that of
K848 in the other case (Figure 7).

3.c. EVB Calculation for Cas9 with Mismatches
around the Cleavage Site. In view of the importance of
controlling off target cleavage, we tried to explore the effect of
mismatches around the cleavage site and the possible coupling
to K848. The experiments with the engineered Cas9 and
mismatches show that both the wild type and eCas9 are
sensitive to mismatches around the cleavage site, which show
almost no cleavage.17,26 However, this sensitivity was found to
be associated with an unwinding process. In our simulations,
we converted 5′-GAA-3′ bases at 4,5,6 upstream positions of
the PAM region in the target strand to 5′-AGG3′ bases and

Table 1. Calculated Free Energy Profile for the Catalytic Reaction of T4 Endonuclease VIIa

ref wild type H43N

ΔGpt Δg‡,NA Δg‡ Δgobs‡ ΔGpt Δg‡,NA Δg‡ Δgobs‡,WT ΔGpt Δg‡,NA Δg‡

10.93 33 43.93 43.93 2.75 20.40 23.02 21.48 17.47 26.05 41.12
aFree energies (kcal/mol) of the proton transfer (PT) step, the nucleophilic attack (NA) step, and the total barrier in the reference solution, the
wild type, and the H43N mutant of Endo VII as well as the observed barrier converted from kcat from ref 30.

Figure 6. (a) The Cryo-EM structure of Cas9 (PDB: 5Y368b) where the catalytic H840 was mutated to alanine to stop the reaction. The distance
between the scissile phosphate and the Mg2+ is 4.8 Å, and the N863 faces away from the catalytic site. (b) Adjusted Cas9 structure that brings
HIS840 (converted from alanine) and ASN863 close to the corresponding positions in the catalytic site of Endo VII with a 3.3 Å distance between
the scissile phosphate and the Mg2+.

Figure 7. Pulling K848 from its initial position (colored black) to the
neighborhood of the scissile phosphate.
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relaxed the system for 1 ns. This was followed by the same
EVB calculations as before. Apparently, the mismatches did
not change the barrier of the wild type significantly, while
K848A shows a high barrier (Figure 9). While this result may
look inconsistent with the experimental findings, it is in fact
very reasonable. That is, the catalytic effect is obtained here
with K848 near the reactive center. But this effect is unlikely to
occur since the conformation with the mismatches is not likely
to allow K848 to reach the reacting bonds (the needed
unwinding is unlikely to be allowed as implied very clearly by
the experimental study of ref 26). It is also possible that in this
case we have incompetent DNA binding as the four
consecutive PAM proximal mismatches showed almost no
binding.26 We look forward to having crystal structures with
mismatches that would allow us to explore better the
corresponding effect on catalysis, but we suspect that the
hindered unwinding might block the conformational change
which accompanies the movement of a positively charged
residue to the neighborhood of the cleavage site.

4. CONCLUSIONS
Understanding the gene editing mechanism of CRISPR is a
challenge of major importance in view of the crucial
importance of gene therapy to medical advances. In this
respect, it is crucial to understand the catalytic mechanism of
Cas9 and its role in confirming accurate editing.
This work attempted to explore the energetics and

mechanism of the chemical step in the activation of Cas9.
Considering the absence of direct high resolution structural
information on the catalytic configuration of Cas9, we first
studied the closely related catalytic reaction of endonuclease
VII. The EVB parameters obtained from the Endo VII study
were then used in the simulations of Cas9. It was found that
the most likely catalytic configuration involves a structure
where a Lys residue comes close to the scissile phosphate.

Obviously, this interesting conclusion needs more direct
confirmations.
It is useful to further address the possible correlation of our

cleavage mechanism with recent experimental observations.26

This involves the following: (1) The engineered Cas9, namely
eCas9 (K848A, K1003A, R1060A), has a slower cleavage rate
than the WT. (2) The DNA unwinding takes place followed by
the movement of the HNH domain toward the catalytic site.
(3) There is a strong correlation between the DNA unwinding
and the cleavage rate as the cleavage reaction proceeds more
often in the unwound state. (4) The DNA unwinding is
hindered by the mutation of positive residues in eCas9 and the
PAM-distal DNA-RNA base mismatches. (5) The impact of
PAM-distal mismatches is greater for eCas9. Thus, they
suggested that the enhancement in the cleavage specificity of
eCas9 is largely due to destabilization of the unwound states by
mutating the positive residues. While the results of the present
work cannot be directly compared to the results obtained with
eCas9, since we only mutated K848 and provide a clear
mechanism of specificity, our results correspond to the same
slower reaction rate in the absence of K848, suggesting the
possible presence of a positive residue such as K848 near the
cleavage site. In fact, Figure 4d of ref 26 shows a nearly
constant difference in the cleavage rate between the WT and
eCas9 above an unwound fraction of 50%. While different
dynamics and DNA unwound fractions between the WT and
eCas9 seem to be correlated with the specificity, it also seems
that there is a constant factor that makes a difference at the
cleavage stage regardless of the mismatches. Therefore, after
the DNA unwinding, we hypothesize that the following
conformational change of the HNH domain may position
one of the positive residues mutated in eCas9 around the

Figure 8. EVB reaction profiles in the cases when K848 is far from the
active site, and when it is near with/without being ionized. Note that
the PT exotermicity is an integral part of the overall activation barrier.

Table 2. Calculated Free Energy Profile for the Catalytic Reaction of Cas9 Different Systemsa

ref LYS848 far LYS848 near/ionized LYS848 near/un-ionized

ΔGpt Δg‡,NA Δg‡ Δgobs‡ ΔGpt Δg‡,NA Δg‡ ΔGpt Δg‡,NA Δg‡ ΔGpt Δg‡,NA Δg‡ Δgobs‡,WT

10.93 33 43.93 43.93 27.49 20.73 48.22 3.64 17.37 21.01 4.38 21.97 26.35 17.80

aCalculated free energies (kcal/mol) of proton transfer (PT) step, nucleophilic attack (NA) step, and total barrier in the reference solution and the
three cases for Cas9. The observed barrier was converted from the kcat of ref 26.

Figure 9. EVB reaction profiles for Cas9 with and without three
consecutive mismatch base parings from four nucleotides upstream of
PAM. The effect of the mutation of K848 to alanine is also calculated.
Note that the low barrier case is unlikely to occur, since the
unwinding conformational change that leads to the K848 movement
is unlikely to occur (see text). Note that the PT exotermicity is an
integral part of the overall activation barrier.
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catalytic site. Interestingly, a recent study with long time scale
MD simulation11a showed that K810 (another lysine known to
reduce off-target cleavage)17 is located around the phosphate-4
after 10 μs of simulation time. This observation further
supports our hypothesis, although it is not clear whether the
effect found with K848 will be obtained with K810. In fact, two
different versions of eCas9 in the original proposal by
Slaymaker et al.,17 one with K848A and the other with
K810A, both showed reduced off-target efficiencies.
At this point, it might be useful to discuss the frequent

implications8c,27 that the activation of Cas9 is controlled by
dynamical processes and/or conformational control. First, with
regard to the dynamical idea, as we argued frequently (e.g., ref
28), the rate of overcoming the activation barrier obeys in
most cases the Boltzmann law, and the corresponding rate
constants can be described by transition state theory
(sometimes with a transmission factor correction). With
regard to the conformational control, it is possible that the
conformational barrier is slightly higher than the chemical
barrier (difference in rate of a factor of around 3 (ref 27a)),
although another recent experiment26 showed a slower
cleavage rate. However, as clarified in our discussion of the
fidelity of DNA polymerase,29 the modulation by conforma-
tional changes only occurs after evolution found a way to
reduce the very high chemical activation barrier. Thus, it is
unlikely that the conformational barrier controls the editing
process.
Our preliminary exploration of the effect of changing bases

did not involve the examination of the corresponding
unwinding effect, which is found experimentally to be
correlated with the catalytic activity. Although this finding
may look puzzling, it is, in fact, consistent with the
experimental observation (no unwinding, no catalysis).
Combining studies of the melting dependence on the base
pairs with EVB studies should provide a tool for refining the
editing process. Of course, such a study will involve significant
convergence problems, but we believe that advances in
structural studies will help to make such studies reasonably
reliable.
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Floriań, J.; Warshel, A. Prechemistry barriers and checkpoints do not
contribute to fidelity and catalysis as long as they are not rate limiting.
Theor. Chem. Acc. 2012, 131, 1288. (c) Ram Prasad, B.; Warshel, A.
Prechemistry versus preorganization in DNA replication fidelity.
Proteins: Struct., Funct., Genet. 2011, 79, 2900−19.
(30) Giraudpanis, M. J. E.; Duckett, D. R.; Lilley, D. M. J. The
Modular Character of a DNA Junction-Resolving Enzyme - a Zinc-
Binding Motif in Bacteriophage-T4 Endonuclease-Vii. J. Mol. Biol.
1995, 252, 596−610.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b04324
ACS Catal. 2019, 9, 1329−1336

1336

http://dx.doi.org/10.1021/acscatal.8b04324

