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ABSTRACT: Metal-dependent DNA and RNA nucleases are
enzymes that cleave nucleic acids with great efficiency and
precision. These enzyme-mediated hydrolytic reactions are
fundamental for the replication, repair, and storage of genetic
information within the cell. Here, extensive classical and
quantum-based free-energy molecular simulations show that a
cation−π interaction is transiently formed in situ at the metal
core of Bacteriophage−λ Exonuclease (Exo−λ), during
catalysis. This noncovalent interaction (Lys131−Tyr154)
triggers nucleophile activation for nucleotide excision. Then,
our simulations also show the oscillatory dynamics and swinging of the newly formed cation−π dyad, whose conformational
change may favor proton release from the cationic Lys131 to the bulk solution, thus restoring the precatalytic protonation state
in Exo−λ. Altogether, we report on the novel mechanistic character of cation−π interactions for catalysis. Structural and
bioinformatic analyses support that flexible orientation and transient formation of mobile cation−π interactions may represent a
common catalytic strategy to promote nucleic acid hydrolysis in DNA and RNA nucleases.

■ INTRODUCTION

Nucleic acid hydrolysis controls vital processes, including the
maintenance of chromatin integrity and large-scale genome
stability as well as aging and cell defense.1,2 This chemical
reaction is efficiently performed by a large set of pharmaceuti-
cally relevant enzymes, which includes topoisomerases,
recombinases, ribozymes, and DNA/RNA nucleases.3−5

While exonucleases hydrolyze the 5′-end strand of the nucleic
acid substrate, endonucleases cleave a phosphodiester bond
within a polynucleotide strand.6−8 Regardless of their cleavage
point, both exo- and endonucleases catalyze the SN2-type
phosphoryl transfer, mostly via the recognized two-metal-ion
mechanism.9−15 This hydrolytic reaction requires deprotona-
tion of the nucleophilic oxygen, followed by the nucleophilic
attack of the latter on the scissile phosphate group of the
dsDNA substrate.16−18 This nucleophilic reaction leads to the
cleavage of the P−O3′ bond, and the concomitant generation
of the free 5′-phosphate nucleotide and 3′-OH products.
Thus, the phosphoryl-transfer reaction occurs while the

nucleophile sits on the 3′-end side of the phosphodiester
group, properly positioned for the in-line nucleophilic attack
on the scissile phosphate group (Figure 1).17,21 Notably, the
catalytic center is surrounded by conserved second-shell basic
residues (i.e., Arg and Lys), which were recently identified in a
large set of nucleic-acid-processing enzymes (including
nucleases). It has been suggested that these residues are
critical for the formation of a precatalytic Michaelis−Menten
complex.22−29

In this context, recent data have revealed that the presence
of a second-shell basic residue, Lys131, is critical in promoting
catalysis in Bacteriophage−λ Exonuclease (Exo−λ, a repre-
sentative and well-characterized member of the type II
restriction endonuclease-like superfamily).19,20 Lys131 extends
into the Exo−λ active site to form ion pairs with the pro-Sp
atom of the scissile phosphate. Concomitantly, it forms a long-
range attractive electrostatic interaction with the pro-Rp atom
(at 3.89 Å) of the neighboring 3′-phosphate.18 This contact
framework also involves the aromatic side chain of the
neighboring Tyr154; a residue that closes over the active site
through an H-bond established with the DNA backbone
(Figure 1). Intriguingly, Lys131 has been postulated to activate
(i.e., deprotonate) the nucleophilic water that triggers the SN2-
type phosphoryl transfer for dsDNA hydrolysis. Also, Tyr154
has been noted to form hydrogen bond interactions with the
neighboring 3′ phosphate.19,20 Nevertheless, despite the wealth
of experimental and structural data on Exo−λ,19,20 the
chemical steps for activation and catalysis at this enzyme’s
active core are still unclear.
Here, we tackle this challenge with a series of microsecond-

scale force-field-based (FF) molecular dynamics (MD)
simulations and free-energy calculations via the hybrid Car−
Parrinello quantum mechanics/molecular mechanics (CP
QM/MM) approach.30−32 We describe a novel chemical
mechanism where Lys131 acts in tandem with Tyr154 to

Received: April 12, 2019
Published: June 18, 2019

Article

pubs.acs.org/JACSCite This: J. Am. Chem. Soc. 2019, 141, 10770−10776

© 2019 American Chemical Society 10770 DOI: 10.1021/jacs.9b03663
J. Am. Chem. Soc. 2019, 141, 10770−10776

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

19
3.

56
.7

3.
10

0 
on

 J
ul

y 
21

, 2
01

9 
at

 0
2:

07
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b03663
http://dx.doi.org/10.1021/jacs.9b03663
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


transiently generate a cation−π interaction to promote the
Exo−λ-mediated SN2-type phosphoryl-transfer reaction for
dsDNA hydrolysis.
We found that Lys131 is deprotonated in the reactant state,

as already shown for analogous lysine residues in other
enzymes.33−35 Thus, Lys131 can act as a general base and
accept a proton from the Mg-oriented nucleophilic water
molecule within the catalytic site of Exo−λ. In this way, a
cation−π interaction is formed by Lys131 and Tyr154. We
observed that, once this cation−π interaction is formed, these
paired amino acid side chains swing jointly out of the catalytic
site. This may allow the cationic Lys131 to release one proton
in solution, thus closing the Exo−λ catalytic turnover (Figure
2). Finally, thanks to extensive structural and bioinformatics
analyses, we show that formation of a catalytically active
cation−π interaction might be a general strategy used by
several other viral and bacterial nucleases.

■ RESULTS AND DISCUSSION
Role of Lys131 from Force-Field-Based MD Simu-

lations. First, we investigated the binary Exo-λ/dsDNA
complex using extensive FF-based MD simulations (∼3.5 μs
overall). Initially, we considered two systems where Lys131 is
either protonated or in its neutral state. In particular, we
monitored the evolution over time of three geometrical
descriptors:16,36 (i) the length of the forming bond between
the phosphorus of the scissile phosphate and the nucleophilic

Figure 1. Precatalytic state of Bacteriophage-λ Exonuclease (Exo-λ)
binary complex, built from PDBid 4WUZ19 and 3SM4.20 Cation−π-
interacting amino acids (Lys131 and Tyr154) are reported in blue.
Orange spheres identify catalytic Mg2+ ions. The red arrow indicates
the forming bond (d-newbond). The green arrow indicates the
reaction coordinate describing the deprotonation event (d-shuttle).

Figure 2. General reaction scheme proposed for cation−π−mediated dsDNA hydrolysis operated by Exo-λ. The flexible cation−π interaction is
shown in blue. (I) Precatalytic complex where the nucleophile activation step occurs. (II) After nucleophile activation, the Lys131-Tyr154 dyad
generates the cation−π interaction. (III) Rearrangement and oscillatory dynamics of the cation−π system leading to the synchronous departure of
the Lys131-Tyr154 pair from the core of the catalytic center. At this point, Lys131 deprotonation may occur, with subsequent product release. The
newly formed neutral dyad can readjust into the active site to reconstitute the competent precatalytic architecture and start a new catalytic cycle
(IV).
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water molecule, “d-newbond”; (ii) the distance between the
nitrogen atoms of Lys131 and the oxygen atom of the attacking
water, “d-shuttle”; and (iii) the ψ dihedral angle formed by the
atoms C−Cα−Cβ−Cγ of Lys131. This angle is a good
depiction of the residue position with respect to the Exo-λ
active core (Figure 1).
Our MD simulations show that the protonated Lys131

escapes its crystallographic pose after only ∼250 ns (Figure
S1). This is shown by d-shuttle and ψ values, which move from
2.8 ± 0.6 Å to 7.8 ± 1.2 Å and from −168° ± 22.5° to 80° ±
9.6°, respectively (Figures 3 and S1). This Lys131 structural

rearrangement causes the breaking of the native H-bond
network on top of MgB, with the inactivated nucleophilic water
molecule that consequently shifts ±0.6 Å away from the scissile
phosphorus when compared to the X-ray structure (3.7 ± 0.25
Å in MD vs 3.1 Å in PDBid 3SM4).19,20 Thus, the reagents are
no longer positioned for optimal in-line nucleophilic attack
(Figure S2), with the shifting of the nucleophile that is mainly
induced by the cationic Lys131−NH3

+ group, which alters the
native coordination geometry of MgB.
Notably, in our MD simulations, the protonated Lys131

moves out of the active site after generating the cation−π
interaction with the neighboring phenolic hydroxyl group of
Tyr154. Formation of this cation−π interaction is primarily
driven by the electrostatics and van der Waals contacts

between the electron-rich aromatic group of Tyr154 and the
electron-deficient cationic Lys131.37,38 This noncovalent
interaction is known to alleviate the positive charge of the
Lys131−NH3

+ group, thanks to the presence of a partial
negative charge residing in the electron-rich π-system of the
Tyr154 hydroxyphenyl moiety.39−42 Once the cation−π
interaction is formed (Figure 2, step III), the positively
charged Lys131 establishes an ionic contact with the
phosphate group of the nucleotide located on the 3′-side of
the scissile phosphate, and it becomes partially solvent-exposed
(Figure S3). After an additional ∼150 ns, the Lys131 side
chain swings out completely from the active site and becomes
fully solvent-exposed. Here, d-shuttle and ψ adopt values of 7.8
± 0.8 Å and 85° ± 18°, respectively. Also, d-newbond increases
from its crystallographic value (i.e., 3.2 Å, PDBid 3SM4)20 to
stably adopt a value of 3.6 ± 0.2 Å. These values are stably
maintained for the ±1.5 μs successive MD trajectory (Figure 3
and Figure S1). Importantly, while the cation−π system
progressively abandons the active site, the hydroxyl moiety of
Tyr154 establishes an ionic interaction with the dsDNA
backbone (Figure S3).
This Tyr154 interaction further locks the solvent exposed

position of Lys131. This likely facilitates its deprotonation step.
Here, the new electrostatic field surrounding Lys131 is defined
by the nearby hydrophobic amino acids Pro133, Phe142,
Phe172 and by hydrophobic moieties of the backbone of the
substrate (i.e., ribose of dC3). This environment lowers the
pKa of Lys131 by two units (from ∼10.5 to 8.4, see below),
likely favoring proton release.43 Notably, drops in pKa values
(as low as 5.3) have been experimentally reported for Lys
residues buried within the enzymes’ core.44 In this “out”
conformation, Lys131 occasionally interacts with either the
conserved Asp138 or with a phosphate group located on the
3′-side of the scissile phosphate (Figure S3). These negatively
charged residues may thus favor proton release from the Lys−
NH3

+ group, acting as a final proton acceptor, as observed in
other enzymes (see calculations below on pKa estimates and
energetics of proton release, as well as structural analyses of the
protein surrounding of Lys131, when in “out” conforma-
tions).45−49 Notably, if deprotonated, Lys131 starts to swing,
adopting “in” and “out” conformations, thus restoring the
initial precatalytic conditions (Figure 2). We also simulated the
Tyr154Ala mutated system (∼500 ns). Here, we observed that
the lack of Tyr154, and in turn Lys131 stabilization via
formation of the Lys131-Tyr154 dyad, leads to structural
instability of the catalytic site. This is well visible by the
deviation (∼5 Å apart) of the two catalytic Mg ions, along with
the misalignment of the nucleophile (Supporting Figure S4).
Consequently, the active site adopts an architecture that is
significantly distorted (and likely not reactive) with respect to
the one observed in the prereactive X-ray structure of Exo-λ.19

In contrast, the 1.5-μs-long MD simulations of the system
with Lys131 in its neutral state (i.e., −NH2) returned an active
site architecture that maintained the precise interaction
framework of the crystallographic structures used to build
our system (Figure S5). Indeed, d-shuttle rests at a value of 2.8
± 0.8 Å (Figure 3), which is in a distance range typical of a
stable H-bond interaction. Here, Ψ also maintains the native
value of −165° ± 21° detected in the nonreactive X-ray
structure (PDBid 4WUZ).19 d-newbond shows a value of 3.2 ±
0.7 Å (Figure 3), which finely matches the crystallographic
value of 3.2 Å (PDBid 3SM4).20 Lastly, both the nucleophilic

Figure 3. Exo-λ precatalytic state dynamics. The system with neutral
Lys131 is in orange. The system with the protonated form is in cyan.
(Upper graph) Frequency distribution of d-shuttle (i.e., N@Lys131-
O@Wat). (Lower graph) Frequency distribution of d-newbond (i.e.,
O@Wat-P) in both systems.
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water molecule and Tyr154 keep their native position as in the
starting X-ray structure (Figure S5).19,20

The residues involved in the formation of a cation−π
interaction may experience two distinct and opposite electro-
static forces.39,40,50 On the one hand, the neutral alkyl side
chain of Lys131 may be repulsed by the electron-rich π-system
of Tyr154. In Exo−λ, based on our simulations, this repulsion
seems to favor the formation of the H-bond interaction
between the deprotonated Lys131 and the nucleophilic water
molecule in the competent precatalytic state. On the other
hand, once the Lys131 abstracts the proton from the
nucleophile, it is attracted by the electron-rich ring of
Tyr154, giving rise to the transient cation−π interaction that
promotes catalysis by activating the nucleophilic water.
In our MD simulations, the Lys131-Tyr154 dyad shows an

oscillatory dynamic (like a pendulum), which is likely to favor
the release of the abstracted proton to a final acceptor located
outside of the inner coordination shell of the bimetallic active
core. In this way, Lys131 becomes transiently protonated and
finally neutral to restore the reactant state. Therefore, our MD
results suggest a possible catalytic mechanism, in which the
formation of a cation−π interaction (Tyr154-Lys131) is used
to (i) trigger the activation (i.e., deprotonation) of the
nucleophile through the initially neutral Lys131, which, once
protonated, forms a cation−π interaction with Tyr154; and (ii)
help proton release to the bulk solution via the swinging of the
newly formed cation−π dyad, which is likely further aided by
the Lys131 contacts with the conserved Asp138, or with the
phosphate group located on the 3′-side of the scissile
phosphate; (iii) Finally, after proton release, the deprotonated
Lys131 can return to its original position (i.e., the crystallo-
graphic one) to start a new round of catalysis (Figure 2). This
three-step mechanism comprises nucleophile activation,
nucleotide cleavage, and proton release, with regeneration of
the prereactive state after substrate translocation. These steps
form a closed-loop cycle for Exo-λ-mediated dsDNA hydrolysis
(Figure 2).
QM/MM Simulations of Nucleophile Activation in

Exo-λ Catalysis. To corroborate this mechanistic hypothesis
and define its dynamics and semiquantitative energetics, we
explicitly considered the electronic effects in the Lys131-Tyr54
dyad’s catalytic role in the nucleophile activation and dsDNA
hydrolysis in Exo-λ. Thus, we performed ab initio CP QM/
MM simulations coupled with metadynamics-based free-
energy calculations, aware of the limitations of such an
approach in fully accounting for dispersion and van der Waals
forces involved in cation−π interactions.37,51,52

First, we used two collective variables (CV1 and CV2; see
Supporting Information for further details) to investigate the
in-line proton transfer for the in situ formation of the
catalytically active 3′-hydroxide ion, along with the SN2-type
reaction for nucleotide cleavage. CV1 is defined as the
difference between the lengths of the breaking Owat−Hwat
bond (i.e., r1) and forming Hwat−Lys bond (i.e., r2, Figure
4A). CV2 is the difference between the breaking phospho-
diester bond P−3′O (i.e., r3) and forming Owat−P bonds (i.e.,
r4, Figure 4A). The free-energy surface (FES), projected on
these CVs, shows that DNA hydrolysis in Exo-λ occurs
through a stepwise mechanism (Figure 4C). Indeed, as shown
by the FES profile, the proton transfer for nucleophile
activation (i.e., Lys131 protonation) and the SN2-type
phosphoryl-transfer reaction are asynchronous chemical events
(CV1 and CV2).

Our starting system is initially located in a stable minimum
(i.e., RS point on the FES reported in Figure 4), with a free
energy of ∼−5 kcal/mol. Here, d-shuttle and d-newbond have a
value of ∼3.2 Å and ∼3.3 Å, thus finely reproducing the
crystallographic values (in PDBid 3SM4).20 From this point,
the system evolves toward a second local minimum located at
CV1 ≈ −0.8 Å and CV2 ≈ −2.1 Å, where the phosphoryl
transfer reaction occurs. Indeed, the increase of CV1 (dictated
by the increasing of r1 and the concomitant shortening of r2)
marks the end of the in-line proton transfer with the
consequent in situ formation of the nucleophilic species (i.e.,
OH−).
Here, the protonation of Lys131 leads to the formation of

the cation−π interaction with Tyr154 (i.e., the catalytic dyad).
Once the attacking OH− group has been formed, the system
further proceeds toward the products, overcoming an energetic
barrier of ∼4.5 kcal/mol. Although qualitative, we note that the
computed free energy is in excellent agreement with the
experimentally measured barrier of 5.3 kcal/mol, obtained
from single-molecule kinetics assays and steady-state kinetics
studies.53,54 Finally, complete products formation occurs in a
free-energy basin located at CV1 ≈ −3.5 Å and CV2 ≈ −4 Å.
Nonetheless, Exo-λ further explores the free-energy surface

to reach a more stable conformational state in a deeper energy
well, which is located at CV1 ≈ −6 Å and CV2 ≈ −4.5 Å.
Here, the energy value is again ∼−5 kcal/mol and, as shown
by the increase in CV1 with respect to the previous metastable
point, the Lys131-Tyr154 dyad is now ∼6 Å away from the
catalytic site (i.e., PS point on the FES reported in Figure 4).
We also evaluated the energetics for the deprotonation of

Lys131 via a second set of ab initio hybrid QM/MM
simulations coupled to umbrella sampling.30,55,56 We com-

Figure 4. Structural details for the cation−π-mediated DNA
hydrolysis in Exo-λ, as in Figure 2. (A) RS indicates the reactant
state. (B) PS indicates the products state, with the cation−π just
formed, in the IN orientation. (C) Free-energy surface and reaction
path from global minima in RS (point I, Figure 2) to PS (point IV,
Figure 2).
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puted the in-line proton transfer from the protonated Lys131
to either the conserved Asp138 or a bulk water molecule. In
both cases, the proton transfer event is described along a
reaction coordinate (RC) defined by the difference between
the length of the breaking NLys−HLys (i.e., r1) and forming
HLys−OWat bonds (i.e., r2, Figure 5). Proton transfer occurs

with an energy barrier of 6.5 ± 1.6 kcal/mol (to Asp138) and
6.2 ± 1.4 (to water) (Figure S6). Notably, once the proton has
been completely transferred to the acceptor, the cation−π
interaction is broken and Tyr154 starts to move away from the
deprotonated Lys131. No spontaneous Lys131 reprotonation
event, after proton migration, is observed in unconstrained
simulations. In addition, Lys131 deprotonation is also
supported by its reduced pKa value when in “out”
conformations, with respect to the inward ones. Indeed, after
computing the side chain pKa value of Lys131 through
continuum electrostatics calculations based on the nonlinear
Poisson−Boltzmann equation (DelPhiPKa)57,58applied to
∼20 snapshots extracted by both classical and QM/MM MD
simulationswe have observed a drop of ∼2 units in the pKa
value of Lys131, passing from the computed value of 10.4 ±
0.5 (“in” conformations), to 8.4 ± 0.5 (“out” conformations).
Such a pKa drop is likely due to the location in the “out”
conformations of Lys131, which is surrounded by hydrophobic
residues, i.e. Pro133, Phe142, Tyr154, and Phe172. These
hydrophobic pockets typically lower the pKa of lysines.43,44

Together, these results and observations corroborate the
possibility that “out” conformations of Lys131 favor its
deprotonation, and likely product release as well as nucleophile
selection for Exo-λ exonuclease activity.
These quantum simulations confirm our classical MD-based

mechanistic hypothesis. While, from our simulations, it would
be a stretch to indicate the rate-determining step for such a
multistep catalytic reaction mechanism (phosphoryl transfer
and Lys131 deprotonation are nearly isoenergetic, from our
computed values), our results suggest that mutation of Tyr154
in Exo-λ with alternative aromatic residues may lead to
different interaction energies with the cationic counter-
part,39,59,60 likely yielding different Exo-λ catalytic rates and

efficiencies. This may indicate a strategy for obtaining a
tunable site and molecular switch in order to regulate nuclease-
mediated nucleic acid hydrolysis in Exo-λ.

Similarities with Other Nucleases. On the basis of our
findings, we investigated whether this chemical strategy is used
by other nucleases. We noticed that Lys131 is strictly
conserved in exonucleases from at least 10 Exo-λ of different
species. It occupies a critical position, well-suited to a catalytic
role, in a multitude of phosphodiester-bond-processing
enzymes, including Haemophilus inf luenzae, Vibrio Phage 2E1,
and Cronobacter Phage ENT47670 (Figure S7).23 Similarly,
Tyr154 is invariantly present in exonucleases,23 suggesting that
the proposed mechanism may be extended to several other
exonucleases. Moreover, we performed structural and bio-
informatics comparisons between Exo-λ and selected endonu-
cleases. Indeed, potential correlations have been detected in
enzymes where such a cation−π interaction seems to be
present and conserved, like in BamHI (Lys131 → Lys61 and
Tyr154 → Phe112), PvuII (Lys131 → Lys70 and Tyr154 →
Trp99), and RNase H (Lys131 → Lys138 and Tyr154 →
Tyr163). Likewise, a catalytic cation−π interaction could be
used in phage T4 endonuclease VII (PDBid: 2QNC),61 where
the essential His41/43 (part of a proton-shuttling histidine
triad, His43-His41-His105) might act as a general base for
nucleophile activation (i.e., deprotonation of a water
molecule). Indeed, if this is the case, then the histidine triad
might operate as a proton-transporter chain, as shown for
human histidine triad nucleotide binding protein 1.62 Here, the
neighboring π-system (represented by Tyr8) might mitigate
the positive charge on His105 by establishing a cation−π
interaction (Figure S8).
Similarly, based on the parallelism between the active site

architecture and reaction mechanism between T4 endonuclease
VII, Vibrio vulnif icus nuclease, and Cas9 endonuclease,63−65 an
analogous hypothesis could also be proposed for Cas9
catalysis. Indeed, as recently reported,23,66−69 the positively
charged and functionally relevant Lys974/976 residues in Cas9
nuclease (PDBid 5Y36)70,71 mimic Lys131, and also the
analogous (and catalytic) His43 and Arg99 found in T4
endonuclease VII and Vibrio vulnif icus nuclease, respectively.63

The counterpart of these positively charged residues in Cas9
are likely to be the structurally conserved His982/983, or
Tyr1272.67−69 Altogether, these structural observations further
corroborate our proposed mechanism of a functional cation−π
interaction for nuclease enzymatic activity.

■ CONCLUSIONS

In summary, we propose a new mechanism for phosphodiester
bond hydrolysis in nuclease enzymes. This mechanism exploits
the oscillatory dynamics of a transiently formed cation−π
interaction, which in turn promotes efficient nucleic acid
hydrolysis. Thus, our work proposes a conceptually novel
enzymatic strategy for the proton-abstracting general base (and
proton release) in the active site of endo- and exonu-
cleases.6,19,20 This may help in developing tunable artificial
enzymes for nucleic acid processing,72 as well as new ways to
modulate catalysis in pharmaceutically relevant nucleases.
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Figure 5. Snapshots along the QM/MM simulations performed to
estimate the energetics for two possible deprotonation mechanisms of
Lys131 in Exo-λ (A and B). (A) Proton transfer from Lys131 to
Asp138. (B) Proton transfer from Lys131 to a water molecule. RS
indicates the reactant state and TS the transition state, while PS
indicates the products state. Notably, in both PS states, the cation−π
interaction is lost, with consequent visible disruption of the Lys131-
Tyr154 dyad.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b03663
J. Am. Chem. Soc. 2019, 141, 10770−10776

10774

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03663/suppl_file/ja9b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03663/suppl_file/ja9b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03663/suppl_file/ja9b03663_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.9b03663
http://dx.doi.org/10.1021/jacs.9b03663


Setup protocols on classical and CP QM/MM
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sequence alignments in supplementary Figures S1−S8
(PDF)
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