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ABSTRACT: The zinc sensing transcriptional repressor Staphylococcus aureus
CzrA represents an excellent model system to understand how metal sensor
proteins maintain cellular metal homeostasis. Zn(II) binding induces a
quaternary structural switch from a “closed” conformation to a more “open”
conformation, reducing the DNA binding affinity by 4 orders of magnitude.
In this study, we use classical molecular dynamics and quantum mechanical/
molecular mechanical molecular dynamics simulations to investigate the
molecular basis for the large conformational motions and allosteric coupling
free energy (~6 kcal/mol) associated with Zn(II) binding. Our simulations
successfully capture the closed to open allosteric switching in DNA bound
CzrA on Zn(Il) binding. They reveal that zinc binding quenches global
conformational sampling by CzrA, whereas DNA binding enhances the
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mobility of residues in the allosteric metal binding sites. These findings are in close agreement with experiments. We also identify
networks of residues involved in correlated and anticorrelated motions that connect the metal binding and DNA binding sites. Our
analysis of the essential dynamics shows metal ion binding to be the primary driving force for the quaternary structural change in CzrA.
We also show that Zn(II) binding limits the conformational space sampled by CzrA and causes the electrostatic surface potential at the
DNA binding interface to become less favorable toward DNA binding. Finally, our simulations provide strong support for a proposed
hydrogen-bonding pathway that physically connects the metal binding residue, His97, to the DNA binding interface through the aR
helix that is present only in the Zn(II)-bound state. Overall, our simulations provide molecular-level insights into the mechanism of

allosteric regulation by CzrA and demonstrate the importance of protein motion in its biological activity.

1. INTRODUCTION

Though transition metal ions play an essential role in many
cellular processes, they are extremely toxic at high concentra-
tions. Metal ion homeostasis maintains the intracellular concen-
trations of these metal ions through a number of metal sensor
proteins that regulate the expression of genes that encode specific
transition metal efflux and sequestration proteins."* Staphylo-
coccus aureus CzrA (CzrA) is a Zn(II)- and Co(II)-responsive
transcriptional repressor that derepresses the czr (chromosomal zinc
regulated) operon upon binding of zinc or cobalt ions.* Derepres-
sion of the czr operon increases expression of both czrA and czrB, the
latter of which encodes a Zn(II)/Co(II) effluxer from the cation
diffusion facilitator family, thereby reducing the metal ion concentra-
tion in the cytoplasm.> CzrA is a homodimeric winged helix—turn—
helix protein (Figure 1).° CzrA binds to DNA sequences harboring a
conserved core sequence (5'-TGAAxoooxTTCA-3') with 10
M ! affinity. It functions through a mechanism of allosteric
negative regulation in which metal ion binding induces confor-
mational changes that disrupt the distant DNA binding interface,
leading to a low binding affinity for DNA and transcriptional
derepression.”® CzrA is a member of the widely distributed
ArsR/SmtB family of prokaryotic metal sensor proteins and, as
such, provides an excellent model system to understand the zinc
homeostasis model in cell biology.*”~"?
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Crystallographic and nuclear magnetic resonance (NMR)
structural investigations have identified the distinct conforma-
tional states for the allosteric forms of CzrA, providing consider-
able insight into its mode of action.%"" The allosteric forms of
CzrA include the apo state (Apo-CzrA), the metal ion bound
holo state with two Zn(II) ions (Zn,*CzrA), the DNA bound
state (CzrA+DNA), and the ternary state, in which the protein is
bound to both Zn(II) ions and DNA (Zn,:CzrA:-DNA), as
shown in Figure 2. The X-ray crystallographic structures of
Apo-CzrA (pdb code 1R1U) and Zn,+ CzrA (pdb code 1R1V)
are nearly identical, suggesting that either Zn(II) binding induces
arelatively small change in the quaternary structure of Apo - CzrA
or, alternatively, the structure of Apo-CzrA is influenced by
crystal packing.’ In the Zn(II) bound allosteric forms, two Zn(II)
ions bind to the dimeric interface at the antiparallel a5 helices. At
each metal binding site, one protomer contributes Asp84 and
His86, while the other protomer contributes His97 and His100
toward the coordination of a Zn(II) ion (Figure 3). While these
residues are largely prearranged for metal ion binding in the
crystal structure of apo-CzrA, dynamics experiments and chemi-
cal shift perturbations studies suggest that there is motional
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Figure 1. Ribbon representation of the biologically active dimeric state
of the protein bound to a palindromic DNA molecule. The Zn(II)
ion binding a5 regions are shown in green, and the aR region is depicted
in orange. The hydrogen-bonding pathway connecting the metal

binding residue His97 to His67 of the aR helix is depicted beside the
figure.
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Figure 2. Four allosteric forms of CzrA examined in this study, and the
associated thermodynamic parameters of the CzrA mechanism. The
protein, CzrA, is shown in red, Zn(II) ions are in green, and the DNA
molecules are blue. These cartoon depictions are snapshots from our
MD simulations of these allosteric forms. A negative cooperative
allosteric effect of ~6 kcal/mol is observed on Zn(II) binding to CzrA.

disorder in solution in this region of the molecule in this allosteric
form.%'" The solution structure of the apo-CzrA bound to DNA
is also known (pdb code 2KJB) and documents a large quatern-
ary structural conformational change in CzrA upon binding to
DNA, but does not include the DNA in the structural model.*
The DNA binding region lies distal to the Zn(II) binding site and
is characterized by the residues in the a1, a2, and aR helices and
the two [3-wings. The structure of what is essentially a functional
intermediate, the ternary structure of CzrA with both Zn(1II) ions
and DNA bound, remains to be solved. The interprotomer aR
distance in the DNA binding interface differs by ~10 A among
the different allosteric states, roughly dividing them into “open”
and “closed” conformations of the repressor. Zn, + CzrA exhibits
the open conformation, while the closed conformation of CzrA is
associated with the CzrA-DNA complex.

These structures of the distinct allosteric states of CzrA
provide an excellent starting point for the investigation of conforma-
tional dynamics using simulations and an opportunity to significantly
extend previous dynamics and thermodynamics measurements from
solution NMR and isothermal titration calorimetry studies.""">
Indeed, connecting long time scale dynamical simulations to experi-
ments is an emerging area of investigation that potentially provides
atomic insights into backbone and side chain motions readily
detected over a wide range of time scales by NMR spectroscopy."'
In this paper, we show that explicit all atom MD simulations and
quantum-mechanical molecular/mechanical molecular dynamics
simulations (QM/MM MD) successfully capture the “closed-to-
open” conformational change in CzrA. We analyze the impact of
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Figure 3. Snapshot of the CzrA metal binding site from the initial
structure. The zinc ion is represented as a silver sphere. The metal
binding residues include Asp84, His86, His97', and His100". These
residues also represent the QM region in our QM/MM MD calculations.

Zn(II) binding on the structure and conformational dynamics of the
regulator and provide an explanation for the remarkable adaptability
of CzrA to zinc and DNA binding by identifying residues involved in
networks of correlated and anticorrelated motions. Our simulations
show that a proposed hydrogen-bonding pathway (Figure 1) con-
necting the metal recognition site to the DNA binding interface
through the aR helix is present only in the Zn(II)-bound state. We
also qualitatively show that Zn(II) binding restricts the protein’s
ability to sample conformational space. To the best of our knowledge,
this is the first such computational simulation of allosteric switching
in a DNA-bound metal sensor protein. Our simulations are in close
agreement with experimental results'"'* yet provide new insights
into the mechanism of allosteric inhibition in CzrA.

2. METHODS

The simulation of metal ions in proteins poses a unique set of challenges.
A variety of “bonded”,** * “semibonded”,”® and “nonbonded”*! **
approaches to modeling Zn(II) ions in classical MD simulations have
been proposed. The Zn(II) ions in our simulations of Zn,-CzrA and
Zn,-CzrA-DNA were represented by a bonded model.”® In CzrA,
Zn(1I) ions exist in a tetrahedral coordination environment involving
two residues derived from the oS helix of each protomer. Asp84 (0%
and His86 (N°') residues from the first subunit, and His97' (N°!) and
His100' (N“?) residues from the second protomer bind to Zn(II) at each
metal binding site. His97' is oriented toward the aR helical region and
forms a hydrogen bond with the backbone carbonyl oxygen atom of
His67, which is a part of the hydrogen bonding pathway. The Zn-ligand
parameters were calculated using the MTK++ program'? for the 1R1V
Zn-crystal structure. The details for these calculations are provided
elsewhere.'® In brief, the Zn(Il) bonding parameters were obtained by
performing a frequency calculation on a DFT optimized structure
(TPSSKCIS/LANL2DZ-6-31G*) of the metal binding region using
the Gaussian09 program.”®** The TPSS exchange functional paired
with the KCIS correlation functional has been shown to have low
average unsigned errors in recent studies predicting heats of formation of
Zn(1I) complexes.***° The charges for the Zn(II)-bound ligands in the
Zn(II) bound state were obtained using RESP (B3LYP/6-31G*) within
the auspices of the MTK++ program.**~>* The remaining amino acids
were treated with standard amberffo9SB parameters.*

The protonation states of the nonmetal binding residues for the apo-
and Zn(1I) bound allosteric forms of the protein were obtained from the
H++ protonation state calculation server.* Special care was taken to
obtain the correct protonation states for the metal binding ligands in
Apo- CzrA. Thermodynamic experiments have determined a net release
of ~1 proton on Zn(II) binding at each metal binding site in the CzrA
dimer at pH 7.0."? In addition, the metal binding region is highly mobile
in the apo state of the protein but less so in the Zn(II) bound state.
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To fulfill both criteria, we simulated various combinations of ligand pro-
tonation states for the Zn(II) binding ligands in Apo - CzrA. The remain-
ing charged amino acids in apo-CzrA were modeled in their protonation
states obtained from the H++ server. Generalized Born calculations*' of
the IRIU apo-crystal structure for these different protonation states
were performed. Each simulated structure was first minimized to remove
any bad contacts in the system. The simulated systems were then
equilibrated using a simulated annealing like approach in which the
temperature of the system was slowly raised to 300 K. These systems
were next simulated for 2 ns at 300 K to check for the stability of the
metal binding site. A protonation state of CzrA with deprotonated
Asp84 and protonated His97 maintains the orientation of the metal
binding region for metal ion capture and simultaneously accounts for
proton release on Zn(II) binding.">

The Apo-CzrA, CzrA-DNA, Zn, - CzrA, and Zn, - CzrA-DNA allo-
steric forms were simulated in their biologically active dimeric assembly
states in this study. Simulations of the apo-protein were initiated from
the 1R1U Apo- CzrA crystal structure, while the simulations of the DNA
bound state of CzrA were started from a previously created DNA docked
structure of CzrA."" In this structure, a 2-fold symmetric 28 base pair
single fused S-TAACATATGAACATATGTTCATATGTTA-TAA-
CATATGAACATATGTTCATATGTTA-3' palindromic DNA hairpin
with a 35° bend, was docked into model 1 of the 2KJB ensemble of NMR
structures of apo CzrA in the DNA bound closed conformation. This
DNA-docked structure of apo-CzrA in the closed conformation is
referred to as GDR in this work and is included in the Supporting
Information. The charged amino acids in these allosteric forms were
represented by their protonation states in the apo allosteric form of the
protein. Simulations of the Zn(II) ion bound state of the protein were
started from the 1R1V Zn crystal structure. A Zn(II) ion was modeled
into each metal binding site of the simulated Zn, - CzrA systems on the
basis of the parameters derived from the 1R1V Zn crystal structure.

Model 1 of the 2KJB ensemble of NMR structures, solved as the
DNA-bound closed conformation of apo-CzrA, was simulated in the apo-
and Zn(II)-bound states in an effort to capture the structural changes in
moving from a closed to an open state. The mechanism of allosteric
switching from CzrA-DNA to Zn,-CzrA-DNA was investigated by
simulating the GDR DNA-docked structure in the ternary Zn,-CzrA-
DNA state. The protonation states corresponding to Apo - CzrA were
applied to the protein in the 2KJB simulation of Apo-CzrA. In both
Zn(1I) ion bound simulations of allosteric switching, the disordered
Zn(11) ion ligating residues were returned to the correct orientation and
protonation states for Zn(II) binding based on the 1RIV crystal
structure. The MTK++ derived parameters were employed to treat
the metal ions in these simulations. The remaining charged amino acids
in the protein were modeled in the Zn, - CzrA protonation states.

All simulations were performed using the AMBER 11 suite of
programs.** The AMBER fl99SB force field with parmbscO modifica-
tions for DNA* was used for the purposes of these simulations. All
atoms in these simulated systems, including water molecules and
counterions, were treated explicitly. Non-DNA bound allosteric forms,
ie. Apo-CzrA and Zn, - CzrA, were immersed in a periodically replicated
rectangular box of SPC/E waters** extending at least 8.0 A from the
protein surface. Counterions were added to neutralize the simulated
system. For simulations of CzrA:DNA and Zn,-CzrA-DNA, the
thickness of the water layer surrounding the solute was increased to
10 A. A 50 mM NaCl buffer solution was introduced in addition to
neutralizing counterions to mimic conditions under which the NMR
samples were analyzed."" The sizes of all solvated systems ranged from
23000 atoms to 62000 atoms.

Each solvated system was energy minimized and then equilibrated
using a standard protocol. Minimization was performed over two stages.
In the first stage of minimization the solutes (DNA and CzrA) were
restrained with a strong harmonic positional restraint, and bad contacts

between water molecules and counterions were removed. In the second
stage of minimization, the restraints were removed from the solute, and
the entire system was energy minimized. A simulated annealing-like
methodology was then implemented to equilibrate the minimized
system. Each system was gradually heated from 0 to 300 K over 100 ps
of MD for a canonical ensemble (NVT), while a weak harmonic restraint
was maintained on the protein. This was followed by 1 ns of equili-
bration for an isobaric, isothermal ensemble (NPT) at 300 K without
any restraints. MD simulations were then propagated for an isobaric,
isothermal (NPT) ensemble at 300 K for every system. A time step of
2 fs was employed, and frames were collected every 1000 steps. Over
the course of these simulations, the SHAKE algorithm was utilized
to constrain covalent bonds involving hydrogen atoms.* Long-range
electrostatic interactions were calculated using the particle mesh
Ewald method,*® and the temperature of the system was maintained
using Langevin dynamics*”** witha 1 ps~ " collision frequency. In the end,
each system was simulated for 120 ns of production, leading to over 700 ns
of total MD for this study.

Quantum-mechanical molecular-mechanical molecular dynamics
(QM/MM MD) calculations were performed to supplement and
validate our simulation of Zn(II) ions in a bonded model. These
calculations were performed to detect any geometric changes and ligand
exchanges at the metal binding region that could have been missed in the
bonded treatment of Zn(II) ions. The QM/MM MD calculations were
performed using the implementation of the third generation self-
consistent charge density functional tight-binding (SCC-DFTB),
DFTB3 in AMBER 11.*°° While SCC-DFTB has been reported to
inadequately measure relativistic effects and dissociation energies of
Zn(1I) complexes, it accurately depicts bond distances and Zn(II) com-
plex geometries, while offering us the ability to sample extensively.>>* A
solvated and equilibrated form of the Zn-crystal structure was simulated
using this method. The two metal binding sites on the protein were
treated quantum mechanically in individual simulations. The QM region
in each simulation consisted of a Zn(II) ion and its corresponding metal
ligating residues, Asp84, His87, His97', and His100". The metal binding
residues were introduced by side-chain cuts between the ¢ and /3 carbon
atoms. One nanosecond of QM/MM MD with a step-size of 1 fs was
performed in each simulation, leading to 2 ns of total QM/MM MD for
the simulated system.

A DFT based QM/MM energy minimization calculation was per-
formed to further validate our model and compensate for any possible
errors in the SCC-DFTB methodology. In these calculations, which
were performed using the Qsite program in the Schrodinger 2011
software suite, both metal ion recognition sites were simultaneously
treated at the QM level. The QM /MM calculation was performed on the
solvated and well equilibrated protein structure used for the SCC-DFTB
calculations. To keep this minimization calculation computationally
feasible, it was performed over multiple steps following a scheme that
introduced an increasing degree of complexity at each stage. In the first
stage of this calculation, the first metal binding site, consisting of the
Zn(11) ion and the metal binding residues (Asp84, His86, His97’, and
His100'), was treated at the QM level (M05-2X/LACVP*), while the
remaining system was modeled using the OPLS 2005 force field.**>*~>*
The LACVP* basis set applies the LANL2DZ pseudopotential-based
basis set for Zn(1I) and the 6-31G* basis set for nonmetal atoms. A
recent study by Sorkin et al. has found that the M05-2X functional
adequately represents Zn(II) ions at a biometal center.>* Side-chain cuts
between the & and f carbons were employed to introduce the metal
binding residues into the QM region. All protein residues and water
molecules within a 10 A distance from the metal binding active site were
allowed to minimize during this calculation. The choice of a 10 A cutoff
distance allowed the second metal binding site to be kept frozen over the
course of this minimization. Upon successful completion of this mini-
mization, the second metal binding site was minimized using the same
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protocol. In the second stage of this calculation, the His67 and His67’
residues were included into the QM region using backbone cuts. Both
metal recognition sites were included in the QM region. Once again, all
protein residues and water molecules within 12 A of the QM region were
allowed to minimize in this calculation. In subsequent stages of the
calculation, the cutoff distance describing the mobile region of the
system was gradually increased until the geometry of the QM region
remained largely conserved between consecutive geometry-optimization
steps. In the final stage of geometry optimization, all water molecules and
protein residues within 17 A from the QM region were allowed to move.
The final structure from these calculations is presented as part of the
Supporting Information.

3. RESULTS AND DISCUSSION

We generated over 700 ns of MD data from our simulations of
the four allosteric end-states of the zinc sensor CzrA, namely
Apo- CzrA, Zn, - CzrA, CzrA-DNA, and Zn, - CzrA-DNA (see
Figure 2) in an effort to capture the conformational changes in
CzrA, as it switches between them. In addition to our classical
MD simulations, we also carried out 2 ns of QM/MM MD
simulations for the Zn(II)-bound CzrA. These QM/MM MD
simulations show that the bond distances and angles between the
metal ions and the ligating residues remained stable over the
course of the simulation, and no changes were observed in the
arrangement of ligating residues around the metal ion. Our DFT-
QM/MM calculations further validate the choice of a bonded
model and show that the Zn(II) ion remains bonded to its
ligating residues. These results, in conjunction with the high
Zn(II) binding affinity of CzrA (AG ~ —16 kcal/mol), reveal
that the bonded model treatment of Zn(II) ions is a suitable
representation of the metal binding site in CzrA. In this study,
analyses were performed using the AmberTools* and VMD>®
suite of programs, unless otherwise indicated.

3.1. Conformational Changes: Open and Closed Confor-
mations. An initial objective was to probe for the existence of
open and closed conformational states of CzrA. A measure of the
interprotomer SerS4 Co distances was used as a simple yet
accurate identifier for each conformational state. Ser54 lies at the
DNA binding interface of the aR helical region of CzrA and, thus,
provides a good measure of the distances between the N-terminal
tips of the two aR helices. A conformation with an interprotomer
Ser54 Ca distance in excess of 43 A was considered to represent
an open conformation of CzrA, while a structure with an inter-
protomer Ser54 Ca distance shorter than 41 A was considered to
be in the closed form of CzrA (Figure S1, Supporting In-
formation). Another measure of the conformational state of
CzrA exploits the fact that the CzrA dimer adopts a “flat”
conformation at the DNA binding interface in the low DNA
binding affinity structure and a “bent” conformation at the
interface, which is conducive to high affinity DNA binding. We
thus used the average measure of the two aR—aR’ interhelical
angles (Ser54—Ser65—Ser54’) as a second metric with which to
distinguish the open and closed conformations (Figure S1 of the
Supporting Information).

We do not observe any large conformational changes along the
protein backbone in our MD simulations of the apo- and Zn(II)-
bound states of CzrA, starting from the 1R1U apo-protein crystal
structure and the 1R1V Zn(II) crystal structure, respectively. The
aR helices move apart slightly to adopt the open conformation.
The interprotomer Ser54 Ca distance fluctuated around 44 A in
both simulations (Figure 4a), which compares favorably with
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Figure 4. (a) Interprotomer SerS4 Ca distances for simulations of
Apo- CzrA starting from the apo-crystal structure, Zn, - CzrA starting
from the Zn-crystal structure, CzrA-DNA starting from the GDR
structure, and Zn,-CzrA-DNA starting from Zn(II) bound GDR
structures. (b) Average values of interprotomer SerS4—Ser65—Ser’ 54
angles and Ser’S4—Ser’65—Ser54 angles for the above-mentioned
allosteric forms of CzrA.

the crystallographically determined distances of 43.7 A and
43.5 A for the apo- and Zn(II)-bound forms of CzrA, respec-
tively. In our simulation of Zn, + CzrA, a maximum interprotomer
Ser54 Ca distance of 48 A was observed, and the protein clearly
adopts the “flat” or open conformation, rendering it less suitable
for binding to canonical B-DNA. In our simulations of Apo-
CzrA, the metal binding region was disordered and the Zn(II)
coordinating residues appeared to explore regions around the a5
helix. In contrast, the a5 helices were well ordered in our simulations
of Zn, - CzrA, and the metal ions held the two monomers together
strongly across the dimeric interface. The [-wing regions of the
protein were mobile in both allosteric forms. We also observe local
disorder in the DNA binding regions of the protein. These simula-
tions suggest that the Zn(II)-bound CzrA is structurally similar to the
apo form of the protein.

We performed a 120 ns MD simulation of the CzrA-DNA
complex, starting from the DNA-docked structure of CzrA. In
our simulation, we find the complex primarily explores the closed
conformational form of the protein, adopting a bent DNA
binding interface that binds strongly to the palindromic DNA.
In line with experimental observations, CzrA binds to DNA in
the major groove in a way that places the side chains of Ser54,
Ser57, and His$8 as interacting strongly with the DNA.'' The aR
helices move closer to each other over the course of the
simulation, and the residues in the 3-wing regions “clamp down”
on the DNA. The interprotomer Ser54 Ca distance over the last
40 ns of the simulation oscillated between 37 A and 40 A, which is
close to the ~40 A distances observed in the 2KJB ensemble of
NMR structures. The interprotomer Ser54 Ca distances and the
oR bend angles in this allosteric form are lower than those
observed in our simulations of the apo- and Zn(1I)-bound states
of the protein, showing that our simulations successfully capture
the low DNA binding affinity open conformation of Zn, - CzrA
and high DNA binding affinity closed conformation of the
CztA-DNA complex (Figure 4).
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Figure S. Interprotomer CD2—CD1—CD2’ angle measured for Phe20
and Phe’20 showing the conformational change in Phe20—Phe20
stacking in Zn, - CzrA and CzrA-DNA.

3.2. Changes in Phe20 within the Dimer Interface. The
dimer interface in CzrA is characterized by a series of nonpolar
interactions, one of which is a ;T—JT interaction between the
aromatic rings of Phe20 located in the al helix of opposite
protomers. These side chains lie in a parallel offset stacked
position in the crystallographic structures of both Apo-CzrA
and Zn, - CzrA (Figure S2a of the Supporting Information). We
find that this interaction is altered in CzrA+DNA such that these
two residues form a T-shape stacking interaction (Figure S2b of
the Supporting Information) Thus, on DNA binding, the aR
helices are pulled closer to each other and the Phe20 residues are
preferentially stabilized in the T-stacked perpendicular interac-
tion compared to the parallel-stacked conformation adopted in
the absence of DNA. The interprotomer CD2—CD1—CD2’
angle between the two Phe20 residues for the Zn(II) bound open
and DNA bound closed conformations of the protein over the
course of these trajectories is shown in Figure S. The correspond-
ing angles for Apo-CzrA are shown in Figure S3 of the
Supporting Information. These phenyl rings are very mobile
and flip frequently in the open conformations but never adopt
the perpendicular arrangement characterized by DNA-bound
CzrA for any length of time; in contrast, they are held rigid in the
closed conformation of CzrA in the complex. Since we see no
evidence that Phe20 interacts directly with DNA, we attribute
this new edge-on interaction to the change in quaternary
structure in response to DNA binding. The phenyl ring of the
phenylalanine residue stacked perpendicular to the DNA binding
interface is situated in the dimer interface between the metal
binding a$ helices and is stabilized in that conformation through
numerous nonpolar interactions.

3.3.Simulations of Allosteric Switching. We next performed
simulations of allosteric switching in CzrA to capture the motions
in the protein as it transitions from a closed DNA bound
conformation toward an open conformation with reduced
DNA binding affinity in an effort to understand the mechanism
by which Zn(II) drives CzrA off the DNA. As previously
mentioned, the closed 2KJB structure of apo-CzrA was simulated
as such to capture the transition to an open conformation of apo-
CzrA, and with a metal ion in each metal recognition site to
simulate the transitions to the Zn(II) bound open state of the
protein. Over the course of these simulations, we find that the
protein becomes more compact and the metal binding regions
become more ordered and less fluxional. The interprotomer
Ser54 Ca distance was used as a metric to judge the transition
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— CzrADNA
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— ZnE-Cer'DNA
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Figure 6. Plot of Ca atoms' RMSF values from simulations of Apo-
CzrA starting from the apo-crystal structure, Zn, - CzrA starting from
the Zn-crystal structure, CzrA-DNA starting from the GDR structure,
and Zn, - CzrA - DNA starting from Zn(1I)-bound GDR structures. The
aR, 2, and as$ regions of the protein are shown.

from a closed to an open form and was found to increase from
40 A to greater than 48 A in these cases (Figure S4 of the
Supporting Information), We do not observe the closed con-
formation in apo-CzrA for extended periods of time in these
simulations, and we think DNA binding alone may cause the
protein to explore the closed conformations consistently. These
simulations are consistent with our simulation of Apo - CzrA and
Zn, - CzrA initiated from the 1R1U and 1R1V crystal structures,
respectively. It should be noted that the absence of DNA in these
simulations allows the capture of closed to open conformational
changes to be achieved rapidly. It is possible that apo-CzrA may
access these closed conformations in simulations over longer
time scales.

We captured the transition from the closed DNA-bound state
to the Zn(II)-bound ternary state by simulating the GDR (2KJB
docked with DNA) structure with a Zn(II) ion in each metal
binding site. The structure of this Zn,- and DNA-bound ternary
structural state remains to be determined, so the comparisons
were made to the other allosteric forms of CzrA. As previously
mentioned, we generated 120 ns of MD trajectories for the
ternary state of the protein. The presence of Zn(II) ions causes a
large conformational change in the protein, pushing the two aR
helices apart from each other and driving the protein toward the
open state with a flatter DNA binding interface. CzrA then
samples the open conformation as the Ser54 Ca distances
increased from 42 A to greater than 48 A over the course of
the simulation (Figure 4a) and the aR—aR’ interhelical angles
grew to match values from our simulation of Zn,-CzrA
(Figure 4b). Zn(II) binding is known to reduce the affinity of
CzrA for operator DNA by over 4 orders of magnitude at 0.4 M
NaCl, from ~10'° to ~10° M’ At times in our simulations, we
observe DNA “peeling off” from one end of the protein but do
not see it disassociate altogether over these time scales. These
simulations document the flexibility of CzrA as it transitions
between the different allosteric states in response to metal ion or
DNA binding. Furthermore, they also provide evidence for the
existence of open and closed conformations. These findings are
in agreement with recent studies performed by Arunkumar et al.
that captured the dynamics of CzrA using NMR methods.""

3.4. Root Mean Square Fluctuations. Zn(II) binding to
CzrA has been shown to reduce the mobility of selected regions,
while DNA binding has the opposite effect.'’ It has been
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Figure 7. Cross-correlation matrices for Ca atoms from simulations of Apo - CzrA starting from the apo-crystal structure, Zn, - CzrA starting from the
Zn-crystal structure, CzrA - DNA starting from the GDR structure, and Zn, - CzrA+ DNA starting from Zn(II)-bound GDR structures. Residues within
the orange blocks belong to the first monomer, while those in the pink blocks belong to the second monomer. The aR, 32, and a5 regions of the protein
are indicated in the cross-correlation matrix from the simulations of the apo state of the protein.

suggested that these changes in conformational dynamics con-
tribute toward the large allosteric coupling free energy associated
with Zn(IT) binding."> We calculated the root-mean-square
fluctuation (RMSF) values of the Ca backbone atoms for the
simulations of the allosteric forms of the protein to investigate
the influence of Zn(II) binding on the mobility of these residues
(Figure 6). We find that the metal binding region is highly mobile
and disordered in the DNA bound state of the protein, and
considerable mobility remains in that region in the apo state as
well.'" Upon Zn(II) binding to either the CzrA+DNA complex
or Apo - CzrA, the “backbone” stiffens and the a5 helices become
well ordered. This region is most rigid in the Zn, - CzrA allosteric
form. These results are qualitatively consistent with results from
experiments performed by Arunkumar et al.'' Interestingly, the
side chains of the charged -wing residues interact with DNA
electrostatically and consequently induce more backbone rigidity
in the CzrA:DNA and Zn,-CzrA-DNA complexes. These
regions are obviously unencumbered and are more mobile in
Apo-CzrA and Zn,-CzrA. In close agreement with NMR
experiments, we find that Zn(II) binding rigidifies the aR region
in both Zn,-CzrA and Zn,*CzrA-DNA, locking down the
residues in this region into a low DNA binding affinity open
state with a flat DNA binding interface. Interestingly, the residues
in the a2 and a3 regions of CzrA remain flexible in all allosteric
forms of the protein. We find a high degree of disorder in the
DNA and Zn(II) binding sites in apo-CzrA, suggesting that a

combination of induced fit and conformational selection may
operate at the ligand binding sites in apo-CzrA.

3.5. Calculation of Cross Correlation Matrices. We next
investigated the impact of Zn(1I) binding on the internal motions
of CzrA by analyzing the networks of residues involved in
correlated and anticorrelated motions in each allosteric form of
CzrA (Figure 7). In these cross-correlation plots of the backbone
Ca carbon atoms, the values range from 1 for perfect correlation
(shaded red, Figure 7), i.e., residues that move together, to —1 for
perfect anticorrelation (shaded blue, Figure 7). These plots reveal
that CzrA exhibits a hierarchy of residue networks of correlated
and anticorrelated motions that connect the metal and DNA
binding regions. These networks are already evident in the apo
state of the protein. In Figure 7a, the two metal binding regions in
Apo- CzrA are shown in black dotted boxes. Both metal binding
sites move in a strongly correlated manner, even in the apo state
of the protein, and influence the conformational motions of CzrA
through these networks. The movements in each metal binding
region are correlated with motions within the a1 and a2 helical
regions of both protomers and are anticorrelated to those in the
core areas of the protein. We find the residues in the 52 wing
regions move in a correlated manner with respect to the core of
the protein but are anticorrelated to the metal binding regions
and the al and a2 helical regions.

Upon metal ion binding, the extent of residue-specific correla-
tions quantitatively decreases, as Zn(1I) binding clearly dampens
conformational sampling by CzrA. This is especially noticeable in
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Figure 8. Illustration of the hydrogen bond distances between His97-
Neé2 and His67-O in the hydrogen bonding pathway from simulations of
Apo-CzrA starting from the apo-crystal structure, Zn,- CzrA starting
from the Zn-crystal structure, CzrA-DNA starting from the GDR
structure, and Zn,-CzrA-DNA starting from Zn(II) bound GDR
structures.

both metal-binding regions (Figure SS of the Supporting In-
formation). Zn(1I) binding rigidifies the metal binding region
and reduces the extent of correlation in the metal binding region.
This impacts the various regions of the protein, as is reflected in
these matrices. The correlated and anticorrelated motions in the
CzrA-DNA complex are captured in Figure 7c. We observe two
large expanses of anticorrelation, as CzrA samples the closed
conformation bound to DNA. The picture that emerges is that
the closed conformation is a disordered and highly mobile state
of the protein. The R helices move toward each other near the
DNA binding interface, causing the two monomers to move
closer together in an anticorrelated manner; in contrast, the
residues in the 8 wing regions of each protomer clamp down on
the DNA and move in a correlated manner. Figure 7d illustrates
the impact of Zn(II) binding on CzrA-DNA. In the ternary state
of the protein, the matrix takes the familiar form observed in
Apo-CzrA and Zn,- CzrA, as the protein residues respond to
Zn(11) addition and move in a manner similar to those states. In
this allosteric form, the protein tries to return to the open
conformation while maintaining its interactions with the DNA
molecule.

3.6. Hydrogen-Bonding Pathway. We next examined a
hydrogen-bonding pathway connecting each metal binding site
to the DNA binding R helix in our simulations of the allosteric
forms of CzrA. Such a pathway was observed in the 1R1V Zn-
crystal structure and extends from the metal binding residue,
His97, through its imidazole Ne2 bound hydrogen atom to the
oR helix of the other protomer by a hydrogen bond with the
carbonyl oxygen of His67'® (Figures 1 and 8, respectively). We
find that this pathway exists in both metal-binding sites in our
MD, QM/MM MD, and QM/MM calculations of Zn, - CzrA.
These pathways were occasionally disrupted by water molecules
but were soon re-established. Our simulation of Apo-CzrA
shows that a longer and presumably weaker hydrogen bond
exists between His97 and His67' in the apo allosteric state. A
similar hydrogen-bonding pattern did not emerge in our simula-
tions of DNA-bound CzrA, in agreement with experimental
results. In our simulations of Zn, - CzrA+-DNA, we were unable
to detect the presence of such a network, though we find the aR
helix comes closer to the 5 helix.

3.7. Electrostatic Surface Potential. We calculated the
electrostatic surface potential (ESP) for the open and closed

-
-

Figure 9. Electrostatic potential energy surfaces of the DNA binding
interface for the open (panel a) and closed (panel b) conformations of
CzrA. The blue regions indicate a positively charged area, while the red
regions indicate a negatively charged region.
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Figure 10. Essential dynamics analysis: Plot of RMSF values for the
lowest mode of the protein from simulation of Apo - CzrA starting from
the apo-crystal structure, and simulation of allosteric switching for
Zn, - CzrA starting from the 2KJB NMR structure of apo-CzrA in a
closed conformation.

conformational states of CzrA using the DCQTP program.*®**

DCQTP uses a divide and conquer approach that allows for a fast
and accurate calculation of the ESP at a semiempirical level by
solving the linear Poisson—Boltzmann equations. We calculated
representative structures over 10 ns periods for the last 30 ns of
the simulated runs for the allosterically inhibited open Zn,-
CzrA-DNA complex vs the closed CzrA-DNA simulations;
DNA was not included in these calculations (Figure 9 and Figure
S6 of the Supporting Information, respectively). The DNA
binding interface of CzrA is lined with charged residues that
interact with the negatively charged DNA molecule. In the
closed, high affinity DNA-binding state (Figure 9a), a large
contiguous patch of positive ESP is observed in the DNA binding
interface of the protein. In contrast, the open state complex of
CzrA bound to DNA, Zn,-CzrA-DNA, is characterized by a
disruption of the contiguous positively charged potential, that
potentially reduces the DNA binding affinity of CzrA upon
addition of Zn(1I) ions, thus helping to drive CzrA off the DNA.

3.8. Essential Dynamics Analysis. We performed an essential
dynamics analysis® on our simulation of Zn, - CzrA starting from
a closed conformation of apo-CzrA to identify the structural
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Figure 11. (a) Potential of mean force (PMF) calculated from backbone
protein rmsd distributions from simulations of Apo- CzrA starting from
the apo-crystal structure and Zn,-CzrA starting from the Zn-crystal
structure. (b) Protein backbone rmsd distribution for the above-men-
tioned simulations.

changes in the protein that are directly influenced by Zn(II)
binding. As previously mentioned, we successfully captured the
closed to open transition in this simulation starting from the
2KJB NMR structure. Using this principal-component analysis-
like method, we calculated and diagonalized the covariance
matrix for Ca carbon atoms for all protein residues to obtain
the first eigenvector of the protein from these simulations. A
similar analysis along individual eigenvectors of the protein is not
possible in NMR experiments. The RMSF values for the Ca
carbon atoms obtained along the first eigenvector of the protein
(Figure 10) show large changes in the  wing, 0.2, aR, and S
regions of the protein. Conformational changes in these protein
regions form the bulk of changes in the protein structure while
transitioning between the open and closed allosteric forms. A
comparative analysis performed on our simulation of apo-CzrA
starting from the 1R1U crystal structure was not found to have
major structural changes associated with its first eigenvector.
These results, in conjunction with our analysis of cross-correla-
tion matrices, suggest that Zn(1I) binding provides the driving
force for conformational change in the CzrA homodimer.

3.9. Conformational Ensembles. We next calculated the
protein backbone root-mean-square deviation (rmsd) distribu-
tions for our simulations of Apo + CzrA and Zn, - CzrA to examine
the extent of conformational sampling in these allosteric forms.
The rmsd values for the last 100 ns of Apo - CzrA and Zn, - CzrA
simulations were calculated against the starting 1IR1U and 1R1V
crystal structures, respectively (Figure 11a) The population
distributions for these allosteric forms report on how zinc
binding influences CzrA to sample conformational space in a
qualitative manner (Figure 11b). The rmsd distributions reveal
that Zn, - CzrA exists in a single conformational state situated in a
deep potential well with very steep walls; this ensures that a
severe energetic penalty is incurred for moving away from the
minima in this allosterically inhibited form.* In striking contrast,
the population distribution for Apo - CzrA suggests at least three
distinguishable conformational states defined by a shallow po-
tential well, with each state separated by a few kilocalories per
mole from the minima. One of these states qualitatively resem-
bles the Zn(II) bound allosteric state, consistent with the idea
that apo-CzrA is capable of making conformational excursions
into a Zn(II) bound like structure. This enables Apo-CzrA to
sample more families of conformations than Zn, - CzrA, which is

likely important for binding tightly to Zn(II) or DNA. Simula-
tions of Apo-CzrA over longer time scales could determine if
DNA binds to apo-CzrA by a mechanism of induced-fit binding
or conformational selection.®!

We further performed a detailed clustering analysis to identify
unique states sampled over the course of our simulations of apo-
and Zn(II)-bound CzrA. The implementation of the “mean”
algorithm in ptraj®> was employed to cluster snapshots from our
simulations on the basis of their rmsd values. We performed the
analysis over multiple runs. In this calculation we first distributed
the data into 10 clusters against an average structure from the
trajectory. In this calculation, representative structures and
average structures were obtained for each cluster. We reduced
or increased the number of discrete clusters until a rmsd
difference of greater than 1 A was obtained between the
structures from these clusters themselves and the starting crystal
structure. These analyses found the existence of three unique
states in our simulations of Apo -+ CzrA, with population distribu-
tions of 51.5%, 16.5%, and 32%, consistent with the findings
above. In contrast, a single state was detected for Zn, - CzrA that
corresponds to state 1 of Apo- CzrA. The representative struc-
tures obtained from the clustering analysis are presented in the
Supporting Information.

4. CONCLUSIONS

In this work, we present all-atom simulations of the allosteric
forms of the paradigm ArsR/SmtB family zinc sensor CzrA in
explicit solvent. Our simulations provide new insights into the
mechanism of allosteric regulation in CzrA and are in close
agreement with the extensive experimental findings for this
system.®”'"'> We find that large quaternary structural confor-
mational transitions of CzrA play an essential role in the ability of
CzrA to function as an allosterically regulated transcriptional
repressor. In complete agreement with experimental data, our
simulations reveal that apo- and Zn(II)-bound CzrA each adopt
a stable open conformation while high affinity DNA binding
stabilizes the closed conformation. Our simulations of allosteric
switching in CzrA successfully capture this structural transition
between closed to open conformations upon Zn(1I) binding to
CzrA bound to the DNA, prior to dissociation, on a time scale of
hundreds of nanoseconds. We found that the disordered a5
metal binding region became more ordered in response to metal
ion binding and the residues in the 3-wing regions reduced their
interactions with the DNA molecule over the course of the
simulations. The aR helices at the DNA binding interface moved
away from each other in this conformational form, and the
protein switched to the low DNA-binding affinity open state in
which the DNA binding interface adopted a flat conformation
less suitable for DNA binding.

In addition, we analyzed the structure and conformational
dynamics of CzrA, and in doing so, obtained a better under-
standing of the relationship between Zn(II) binding at a distal
location and the associated reduction in DNA binding affinity.
We examined the mobility of residues in all allosteric forms of the
protein and observed an increase in the rigidity of the metal
binding &S helices in the Zn(II) bound allosteric forms. We also
found the residues in the -wing regions became more flexible in
the open conformations of the protein. We identified groups of
residues that are involved in hierarchical networks of correlated
and anticorrelated motions that clearly connect the metal bind-
ing and DNA binding sites in functionally important ways. These
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networks are present in all allosteric forms of the protein but are
greatly attenuated in the Zn(II)-bound state. They are indicative
of communication channels that help to account for the structur-
al sensitivity of CzrA to both metal and operator DNA binding,
Our simulations support the existence of a functionally important
hydrogen-bonding pathway that connects the first coordination
shell of the Zn(II) complex to the DNA binding site through the
R helices.® This pathway was stable only in Zn, - CzrA but was
destabilized or absent in all other allosteric forms, including the
intermediate Zn,+CzrA+DNA complex. Our data suggest the
possibility that this pathway “rigidifies” the structure of CzrA and
ultimately prevents it from closing to a high DNA binding affinity
conformation. The essential dynamics reveal that Zn(II) binding
to a closed conformation of the protein drives the -wing regions
and the core of the protein to adopt a more open quaternary
structure. In the Zn(II)-bound state, the internal dynamics of
CzrA are reduced, leading to significantly less sampling of con-
formational space relative to apo-CzrA. We show that the
structural changes in CzrA on Zn(II) binding are accompanied
by changes in the electrostatic potential energy surface, particu-
larly in the DNA-binding interface, in a manner that should
destabilize the protein—DNA complex.

In summary, our simulations provide new perspectives into
allosteric switching by a metal sensor protein. These studies take
on added significance when one considers that the crystal struc-
tures of apo- and Zn(II)-bound CzrA are so similar.’ The ability
of CzrA to transition from a flexible protein in its apo form into
one in which conformational dynamics are strongly quenched on
Zn(1I) binding is an important regulatory characteristic of CzrA
and perhaps other metalloregulatory proteins in which metal ion
binding allosterically activates or inhibits operator DNA binding.
Clearly, residues at the metal binding site and the DNA binding
interface of CzrA are not preorganized for binding and, thus,
remain mobile in their search for ligands. The exact nature of the
capture of these molecules by CzrA is an interesting facet of the
CzrA mechanism that remains a subject for future study. In this
work, we lay the foundation for simulations capable of exploring
the conformational changes occurring over the microsecond
time scale in the protein. In all, large-scale global conformational
changes superimposed on local dynamics dominate the biologi-
cal function of CzrA and highlight the general role of protein
motion in biological regulation.
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