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ABSTRACT: The -Cys-X1-X2-Cys- active site motif is central to
the function of enzymes of the thioredoxin superfamily, including
glutaredoxins. Their chemistry depends on the lowered pK, of the
N-terminal thiolate cysteine of the -Cys-X1-X2-Cys- sequence;
therefore its structure, dynamics, and electrostatics matter. Much
information about the glutaredoxin structures was obtained by
nuclear magnetic resonance (NMR), vet these various NMR
structures produced heterogeneous and discordant views of the
-Cys-X1-X2-Cys- motifs. This study addresses these inconsisten-

Consensus

active site structure

rationalizes low pK,
of catalytic cysteine

cies by a computational and experimental investigation of three diverse reduced -Cys-X1-X2-Cys- motifs, from human
glutaredoxin 1 (hGrx1), Escherichia coli glutaredoxin 2 (EcGrx2), and T4 virus glutaredoxin (T4Grx). The NMR models do not
account for the low pK, of the N-terminal cysteine. However, extensive investigations of the NMR conformers by simulations
yielded consensus structures for the -Cys-X1-X2-Cys- motif, with well-defined orientations for the cysteines. pK, calculations
indicated that the consensus structure stabilizes the thiolate by local hydrogen bonds. The consensus structures of EcGrx2 and
T4Grx formed the basis for predicting low pK, values for their N-terminal cysteines. Subsequent experimental titrations showed
that these pK, values are <5, supporting the validity of the consensus structure. The simulations also revisited the conformational

dynamics of side chains around the -Cys-X1-X2-Cys- motif, which

allowed reconciliation of calculated and measured pK, values

for important hGrxl mutants. The conformational spread of these side chains, which differs between NMR and molecular

dynamics models, is likely to be relevant to substrate recognition.

The new structural models determined in this work should

prove to be valuable in future molecular studies of the glutaredoxins.

lutaredoxins (also called thioltransferases') belong to the
thioredoxin superfamily of oxidoreductases,”* are ubig-
uitous,* and play a general role in the maintenance and control
of cellular redox homeostasis, including regulation of the level
of protein glutathionylation.">® Dithiol glutaredoxins (Grxs)
contain a conserved -Cys-X1-X2-Cys- active site motif> that is
central to the catalytic function of these enzymes and their
cysteine chemistry." Importantly, the N-terminal (N-ter)
cysteine thiol of the glutaredoxin -Cys-X1-X2-Cys- motif has
a pK, value significantly lower than that of a free cysteine,
usually <5.”7'% This pK, is a key determinant of the many
cellular functions of glutaredoxins, including their reactivity and
redox potentials, as recently reviewed."® The low-pK, cysteine
is primed for nucleophilic attack on disulfide substrates,
initiating the thiol—disulfide exchange reactions. This leads to
an intermediate mixed disulfide in which the substrate is
covalently linked to the glutaredoxin. Then, a reduced substrate
is released via mechanisms that are still being investigated.l’é
Structurally, glutaredoxins are relatively small proteins with
the thioredoxin fold,'* where the -Cys-X1-X2-Cys- active site
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can be oxidized (disulfide) or reduced (dithiol). Crystallo-
graphic studies of reduced glutaredoxins have proven to be
challenging.'>"® Thus, much of the experimental structural data
for reduced glutaredoxins has been obtained from nuclear
magnetic resonance (NMR) studies in solution, for Escherichia
coli Grx1 (EcGrx1),"* E. coli Grx2 (EcGrx2),"® E. coli Grx4,'
bacteriophage T4 Grx (T4Grx),'” and human glutaredoxin 1
(hGrx1)."® EcGrx2 is larger than conventional glutaredoxins,
and NMR studies have revealed that it adopts an atypical
architecture when compared to those of other glutaredoxins.'®
E. coli Grx4 is a monothiol glutaredoxin in which the second
active site cysteine is replaced with a serine.'” This study
concentrates on dithiol glutaredoxins, where the active site
motif sequence is frequently -Cys-Pro-Tyr-Cys- (as in EcGrxl,
EcGrx2, and hGrx1), with variations such as -Cys-Val-Tyr-Cys-
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in T4Grx."” hGrxl has been a major model system for the
investigation of glutaredoxins."**'°

Despite the functional importance of the -Cys-X1-X2-Cys-
motif in glutaredoxins, the NMR structures of this motif are
surprisingly heterogeneous for any given glutaredoxin, but are
also disparate across glutaredoxins (Figure 1). This may reflect

Figure 1. Conformational heterogeneity of the -Cys-X1-X2-Cys- motif
in NMR structures of reduced glutaredoxins. The structures are for
hGrxl [(A) PDB entry 1JHB], EcGrx2 [(B) PDB entry 1G70],
T4Grx [(C) PDB entry 1DE2], and EcGrx1 [(D) PDB entry 1EGR].
For each protein, all conformers of the NMR model were
superimposed by best fit on the backbone of the -Cys-X1-X2-Cys-
active site motif, the residues of which are labeled. For the sake of
clarity, hydrogens are not shown. The conformational heterogeneity of
the reduced -Cys-X1-X2-Cys- motifs in the NMR structures is
reflected in the various orientations of their cysteine side chains (Table
2), which relate to the hydrogen bonds stabilizing the catalytic thiolate
(Table 3). The conformational spread of the NMR models contrasts
with the more precise consensus conformation obtained by MD
simulations (Figures 4 and ).

actual differences between these enzymes, considering that the
ability to probe the flexibility and dynamics of biomolecules in
solution is considered a strength of NMR.'”™>' Structural
differences between the -Cys-X1-X2-Cys- motifs could arise
from sequence differences between motifs (e.g, hGrxl vs
T4Grx) or from the distinct overall protein architectures in
which the motif is embedded (e.g,, hGrxl vs EcGrx2). Indeed,
there is evidence that even motifs with the same sequence can
adopt dissimilar conformational populations in EcGrxl and
EcGrx3.”* This matters because the structure and dynamics of
the -Cys-X1-X2-Cys- motifs strongly affect the pK, of the
nucleophilic cysteine,”**~** and this pK, is a major determinant
of the redox potential of enzymes in the thioredoxin (Trx)
superfamily.>*>**>62” The factors that lower the pK, of the N-
ter cysteine of the -Cys-X1-X2-Cys- motifs remain the subject
of intense experimental and theoretical investiga-
tions.”'#**7242873¢ (Clearly, reliable structural characterization
of the reduced -Cys-X1-X2-Cys- active sites is a prerequisite for
understanding their chemistry and substrate recognition. Thus,
one has to consider the possibility that the differences observed
in the NMR models of reduced glutaredoxins may result from a
lack of experimental restraints or limitations in the structure
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refinement protocols. For example, it was shown to be the case
with catalytic Cys11 in reduced E. coli Grx3.’

Indeed, the precision and accuracy of NMR structures have
been an ongoing topic of discussion.””*”~*" Conformational
spread in some regions of NMR structures may reflect a dearth
of experimental restraints. It can be difficult or impossible to
derive unambiguous NMR structural restraints for protein
regions that quickly interconvert between conformers, such as
solvent-accessible loops or side chains. In such regions, the
apparent structural heterogeneity is likely to reflect a lack of
suitable restraints rather than a fit to experimental data. Thus,
improving and testing the refinement of NMR structural
models have been concerns.**** Progress was made by
extension and optimization of the molecular force field used
during refinement, particularly regarding nonbonded* and

1*3* parameters. Also, it has become apparent that pK,
22,31,41

torsiona
calculations can help assess and select NMR conformers.
The addition of explicit solvent during refinement has led to
notable improvements,********* even with short molecular
dynamics (MD) simulations in a relatively thin layer of
water.*** Importantly, the improvement was not only in
generic steric criteria for the quality of structure but also in the
fit to the experimental data.*® The benefits of MD simulations
in explicit solvent were not surprising because such protocols
provide a physically relevant representation of the protein, its
dynamics, and protein—solvent interactions.

Extensive MD simulations can be used to probe the
structure, dynamics, and electrostatics of thiol-disulfide
oxidoreductases.”*>*>*>* With sufficiently long simulations,
the CHARMM?22 force field*® yields a well-balanced
representation of the conformational dynamics of the
glutaredoxin -Cys-X1-X2-Cys- motifs with a thiolate N-ter
cysteine.””**> Such simulations also offer insights into the
orientation and flexibility of side chains surrounding the -Cys-
X1-X2-Cys- motif, with implications for their contribution to
the thiolate stabilization or substrate recognition.

Here, we use extensive MD simulations in explicit solvent to
clarify the structure and dynamics of reduced thiol-disulfide
oxidoreductases, as illustrated with EcGrxl, EcGrx2, T4Grx,
wild-type hGrxl, and two hGrxl mutants. The conformers
obtained by NMR and MD simulations are assessed via
Poisson—Boltzmann-based pK, calculations. The conformers
only account for the low pK, of the catalytic cysteine after
extended MD simulation and structural reorganization of the
various -Cys-X1-X2-Cys- motifs. EcGrx2, T4Grx, and hGrx1
adopt a predominant consensus conformation for their -Cys-
X1-X2-Cys- motifs, where the N-ter and C-terminal (C-ter)
cysteines adopt y; = trans and y, = gauche” conformations,
respectively. In this consensus structure, the catalytic thiolate
forms several hydrogen bonds that explain its stabilization.
Experimental measurements confirmed the prediction that
EcGrx2 and T4Grx contain a cysteine with a pK, <5, contrary
to the suggestion that T4Grx may be peculiar in this respect.'”
The simulations also help interpret the mutation data with
hGrxl in relation to the pK, of its catalytic cysteine'® and
provide an overall different picture of the recognition surface
around the active sites of EcGrx2 and T4Grx. Thus, the
simulated structures also pave the way for an improved
understanding of substrate recognition by glutaredoxins and
other enzymes in the thioredoxin superfamily.
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B MATERIALS AND METHODS

Preparation of Wild-Type Reduced Proteins for
Simulation. For EcGrxl, the simulations are extensions from
previous work,>” from the previous value of 75 ns to the new
value of 200 ns reported here. Other MD simulations were
initiated from NMR models, for hGrxl (PDB entry 1JHB),
EcGrx2 (PDB entry 1G70), and T4Grx (PDB entry 1DE2).
Details for the starting conformers are given in Table S1 and
Figures S1—S3 of the Supporting Information. The starting
NMR conformers differed from the consensus conformation of
the reduced -Cys-X1-X2-Cys- motif that emerged after MD
simulations. In these starting structures, the hydrogen bonds
between the catalytic sulfur of the N-ter cysteine and the rest of
the -Cys-X1-X2-Cys- motif were not formed or incompletely
formed. For example, the S§"---S distance was usually well above
that of a hydrogen bond interaction (Table S1 of the
Supporting Information). This allowed us to test whether the
simulations would spontaneously stabilize conformations differ-
ent from those presented by the NMR models, with newly
formed hydrogen bonds to the thiolate. For each protein, at
least two MD simulations were performed, each starting from a
different -Cys-X1-X2-Cys- conformation, to test convergence.
Convergence was observed in every case. For the sake of
convenience, each MD simulation was given a name (Table 1).

Table 1. Summary and Names of the MD Simulations

protein construct® MD name MD length (ns)
hGrx1 native hGrxl_a 128
native hGrx1_b 120
mutant K20L hGrxl_K20L 60
mutant K20Q hGrxl1_K20Q 60
EcGrx2 native (His8 neutral) EcGrx2_a 100
native (His8 neutral) EcGrx2_b 175
native (His8 protonated) EcGrx2_c 100
T4Grx native T4Grx_a 120
native T4Grx_b 140
native T4Grx_c 140
EcGrxl1 native EcGrxl_a 200"
native EcGrxl_b 200”

“All these simulations were performed for reduced forms of the active
site. ”The two simulations of EcGrx1 are extension from 75 to 200 ns
of previously reported simulations.”

To facilitate structural comparisons, the same residue
numbering as in the NMR models was kept. It is offset by 1
relative to the numbering used in a directly relevant study for
hGrx1,'’ but the correspondence between the two numbering
schemes is straightforward.

The titratable groups were assigned conventional proto-
nation states at pH 7 unless stated otherwise. To the best of our
knowledge, no experimental data that could help specify the
protonation states of the histidines in the simulated proteins are
available. Thus, all histidines were treated as neutral with a
proton on N?, including His8 of EcGrx2 in simulations
EcGrx2_a and EcGrx2_b. Because His8 of EcGrx2 is in the
active site, it was also treated as positively charged (proton on
both N® and N?) in simulation EcGrx2 c. Given general
knowledge about reduced glutaredoxins,">®® the N-ter
cysteines in the -Cys-X1-X2-Cys- motifs were treated as
thiolates during the simulations. Force field parameters for
the thiolate form of a cysteine were as previously described.”**
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Preparation of hGrx1 Mutants. Two hGrxl mutants
studied experimentally,'® Lys20Leu and Lys20Gln, were
simulated after being built from hGrxl NMR conformer $§
(Table S1 of the Supporting Information). The mutated side
chains were built using the conformation of Lys20 as a template
for the counterpart atoms in Leu20 or GIn20. The amide group
of GIn20 was oriented initially to make hydrogen bonds with
Cys23 and Thr22. Then, the mutated side chains were energy-
minimized keeping the rest of the protein fixed. The MD
simulations for the hGrxl mutants were prepared and
performed as with the wild type.

Molecular Dynamics Protocols. Energy minimizations
and MD simulations were performed with CHARMM,"
following a previously described protocol*”*® Tt uses the
CHARMM protein force field,* a dielectric constant of 1.0,
and atom-based nonbonded interactions truncated beyond 12
A with a force shift,"® known to provide a satisfactory treatment
of electrostatics.*” ' Nonbonded lists were maintained to 14 A
and updated heuristically. Graphical operations and structural
overlays were performed with MOE.>

All simulations were performed with periodic boundary
conditions in cubic boxes of solvent, the size of which
depended on the protein and allowed for ample solvation
with respect to the nonbonded cutoffs. Each protein was
overlaid with a box of pre-equilibrated TIP3P water,” and the
waters with their oxygen atom <2.7 A from any protein atom
were removed. It was checked graphically that no water
molecule was accidentally trapped in the core of a protein.
When needed, each system was neutralized with chlorine or
sodium counterions. Covalent bonds involving a hydrogen were
constrained with SHAKE.>*

Then, the solvent was energy minimized keeping the protein
fixed. In a second round of energy minimization, both the
solvent and the protein were allowed to relax. Each system was
then subjected to MD simulations, using the leapfrog integrator
and a 0.002 ps time step. Heating to 300 K was performed in 6
ps, with the protein atoms harmonically constrained to their
initial position with a force constant of 2.0 kcal mol™ A™2. Each
simulation was pursued at 300 K in the NVT ensemble for 40
ps, with the constraints on the protein kept during the first 20
ps only. This was followed by 20 ps of MD in the NPT
ensemble, to monitor possible volume changes. The primary
box volume changed only very slightly upon simulation at a
constant pressure, indicating that the number of water
molecules present was reasonable. The MD simulations were
then continued in the NVT ensemble, for the lengths of time
listed in Table 1.

pK, Calculations. The pK, values of the protein titratable
groups were calculated by solving the Poisson—Boltzmann
equation with continuum dielectrics, using a protocol that
performed satisfactorily with cysteine residues in comparable
systems.”***> With the NMR conformers, the pK, values were
calculated using the coordinates deposited in the PDB. With
the MD simulations, the pK, values were calculated on
snapshots extracted every 200 ps. The electrostatic calculations
were performed with UHBD,> without any explicit solvent
molecules, and using the parameters of a validated protocol.***’
This protocol uses a modified OPLS parameter set to assign
partial charges and van der Waals radii and includes only polar
hydrogens. Reference pK, values of the model compounds
corresponding to the titrated groups were 4.0 for Asp, 12.0 for
Arg, 8.3 for Cys, 4.4 for Glu, 6.3 for His, 10.4 for Lys, 9.6 for
Tyr, 7.5 for the N-ter amino group, and 3.8 for the C-ter
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Table 2. Conformation of the Cysteine Side Chains” of the Reduced -Cys-X1-X2-Cys- Motif in Glutaredoxins

NMR models
N-ter Cys C-ter Cys
no. of y; conformers no. of y, conformers
PDB entry residue g g trans other residue g g trans other
hGrx1 1JHB Cys23 0 6 10 4 Cys26 0 20 0 0
EcGrx2 1J70 Cys9 0 0 0 21 Cys12 3 0 0 18
T4Grx 1DE2 Cys14 16 2 0 12 Cys17 4 3 19 4
EcGrx1 1EGR Cysll 0 10 10 0 Cys14 0 17 3 0
MD simulation models
N-ter Cys C-ter Cys
percent of y, conformers percent of y; conformers
trajectory residue g g trans other residue g g trans other

hGrx1 hGrxl_a Cys23 0.0 0.1 99.6 0.3 Cys26 0.0 99.9 0.0 0.1

hGrxl_b Cys23 42 6.0 88.9 09 Cys26 0.0 99.9 0.0 0.1

hGrxl_K20L Cys23 0.0 0.0 99.7 0.3 Cys26 0.0 99.9 0.0 0.1

hGrxl_K20Q Cys23 0.0 0.6 99.0 04 Cys26 0.0 99.9 0.0 0.1
EcGrx2 EcGrx2_a Cys9 6.5 0.0 934 0.1 Cys12 0.0 99.9 0.0 0.1

EcGrx2 b Cys9 0.1 0.7 98.9 0.3 Cysl2 11.1 87.2 0.0 1.7

EcGra2_c Cys9 3.7 8.6 87.3 0.4 Cysl2 0.0 96.0 40 0.0
T4Grx T4Grx_a Cysl4 0.0 0.0 98.2 1.8 Cysl7 0.0 98.1 1.7 0.2

T4Grx_b Cys14 0.3 13.3 82.7 3.7 Cys17 0.0 79.4 19.0 1.6

T4Grx_c Cysl4 14.7 0.1 83.2 2.0 Cysl7 0.0 86.0 13.0 1.0
EcGrxl EcGrxl_a Cysll 45.7 4.8 48.9 0.6 Cysl4 0.0 96.4 32 0.4

EcGrxl_b Cysl1 69.4 5.8 24.0 0.8 Cys14 0.0 96.2 32 0.6

“Analyzed in terms of the side chain y, torsion angles.

carboxyl group. The solvent dielectric constant was 78.5, and
the protein dielectric constant (&p) was set to 3.0 because this
value has yielded reasonable results with comparable
systems.g’n’25

The electrostatic potentials were calculated using the grid
focusing technique,58 using four successive cubic grids; the
smallest grid was 20 A® with a 0.25 A spacing. The linearized
Poisson—Boltzmann equation was solved at a temperature of
298 K, with an ionic strength of 150 mM, and with an ion
exclusion (Stern) layer of 2.0 A. The titration curves were
calculated using the cluster method implemented in Hybrid.>

Structural Analysis. We follow the standard recommen-
dation for structural descriptions.®® For torsions, the gauche
minus (g”) and gauche plus (g*) ranges are defined as —60 =+
30° and 60 =+ 30°, respectively.

A distance cutoff of 4.0 A between sulfur and hydrogen bond
donor D was used for identification of a hydrogen bond,
consistent with previous studies.”>*'** The additional angular
conditions (S--H—D > 120.0° and C—S---H > 70.0°) were
applied for the corresponding hydrogen bond to be considered
formed.

Purification of Recombinant Glutaredoxins. The
sequence encoding T4Grx (PDB entry 1DE2) was optimized
for expression in E. coli and cloned in an overexpression vector
by DNA 2.0. The synthetic gene sequence encoded an
additional six-histidine tag at the N-terminus of the protein
and a thrombin cleavage site immediately after it. After
treatment with thrombin, T4Grx would start as GSHM, with
M being the initiator methionine of the wild-type protein.
BL21(DE3) cells transformed with the plasmid obtained from
DNA 2.0 were grown in rich medium to autoinduce expression
of T4Grx® After 24 h at 250 rpm and 18 °C, cells were
harvested and resuspended in 20 mM potassium phosphate
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(pH 7.4). Lysozyme (0.5 mg/mL) and DNase I (0.05 mg/mL)
were added, and the sample was kept on ice for 1 h, after which
it was sonicated. KCl (250 mM), Triton X-100 (1%), and
imidazole (20 mM) were added; the sample was centrifuged at
15000¢ for 30 min at 4 °C, and the supernatant was
chromatographed on a HisTrap FF column (GE Healthcare)
in 20 mM potassium phosphate, 250 mM KCl, and 20 mM
imidazole (pH 7.4) at 4 °C. Bound T4Grx was eluted in a
gradient of imidazole up to 500 mM in the same buffer. The
most pure samples (as judged by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis) were concentrated, treated
with thrombin (0.1 unit/mg of protein, 3 h at room
temperature), reduced with DTT (5 mM, 30 min at room
temperature), and chromatographed on Sephadex G-50
superfine in 20 mM Tris-HCl, 100 mM KCl, and 1 mM
EDTA (pH 8.0) at 4 °C. T4Grx was obtained in a
homogeneous form after this purification step. The molar
extinction coefficient at A,g, used to calculate the concentration
of purified protein was 5960 M~ cm™".

E. coli Grx2 (~0.3 mM) was purified to homogeneity as
previously described.” A molar extinction coefficient of 21860
M™ cm™ at A,g, was used for EcGrx2.

Measurement of the Concentration of the Thiolate
Anions in EcGrx2 and T4Grx. Measurements of the thiolate
anion were performed at Ay 5% Changes in the ionization
state of the thiolate at different pH values were followed by the
Ay 40/ Asgy ratio. In short, glutaredoxins at high concentrations
(0.3—0.5 mM) were initially reduced in excess (10 mM) DTT
in 20 mM Tris-HCI and 1 mM EDTA (pH 8) for 30 min at
room temperature. DTT was removed by chromatographing
EcGrx2 in 20 mM potassium phosphate and 1 mM EDTA (pH
7.0) through a Sephadex G-50 superfine column. T4Grx was
desalted in 20 mM potassium phosphate and 1 mM EDTA (pH
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Table 3. Hydrogen Bonds between the Active Site N-ter Cysteine Sulfur and the -Cys-X1-X2-Cys- Motif

acceptor---donor” NMR? MD*
hGrx1 1JHB hGrxl_a hGrx1_b hGrx1_K20L hGrx1_K20Q
7,3 Nig 13 (65.0%) 90.6 852 95.5 90.9
83N 12 (60.0%) 634 60.4 794 63.0
SRR 14 (70.0%) 29.0 27.9 394 322
EcGrx2 1J70 EcGrx2_a EcGrx2 b EcGrx2 ¢
S9N}, 19 (90.5%) 80.5 742 67.5
5Ny, 15 (71.4%) 60.4 549 50.1
Sy 1y 0 (0.0%) 45.6 44.7 43.3
T4Grx 1DE2 T4Grx_a T4Grx_b T4Grx_c
7,4+ Nyg 0 (0.0%) 75.0 539 68.7
§4Nyy 0 (0.0%) 79.5 63.5 817
84S 0 (0.0%) 67.8 450 549
EcGrxl 1EGR EcGrxl_a EcGrx1_b
8+ Nys 1 (5.0%) 552 513
8Ny, 0 (0.0%) 63.0 727
Sy 0 (0.0%) 619 71.0

“Possible hydrogen bonds between the sulfur of the N-terminal cysteine S” and hydrogen bond donors in the -Cys-X1-X2-Cys- motif; the subscript
indicates the residue number. “Frequency of occurrence of each hydrogen bond in the NMR structures (the PDB entry codes are given), as the
number of conformers where the hydrogen bond is observed, and the corresponding percentage relative to the total number of NMR conformers.
“Frequency of occurrence of each hydrogen bond during the MD simulations (each MD identifier is given), in percent of the time. The geometric
criteria used to define the presence of a hydrogen bond are given in Materials and Methods.

6.0). The reduction state of the obtained glutaredoxins was
assessed by the DTNB assay’’ measuring total reduced thiols.
The DTT-free samples (0.2—0.4 mM) were kept on ice and
served as a source of protein for the titrations in buffers with
different pH values. The reduced stocks were diluted (1:15 to
1:40) in the desired pH buffer to a final concentration that
would give a reasonable A,y for measurements (~7 uM
EcGrx2 gave an A,g of 0.15; ~14 uM T4Grx gave an A,g, of
~0.1). Any scattering was corrected by subtracting A;;, from
the A,,, and A,g, values. For each A,,; and A,5, measurement,
tull spectra were recorded from 210 to 340 nm at 25 °C, against
20 mM potassium phosphate and 1 mM EDTA (pH 7.0 for
EcGrx2 and pH 6.0 for T4Grx), diluted in the respective pH
buffers of the titration. The buffer concentration for all pH
buffers was between 100 and 150 mM with the pH ranging
from 2.71 to 10.04 as determined by a pH meter. Measure-
ments started immediately after the dilution of the samples in
the pH buffers. The path length of the cuvettes used was 1 cm.
No visible precipitation or increase in Ay, was observed in any
of the these measurements, consistent with the complete
solubility of EcGrx2 and T4Grx during the wavelength scans.
There was no oxidation of the reduced stocks of glutaredoxins
on ice as assessed by the DTNB assay over a period of at least 3
h.

The titrations in the low-pH region (pH <7.5) were analyzed
by nonlinear regression fitting of the data (A,4/As5) to a
sigmoidal logistic dose—response model (other sigmoidal
models gave equivalent results) with Origin 7 from OriginLab.
The inflection point of the fitted sigmoidal model was used to
estimate the corresponding pK, (T4Grx) or a higher bound for
the pK, if the titration curve was incomplete at the lowest
extreme of pH (EcGrx2).

B RESULTS AND DISCUSSION

Table 1 summarizes the systems investigated and the
performed MD simulations. A detailed analysis of the reduced
active site of EcGrxl was already presented,” but these
simulations have been extended here for additional compar-
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isons with other glutaredoxins. In the following, we identify the
cysteines of the -Cys-X1-X2-Cys- motif simply as the N-ter and
C-ter cysteines. When this generic terminology is not sufficient,
we use the same individual residue numbers as in the structures
deposited in the PDB (Table 2). hGrx1 and EcGrx2 active sites
contain conventional glutaredoxin motif sequences, -Cys23-
Pro24-Tyr25-Cys26- and -Cys9-Prol0-Tyr11-Cys12-, respec-
tively, yet the tertiary architecture of EcGrx2 is atypical for a
glutaredoxin.">*” T4Grx contains the atypical glutaredoxin
sequence -Cys14-Vall5-Tyr16-Cys17-.

The computational analyses were performed before the
experimental measurements, which were directed following the
computational predictions. To reflect this approach, we present
and discuss the computational results before the experimental
data obtained to test the predictions. However, we start with a
detailed comparison of the NMR models used as starting points
for our investigations.

Structural Heterogeneity of the NMR Models of the
Reduced Active Sites. Conformations of the Active Site
Cysteine Side Chains. This section summarizes the structural
pictures of glutaredoxin reduced active sites as they appear in
the NMR structures (Figure 1) of hGrxl (PDB entry 1JHB'®),
EcGrx2 (PDB entry 1G70"), T4Grx (PDB entry 1DE2"7),
and EcGrxl (PDB entry 1EGR'). Figure 1 shows that the
NMR models are heterogeneous with respect to the
orientations of the active site cysteines, within and across
models. This is confirmed when the y; torsion angles of these
cysteine side chains are scrutinized (Table 2). These
conformations are critical because they control the detailed
interactions between the cysteine thiol groups and the rest of
the protein,”*>** in particular the hydrogen bonds involving
the N-ter cysteine sulfur S”, which can stabilize its thiolate
form 22225268,30

For the y, torsion of the N-ter cysteine, no clear
conformational preference emerges from the NMR structures.
With hGrx1 and EcGrx1, the N-ter cysteine is mostly in g~ and
trans. With EcGrx2, the N-ter cysteine falls outside the
conventional gauche or trans rotamers, ie., in the “other”
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Table 4. Calculated pK, Values of the Reduced Cysteines in the -Cys-X1-X2-Cys- Motif in Glutaredoxins

N-ter Cys C-ter Cys
NMR models
PDB entry residue average pK, + SD residue average pK, + SD
hGrx1 1JHB Cys23 69 + 1.8 Cys26 140 = 1.1
EcGrx2 1J70 Cys9 83 £ 13 Cys12 152 +24
T4Grx 1DE2 Cysl4 133 £ 26 Cys17 13.8 £ 3.0
EcGrxl 1EGR Cysll 10.1 + 1.9 Cys14 152 + 29
MD simulation models
trajectory residue average pK, + SD residue average pK, + SD
hGrx1 hGrxl_a Cys23 5S4+ 09 Cys26 151 + 1.4
hGrx1_b Cys23 5.8+ 1.0 Cys26 146 + 14
hGrxl_K20L Cys23 54 +£09 Cys26 15.6 + 1.2
hGrx1_K20Q Cys23 5.7 £ 09 Cys26 151 £ 1.3
EcGrx2 EcGrx2_a Cys9 5.5 £ 0.9 Cys12 138 £ 1.3
EcGrx2_b Cys9 S.1+1.0 Cysl2 13.7 £ 1.5
EcGra2_c* Cys9 5SS+ 14 Cysl2 13.5 £ 2.1
T4Grx T4Grx_a Cysl4 S2+13 Cysl7 187 £ 1.5
T4Grx_b Cysl4 59+ 1.6 Cys17 14.8 + 2.1
T4Grx_c Cysl4 S2+ LS Cysl7 15.8 £ 1.8
EcGrx1 EcGrxl_a Cysll1 5.0+ 0.6 Cysl4 17.0 £ 0.5
EcGrxl_b Cysll 48 +£03 Cysl4 17.3 £ 03

“EcGrx2_c was obtained with His8 protonated, while His8 was neutral in simulations EcGrx2_a and EcGrx2_b. SD: Standard Deviation.

range. This noncanonical conformation was intriguing,
especially because it might somehow reflect the atypical
structural character of EcGrx2.'% Yet, with T4Grx, almost
half of the NMR conformers of the N-ter cysteine are also in
the other range while the majority are in g*.

The NMR conformers also present a heterogeneous view of
the C-ter cysteine orientation (Figure 1 and Table 2), analyzed
with respect to its y, torsion. While only the g~ rotamer is
populated in hGrxl, it is not occupied in EcGrx2. In EcGrx2,
the other and g" ranges are the most populated. In T4Grx, the
C-ter cysteine occupies the g*, g7, trans, and other ranges, with
a major population in trans. In contrast, g~ is predominantly
populated by the C-ter cysteine in the NMR structure of
EcGrx1. Overall, it is clear that the NMR models display a
conformationally heterogeneous view of the active sites of
reduced glutaredoxins. This is surprising, considering the
homology of structure and function between these enzymes.

Hydrogen Bonds to the Sulfur of the N-ter Active Site
Cysteine. The conformational heterogeneity observed in the
NMR structures affects the interactions involving the catalytic
N-ter cysteine, in particular the hydrogen bonds to its sulfur.
Table 3 lists the hydrogen bonds formed between the N-ter
cysteine accepting sulfur S7; and hydrogen bond donors in the
-Cys-X1-X2-Cys- motif. These donors include the backbone
amide NH groups of residue X2 (S"-"Nj,,) and of the C-ter
cysteine (S'7-'N,,3). They also include the thiol SH group of
the C-ter cysteine (§7;-S7,,,), as documented.”>®3%6>¢47!

In the NMR structure of hGrx1, the §%,5--N,q, 55+ Ny¢, and
§753-875 hydrogen bonds are formed in a majority of
conformers, maybe reflecting the refinement of this structure
with a thiolate sulfur for Cys23.'® In the NMR structure of
EcGrx2, only the §---N;; and §---N;, hydrogen bonds are
formed in a majority of conformers, while the S7g---S§%,
hydrogen bond is never formed. In the NMR models of
T4Grx, neither the $-N nor the §"--S” hydrogen bonds are
formed (Table 3). This absence of hydrogen bonds that could
stabilize the thiolate of Cys14 in T4Grx contrasts sharply with
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the results obtained after MD simulations (see section on
Conformational Focusing of the T4Grx Active Site via MD
Simulations), reminiscent of the situation regarding EcGrx1.>*
An analysis of the NMR structure of reduced EcGrx1 indicated
that its active site conformation was inconsistent with the low
pK, of its active site N-ter cysteine and, therefore, the chemistry
of this enzyme. When calculated on the basis of NMR
conformers, this pK, was much higher than that observed
experimentally,”* a strong indication that the underlying NMR
structure required further refinement. Thus, pK, calculations
have emerged as a key test of structural models of the active
sites in the glutaredoxin family of enzymes.”**

Calculated pK, Values as a Test of the NMR Models.
The pK, calculations used a thoroughly tested protocol,”®
relying on electrostatics calculated with the Poisson—
Boltzmann a groach, and known to perform well with
glutaredoxins.”*>** The pK, values thus calculated are sensitive
to some parameters, in particular the protein dielectric constant
&p. We continue to use an &p of 3, because it yielded reasonable
and interpretable results in previous studies.”*>*>* The
dependence of the calculated pK, values on such parameters
does not prevent the pK, calculations to be an acute test of the
underlying structural models, because the calculated pK, values
strongly depend on the underlying structural model.”*>*>*!
This allows discrimination of structural models that stabilize the
thiolate from those that do not. In particular, it has been argued
that hydrogen bonds to the sulfur are key to stabilizing its
thiolate and lowering the corresponding pK,.”*>*>3>73

The average calculated pK, values for the N-ter cysteine in
the NMR conformers are listed in Table 4; the values for the
individual conformers are given in the Supporting Information
(Table S2 for hGrxl, Table S3 for EcGrx2, and Table S4 for
T4Grx). On the basis of the NMR conformers, the average
calculated pK, for the N-ter cysteine is >8 for EcGrx2 and
T4Grx, inconsistent with the thiolate form of this cysteine at
neutral pH. The NMR conformers of T4Grx are those that
would destabilize the thiolate the most, with an average
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Figure 2. Conformation of the active site N-ter cysteine of the -Cys-X1-X2-Cys- motif in reduced glutaredoxins. Each panel corresponds to a
different simulation, where the conformation of the active site N-ter cysteine is represented by the y, torsion angle for this side chain vs time. The
cysteine number and simulation name are as follows: (A) Cys23 in hGrx1_a, (B) Cys23 in hGrx_b, (C) Cys9 in EcGrx2_a, (D) Cys9 in EcGrx2_b,
(E) Cys9 in EcGrx2_¢, (F) Cysl4 in T4Grx_a, (G) Cysl4 in T4Grx_b, and (H) Cysl14 in T4Grx_c. The simulation names are defined in Table 1.
These plots show that y; of the N-ter cysteine adopts predominantly a trans orientation across the studied glutaredoxins, even though the simulations
were generally started with y, in a different orientation (Table S1 of the Supporting Information). Importantly, the y, = trans conformation is key for
the formation of hydrogen bonds between the cysteine sulfur and the protein backbone amide NH groups, which stabilize the thiolate form of the N-

ter active site cysteine.

calculated pK, of 13.3 for Cysl14, significantly higher than the
pK, of a cysteine free in solution (~8.6"*). As with EcGrx1,**
these high calculated pK, values for T4Grx most likely reflect
the lack of hydrogen bonds stabilizing the thiolate in the NMR
conformers (Table 3 and section Hydrogen Bonds to the Sulfur
of the N-ter Active Site Cysteine). Indeed, these hydrogen
bonds are more frequently formed in the NMR conformers of
hGrxl, leading to a lower average calculated pK, of 6.9 for its
Cys23. However, this pK, remains significantly higher than its
experimental value, reported to be 3.7 (triple-mutant construct
TM—erlO) or 4.2 (single-cysteine construct SC—erm) using
the pH dependence of the inactivation of the enzyme by
iodoacetamide.

With the NMR conformers of EcGrx2, the average calculated
pK, of 8.3 for Cys9 is also much higher than that estimated
experimentally here (see section on Experimental pKa
Determinations for the Cysteines in EcGrx2 and T4Grx),
despite hydrogen bonds between the sulfur of Cys9 and the
backbone amide NH groups of the -Cys9-Pro10-Tyr11-Cys12-
motif. This is only a superficial contradiction because
experiments and theoretical analyses”***>**** have shown
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that hydrogen bonding with the thiol of the active site C-ter
cysteine is also important for stabilization of the N-ter cysteine
thiolate. This requires that the C-ter cysteine side chain y;
torsion adopt a g~ orientation, which is not the case in the
NMR conformers of reduced EcGrx2 (Figure 1 and Table 2).
Thus, Cysl2 cannot form a hydrogen bond with the Cys9
sulfur in the NMR models of EcGrx2.

Overall, the calculated pK, values for the active site N-ter
cysteine in the NMR models of hGrx1, EcGrx2, and T4Grx are
significantly higher than expected on the basis of their
biochemistry. This suggests that the structural models of
these active sites are inconsistent with the chemistry of these
enzymes and require further refinement. However, when such
an assessment is made, it is important to keep in mind possible
inaccuracies in the calculated pK, values. If the calculated pK,
values were very unreliable, they could not be used to comment
on the plausibility of the underlying conformers. Previous
experience with the present pK, calculation protocol has shown
that it performs satisfactorily for the cysteines in the
glutaredoxin active sites.”***> In addition, the difference
between the pK, values calculated for the NMR conformers
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Figure 3. Conformation of the active site C-ter cysteine of the -Cys-X1-X2-Cys- motif in reduced glutaredoxins. Each panel corresponds to a
different simulation, where the conformation of the active site C-ter cysteine is represented by the y; torsion angle for this side chain vs time. The
cysteine number and simulation name are as follows: (A) Cys26 in hGrxl_a, (B) Cys26 in hGrx_b, (C) Cysl2 in EcGrx2_a, (D) Cysl2 in
EcGrx2_b, (E) Cys12 in EcGra2_c, (F) Cysl7 in T4Grx_a, (G) Cysl7 in T4Grx_b, and (H) Cys17 in T4Grx_c. The simulation names are defined
in Table 1. These plots show that y; of the C-ter cysteine adopts predominantly a g~ orientation across the studied glutaredoxins, even though the
simulations were started with y; in a different orientation (Table S1 of the Supporting Information). The y, = g~ conformation allows the formation
of a hydrogen bond between the N-ter cysteine sulfur and the thiol group of the C-ter cysteine, contributing to the stabilization of the thiolate of the

N-ter cysteine.

and their experimental counterpart is large (see measured pK,
values below). Thus, it is reasonable to use the calculated pK,
values to question the NMR conformers in this context. Yet,
the main argument that led to the revisitation of the structure
of the reduced active sites of the glutaredoxins was their
behavior in MD simulations. Indeed, after application of MD
simulations, the NMR models underwent systematic structural
adjustements, which led to a consensus structure for the -Cys-
X1-X2-Cys- motif and much lower calculated pK, values for the
N-ter active site cysteines, in tune with the biochemistry of
these enzymes.

MD Simulations Provide a Different and Functionally
Relevant Picture of the Glutaredoxin Reduced Active
Sites. Strategy. The analysis of the NMR models described
above indicates that they are neither a precise nor an accurate
representation of the reduced active sites. The questionable
aspect of these models is not their overall fold, but rather the
local conformations and populations of the active sites. Hence,
the NMR models provide a reasonable basis for further
refinement by MD simulations with explicit solvent. Thus,
extensive MD simulations were performed on hGrx1, EcGrx2,
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T4Grx, and EcGrxl, all in the reduced state (Table 1). For each
protein, at least two simulations were performed. The
previously discussed®” simulations of EcGrxl were extended
to 200 ns to further probe the dynamics of EcGrx1 because an
initial analysis®> suggested that its active site is atypically
flexible. In total, we report here more than 1 ps of MD
simulations to probe the active site of reduced glutaredoxins
(Table 1).

The simulations were initiated from NMR conformers
(details in Table S1 of the Supporting Information), which
were selected such that they had minimal hydrogen bonding to
the sulfur of the N-ter cysteine. For instance, the S"---S”
distances between the sulfur atoms of the N-ter and C-ter
cysteines were typically longer than a hydrogen bond distance.
The only NMR structure refined with its N-ter cysteine as a
thiolate was hGrx1,"® but the N-ter cysteine was simulated as a
thiolate with all proteins investigated here, consistent with the
biochemistry of these enzymes."”® This allowed testing if
additional and/or new interactions stabilizing the thiolate were
formed during the MD simulations. When possible, the starting
conformers were selected to differ in the relative orientations of
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the N-ter and C-ter cysteine side chains, to test for convergence
of the simulated structures. Analysis of the simulations also
addresses the role of cationic side chains in stabilizin7g the
thiolate because this has been a topic of discussion.”'”!

The next four sections describe the MD refinements for each
protein active site, with emphasis on the catalytic cysteines. The
time course of their conformations is shown in Figures 2 (N-ter
cysteine) and 3 (C-ter cysteine). Table 2 recapitulates the
simulated conformational populations for these cysteines, and
Table 3 summarizes their hydrogen bonding pattern. The
simulated snapshots were used to calculate the pK, values of the
N-ter and C-ter cysteine every 200 ps (Table 4 and Figure 6),
which are interpreted in light of the structures.

MD Refinement of Reduced hGrx1. We examine
simulations hGrxl_a and hGrxI_b. Both simulations were
initiated with ;"> outside the trans range (Table SI and
Figure S1 of the Supporting Information), and ,“"*® in g~ (as
is the case in all NMR conformers). Early in simulations
hGrxl_a and hGrx1_b, y,“"** switched to trans (Figure 2 and
Table 2), which afterward remained populated most of the time
(99.6% in hGrx1_a and 88.9% in hGrx1_b). This orientation of
the N-ter cysteine allows the frequent formation of §",3-"N,;
and S§%,3--Nys hydrogen bonds with the backbone amides
(Table 3). As a result of the reorientation of y,“**, the
§73N,s hydrogen bond was formed significantly more
frequently in the MD conformers than in their NMR
counterparts (Figure 4A). The C-ter Cys26 remained in g~
during the simulations, consistent with the NMR models. This
orientation allows the formation of a thiol—thiolate hydrogen
bond (S7);:S"56). The conformation emerging from the
simulations for the -Cys23-Pro24-Tyr25-Cys26- motif reflects
convergence across hGrxl_a and hGrxl_b and represents a
consensus structure echoed by other -Cys-X1-X2-Cys- motifs in
other glutaredoxins (Figure S).

This convergence of simulations hGrxl_a and hGrxl_b
toward similar active site structures was reflected in similar
average calculated pK, values for Cys23: 5.4 + 0.9 in hGrxl_a
and 5.8 & 1.0 in hGrx1_b (Table 4 and Figure 6). These values
are consistent with the experimentally measured pK, of Cys23
of ~3.7—4.2."° The calculated pK, absolute value is sensitive to
the protein dielectric constant &p. For this type of active site, a
lower &p of 2 yields a lower pK, value for the N-ter cysteine.”
Indeed, the average pK, of Cys23 calculated with an &p of 2
along simulation hGrx1_a has a value of 42 + 1.4, in closer
agreement with experiment.'” However, this work aims to
compare pK, values across various glutaredoxin active sites
using a consistent protocol. For these relative comparisons, an
exact fit of the calculated pK, values to experiment is not
required, and we continue to report pK, values calculated with
an &p of 3, allowing for direct comparison with previous
work.”**** Importantly, the pK, of Cys23 calculated on the
basis of the MD conformers was closer to experiment than the
average pK, of 6.9 & 1.8 computed with the NMR conformers.
This provides a strong indication that the structure of reduced
hGrx1 refined by MD simulations provides a chemically more
accurate picture than the NMR conformers. This theme
recurred with EcGrx2 and T4Grx (see below).

In particular, the simulations suggest that the g~ conformer of
Cys23 should be given less weight than in the NMR model. In
the g~ conformer, the sulfur of Cys23 is turned away from the
active site, toward the solvent, and cannot form a hydrogen
bond to the backbone NH dipoles of the -Cys23-Pro24-Tyr25-
Cys26- motif or the SH thiol of the C-ter cysteine. Thus, the g~
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Cysl12 (MD)

Cys12 (NMR)

C) T4Grx

Cys17 (MD) //
Cys17 (NMR)

Figure 4. Differences between the structures of the -Cys-X1-X2-Cys-
motifs in the MD simulations vs the NMR models. The -Cys-X1-X2-
Cys- motifs obtained after MD simulations (magenta with selected
white hydrogen atoms) were aligned on their counterpart in the NMR
models (light blue, hydrogen atoms not shown for the sake of clarity).
The shown hydrogen atoms are in functional groups involved in
hydrogen bonds to the thiolate, i.e., in backbone NH groups and the
SH groups of the C-ter cysteine. Each panel [(A) hGrxl, (B) EcGrx2,
and (C) T4Grx] illustrates the structural reorganization of the -Cys-
X1-X2-Cys- motifs after MD simulations, compared to the counterpart
NMR conformers. Much of the reorganization consisted of a
reorientation of the N-ter or/and the C-ter cysteine side chains.
Statistics on the orientation of these side chains are listed in Table 2.
During the MD simulations, these side chains changed their
orientations such that the thiolate sulfur forms hydrogen bonds
(black dotted lines) with the -Cys-X1-X2-Cys- motif. Statistics on
these interactions are summarized in Table 3. Overall, in contrast to
the NMR conformers, the -Cys-X1-X2-Cys- motif populates a
consensus structure in the MD models, allowing the frequent
formation of stabilizing hydrogen bonds to the thiolate in the MD
snapshots. The consensus MD conformation adopted by the -Cys-X1-
X2-Cys- motif in each active site is similar for hGrx1, EcGrx2, and
T4Grx. This conformational focusing around the thiolate extends to
the tyrosine side chains, which may also stabilize the thiolate via a C—
H interaction with hydrogen bond character. Note also the difference
in the conformation of Vall$ in T4Grx. For the sake of clarity, only
MD snapshots taken every 10 ns are shown.

orientation prevents Cys23 from forming the key hydrogen
bonds that stabilize its thiolate, reflected in the relatively high
average pK, calculated for Cys23 with the NMR conformers. In
simulated hGrx1, the thiolate-stabilizing hydrogen bonds are
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Figure S. Consensus structure of the -Cys-X1-X2-Cys- active site motif
in glutaredoxins. Overlay of representative conformers obtained from
MD simulations for reduced hGrxl (gray carbons), EcGrx2 (orange
carbons), T4Grx (magenta carbons), EcGrx3 (green carbons), and
pGrx (light blue carbons). The conformers of hGrxl, EcGrx2, and
T4Grx were obtained in this work (hGrxl_a at 100 ns, EcGrx2_a at
100 ns, and T4Grx_a at 100 ns) and were selected to be representative
of the corresponding active site, with reference to key structural
features (Tables 2 and 3). The conformers of EcGrx3 and pGrx were
obtained from previous work.*>** The consensus structure of the
-Cys-X1-X2-Cys- motif corresponds to specific orientations of the
cysteine side chains, y, = trans for the N-ter cysteine and y, = g~ for
the C-ter cysteine. This structure is functionally relevant because it is
essential for the formation of the hydrogen bonds (black dotted lines)
stabilizing the thiolate (the sulfur atoms are colored yellow). This
work emphasizes the accumulating evidence supporting a common
structure for the -Cys-X1-X2-Cys- motif in glutaredoxins; however,
there may be departures from this pattern, as illustrated by EcGrxl
(see section The Case of EcGrxl: Departure from the Consensus
Structure for the -Cys-X1-X2-Cys- Motif).

formed almost exclusively within the -Cys23-Pro24-Tyr25-
Cys26- motif. Virtually no hydrogen bond is formed between
the thiolate and Lys20 or Thr22 in the simulations (Table 5), in
contrast with the NMR model. These differences are significant
because interactions with Lys20 and Thr22 (then called Lys19
and Thr21, respectively'®) were invoked to interpret the low
pK, of Cys23 (Cys22), although that could not be reconciled
with experiment.

Overall, the MD simulations yield a picture of the reduced
hGrxl active site with subtle but significant differences
compared to the NMR model. The simulated structures are
chemically more accurate because they are consistent with
experimental data regarding the functionally important pK, of
the catalytic cysteine. That is despite the great care with which
the hGrx] NMR models were prepared, in particular their
refinement with Cys23 as a thiolate.'® The improvements
brought by the MD simulations are not surprising because, in
contrast to the NMR models, the protein-simulated conformers
are sampled from a proper Boltzmann distribution in explicit
solvent. Even more striking differences were observed between
MD and NMR models for EcGrx2 and T4Grx (Figure 4), for
which the NMR models were refined with a neutral N-ter active
site cysteine.

The Structure of the EcGrx2 -Cys9-Pro10-Tyr11-Cysi12-
Motif Is Not Atypical. EcGrx2 is particularly interesting because
its overall fold is atypical for a glutaredoxin.ls’é7 This puts the
intriguing NMR conformers of the active site -Cys9-Prol0-
Tyr11-Cys12- motif (see section Structural Heterogeneity of
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the NMR Models of the Reduced Active Sites and Calculated
pKa Values as a Test of the NMR Models) in a distinctive
context. Another particular trait of EcGrx2 is the fact that its
His8 is located directly before the -Cys9-Pro10-Tyr11-Cys12-
sequence. The protonation state and the potential mechanistic
role of this histidine are unknown; to address those issues, a
first step is to clarify the local interactions formed by His8, and
its conformational dynamics. Thus, His8 was treated as neutral
(proton on N°) in EcGrx2_a and EcGrx2_b but as protonated
(proton on N° and N¥) in EcGrax2 c. In the three EcGrx2
simulations (Tablel), Cys9 was treated as a thiolate. The
starting active site structures for the EcGrx2 simulations are
given in Table S1 and Figure S2 of the Supporting Information.

EcGrx2_a and EcGrx2_c were initiated with " in g*, but
219 switched to trans in those simulations (Figure 2). Then,
119 populated trans overwhelmingly in the simulations (Table
2). This orientation of the N-ter cysteine allows the formation
of the S’g-N;; and §--Nj, hydrogen bonds with the
backbone amides (Table 3). Importantly, in EcGrx2 a,
EcGrx2_b, and EcGrx2_c, the active site C-ter Cys12 switched
to ;' = ¢~ where it remained most of the time (Figure 3), a
difference between the simulated and NMR models (Table 2
and Figure 4B). This reorientation of Cysl2 allowed the
frequent formation of a thiol—thiolate §’y-+ §7}, hydrogen bond
(Table 3). A thiol—thiolate hydrogen bond in homologous sites
has received direct experimental support.”>*°® We note that the
reorientations of Cys9 and Cysl2 sometimes required
simulation times of at least 20 ns (Figures 2 and 3). The
need for simulations well above a few nanoseconds is illustrated
again in following sections.

The other active site side chain that showed differences
between simulated and NMR models was His8. During the MD
simulations, the His8 side chain adopted a more focused
conformation [predominantly with y,"** in ¢* and ,"** in g7,
for both neutral and protonated His8 (Figure S4 of the
Supporting Information)] than in the NMR model. In the
NMR structure, y,"*® was mostly trans, but this conformer was
not stable in the simulations. The simulated conformation of
His8 was stabilized by a hydrogen bond between the imidazole
ring (donor group, N%—H) and the carboxylate of Glul12.
Even when protonated, His8 did not form a hydrogen bond to
the proximal thiolate of Cys9 (Table ).

Therefore, with both neutral and protonated His8, the three
simulations of EcGrx2 converged toward the same structure for
the reduced active site -Cys9-Prol0-Tyr11-Cys12- motif of
EcGrx2. This structure is in consensus with those obtained by
MD simulations with other glutaredoxin -Cys-X1-X2-Cys-
motifs (Figure S), despite EcGrx2 being an atypical
glutaredoxin. Thus, the local structure of the EcGrx2 -Cys9-
Pro10-Tyr11-Cys12- motif is not atypical. This stresses that the
conservation of this local structure and the associated hydrogen
bond pattern are important for the function of this enzyme
family, even when the -Cys-X1-X2-Cys- motif is embedded in
an atypical architecture.

The similarity between the active site of EcGrx2 and that of
other glutaredoxins extends to the calculated pK, values for the
nucleophilic cysteine (Table 4). The pK, of Cys9 in EcGrx2
was not strongly affected by the protonation state of His8 in the
MD, consistent with the lack of a hydrogen bond between the
thiolate and His8. The simulated snapshots of EcGrx2 gave an
average calculated pK, of ~5.4 for Cys9 (Table 4), much closer
to the experimentally determined pK, of ~3.5 (see section
Experimental pKa Determinations for the Cysteines in EcGrx2
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Figure 6. Calculated pK, values for the active site cysteines along the MD simulations of the glutaredoxins. The calculated pK, values of the active
site N-ter (red) and C-ter (blue) cysteines are plotted vs time during the MD simulations. For each panel, the cysteines and simulation name are as
follows: (A) Cys23 and Cys26 in hGrx1_a, (B) Cys23 and Cys26 in hGrx_b, (C) Cys9 and Cys12 in EcGrx2_a, (D) Cys9 and Cys12 in EcGrx2 b,
(E) Cys9 and Cys12 in EcGrx2_c, (F) Cys14 and Cys17 in T4Grx_a, (G) Cysl14 and Cys17 in T4Grx_b, and (H) Cys14 and Cys17 in T4Grx_c.
The simulation names are defined in Table 1. The pK, of the N-ter cysteine is consistently much lower than that of the C-ter cysteine. The low pK,
values obtained for the N-ter cysteine strongly support the underlying structural models from MD. The fluctuations in the calculated pK, values
reflect their sensitivity to the structural fluctuations during the simulations.

Table 5. Hydrogen Bonds between the Catalytic Cysteine Sulfur and Side Chains outside the -Cys-X1-X2-Cys- Motif

acceptor---donor® NMR” MD*
hGrx1 1JHB hGrxl_a hGrxl_b hGrxl_K20L hGrxl_K20Q
§7,5-N%,o Lys20 4 (20.0%) 0.5 0.1 NA“ NA?
87,30, Thr22 2 (10.0%) 0.0 16 0.0 03
EcGrx2 1J70 EcGrx2_a EcGrx2_b EcGrx2_c
5N’ His8 0 (0.0%) 0.0 0.0 0.0
§79--N His8 NA° NA® NA°® 0.0
§7yr+-NE s Lys125 0 (0.0%) 0.1 0.1 0.0
T4Grx 1DE2 T4Grx_a T4Grx_b T4Grx_c
1 NE 5 Lys13 0 (0.0%) 0.0 0.0 0.0

“Possible hydrogen bonds between the sulfur of the N-ter cysteine S” and potential hydrogen bond donors outside the -Cys-X1-X2-Cys- motif
(potential hydrogen bond donor given at the right); the subscripts indicate the residue numbers. “Frequency of occurrence of each hydrogen bond
in the NMR structures (the PDB entry codes are given), as the number of conformers where the hydrogen bond is observed, and the corresponding
percentage relative to the total number of NMR conformers. “Frequency of occurrence of each hydrogen bond during the MD simulations (each

MD 1dent1ﬁer is given), in percent of the time. The geometric criteria

used to define the presence of a hydrogen bond are given in Materials and

Methods. “Not applicable because Lys20 was mutated to Leu or Gln. “Not applicable because His8 was modeled as neutral without a protonated N*

in NMR structure 1J70 and in simulations EcGrx2_a and EcGrx2_b.

and T4Grx) than the average pK, of 8.3 + 1.3 calculated from
the NMR conformers. This is a very strong indication that the
&9 = trans,
= g7) is chemically more accurate than its NMR

structural model yielded by the MD simulations (y,
and X]Cyslz
counterpart (Figure 4B).

Conformational Focusing of the T4Grx Active Site via MD
Simulations. The sequence of the -Cys14-Val15-Tyr16-Cys17-
motif in the active site of T4Grx is somewhat unconventional,
because of its valine at position 15, instead of the common
proline in glutaredoxins.”* Crystallizing the reduced form of
wild-type T4Grx has proven to be challenging;'” instead, one
had to resort to crystallizing the reduced T4Grx mutant

-Cys14-Gly15-Pro16-Cys17- motif,'> which is hardly represen-
tative of the wild-type sequence (our understanding is that the
resulting X-ray structure is not available from the PDB). On the
other hand, the NMR model of the reduced active site of
T4Grx'” is structurally particularly heterogeneous (Figure 1
and Table 2). Thus, three MD simulations with Cysl4 as a
thiolate were performed for T4Grx (T4Grx_a, T4Grx_b, and
T4Grx_c), all starting with different combinations of y,“**'* and
2191 (Table S1 and Figure S3 of the Supporting Information).
Each of these simulations converged toward the same structure
for the -Cys14-VallS-Tyr16-Cys17- motif (Figure 4C), with
19 = trans (Figure 2) and 3, = g~ (Figure 3). The
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structure of the T4Grx -Cys14-Val15-Tyr16-Cys17- motif is in
consensus with its counterpart obtained for other glutaredoxins
(Figure S).

The simulated structure of the -Cys14-Vall5-Tyr16-Cys17-
motif allows the frequent formation of §”}4--Ny4, §7 14Ny, and
§7 14§17 hydrogen bonds, which were never formed in the
NMR model (Table 3). Thus, the simulations offer a view of
the reduced active site of T4Grx very different from that
proposed by the NMR model. Crucially, the simulated -Cys14-
VallS5-Tyrl16-Cys17- motif presents essentially the same
consensus structure and pattern of hydrogen bonds as with
simulated hGrx1 and EcGrx2 (Figure 4C). The presence of the
atypical Vall5 does not disrupt this consensus arrangement. In
the simulations, VallS adopts predominantly the conformation
21" = ¢" (Figure SS of the Supporting Information), while
7" was in the g~ conformer in all NMR models.

Incidentally, the contact between S’;, and §’;; in the
simulations of wild-type T4Grx is reminiscent of the
description of the X-ray structure of the reduced -Cysl4-
Glyl15-Pro16-Cys17- sequence in the T4Grx mutant.'”
However, a key difference between the wild type and mutant
is that the S”,"N4 hydrogen bond cannot be formed with
Prol6 in the mutant. On the basis of this observation, we
predict that the pK, of Cysl4 in the -Cys14-Glyl5-Prol6-
Cys17- mutant should be higher than in the wild type.

We note that simulations T4Grx_b and T4Grx_c took tens
of nanoseconds before they converged to the consensus y; “****
= trans and y,“*'” = g~ (Figures 2 and 3). For instance, y;“*"*
in T4Grx_b oscillated between trans and g~ during the first 60
ns of the simulation (Figure 2); also, y,“"*" in T4Grx_c
oscillated between trans and g~ during the first 70 ns of the
simulation (Figure 3). This, together with observations from
other simulations (e.g., EcGrx2_b), shows that simulations of at
least tens of nanoseconds may be required to confidently refine
NMR models, even for localized conformational changes such
as side chain reorganization. One also needs long simulations to
probe the conformational dynamics of long flexible side chains
around the active site (see section Which Role for the Cationic
Side Chains?).

The structural convergence of the three T4Grx simulations is
reflected in similar average calculated pK, values for Cysl4 in
T4Grx_a (pK, = 5.2 + 1.3), T4Grx_b (pK, = 5.9 + 1.6), and
T4Grx_c (pK, = 5.2 + 1.5). These pK, values calculated along
the simulations are clearly lower than the average pK, of 13.3 +
2.6 calculated for Cysl14 based on the NMR conformers. The
large standard deviation for the pK, of Cys14 with the NMR
model reflects the already noted structural heterogeneity of its
active site. The average calculated pK, of Cysl4 in the NMR
model is much higher than its measured counterpart
(Experimental pKa Determinations for the Cysteines in
EcGrx2 and T4Grx), in contrast with that derived from the
MD snapshots. This is a very strong indication that the
conformationally focused structure of the reduced -Cysl4-
Vall5-Tyr16-Cys17- motif of T4Grx4 obtained from MD
simulations is chemically more realistic than its disordered
counterpart in the NMR model.

An experimental pK, of 6.8 has been suggested for Cys14 in
reduced T4Grx,'” although without supporting data or
experimental details. This is an unusually high pK, for a
glutaredoxin, and it has been proposed that the titration profile
of T4Grx is more akin to that of a thioredoxin than that of a
glutaredoxin.'” Even if we assume this unusually high pK, of
6.8, the MD model and its associated low pK, would be closer
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to experiment than the NMR model. Yet, our measured pK, of
5.1 for Cysl4 (see section Experimental pKa Determinations
for the Cysteines in EcGrx2 and T4Grx) indicates that the pK,
of the nucleophilic cysteine in T4Grx is not atyg)ical, with a
thiolate as stabilized as in other glutaredoxins.”*"

It has been suggested that a relatively high pK, of 6.8 for
Cysl4 in reduced T4Grx (relative to those of other
glutaredoxins) results from a paucity of positively charged
basic side chains around the T4Grx active site,'” for instance
compared to porcine Grx (pGrx). Yet, a detailed theoretical
analysis of the structure, dynamics, and electrostatics of pGrx™
concluded that the low pK, (~3.8”) of its catalytic Cys22 was
not primarily due to long-range electrostatic interactions
between Cys22 and surrounding basic residues. Instead, there
was every indication that the thiolate of Cys22 is stabilized by
direct hydrogen bonds between S5, and the -Cys22-Pro23-
Phe24-Cys25- motif of pGrx. Interpreting the low pK, of the
glutaredoxin N-ter active site cysteine in terms of these
hydrogen bonds has a strong explanatory power, contrary to
speculation invoking long-range electrostatic interactions. In
particular, it explains why mutating basic side chains around
reduced glutaredoxin active sites tends to have little impact on
the pK, of their N-ter catalytic cysteine (see section Mutants of
hGrx1 Explained).

In the simulations, ', in reduced T4Grx is frequently
hydrogen-bonded to the -Cysl14-VallS-Tyrl6-Cysl7- motif
(Table 3), a feature akin to that proposed to lower the pK, of
the N-ter cysteine in hGrxl and EcGrx2. Formation of these
hydrogen bonds during the simulations explains why the
average calculated pK, of Cysl4 is much lower in the
simulations than with the NMR model. It is consistent with
the average calculated pK, of Cysl4 in T4Grx_b being 0.7 pK,
unit higher than in T4Grx_a or T4Grx_c. Indeed, the hydrogen
bonds stabilizing the thiolate are formed less frequently in
T4Grx_b than in T4Grx_a or T4Grx_c (Table 3), because
during the first 60 ns of T4Grx_b, ,“""* and y,“*'” populate
conformations (g~ and trans, respectively) that disrupt these
hydrogen bonds. Thus, the average pK, of Cys14 in T4Grx_b is
6.7 + 1.6 during the first 60 ns of simulation and subsequently
drops to 5.4 + 1.4 (consistent with T4Grx_a and T4Grx_c).

In summary, the simulations do not support the notion that
the active site of T4Grx is unconventional with regard to its
structural dynamics. The reduced -Cys14-Vall5-Tyr16-Cys17-
motif adopts a main consensus conformation in which local
hydrogen bonds are again found to be the factor stabilizing its
thiolate.

The Case of EcGrx1: Departure from the Consensus
Structure for the -Cys-X1-X2-Cys- Motif. A detailed analysis of
the structure and dynamics of the -Cys11-Pro12-Tyr13-Cys14-
motif of reduced EcGrx1 has already been presented,”* based
on MD simulations directly comparable (same protocols) to
those performed here. Each previous EcGrxl simulation has
been extended from 75 to 200 ns (Table 1). These extended
simulations confirmed the conclusions from the earlier analysis,
with respect to the conformations of the active site cysteines
(Table 2) and their hydrogen bonding pattern (Table 3). As
with the other glutaredoxins, the C-ter cysteine of EcGrxl
populated overwhelmingly the y,“*'* = g~ conformer.
However, the N-ter cysteine of EcGrxl populated approx-
imately equally the y,“*!! = g* and ;""" = trans conformers.
This contrasts with the overwhelming preference for trans of
the N-ter cysteine in other glutaredoxins (Table 2). As
described before, this greater flexibility of the N-ter cysteine
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Figure 7. Distances between the thiolate sulfur and selected basic side chains during the MD simulations. The panels show the time course of
distances between the thiolate sulfur of the catalytic cysteine and (i) the cationic amino group of Lys20 in hGrx1, (ii) the cationic amino group of
Lys13 in T4Grx, and (jii) the N°H/NH of the His8 indole in EcGrx2. These side chains were selected because they are located shortly upstream
from the -Cys-X1-X2-Cys- sequence and could potentially form hydrogen bonds to the thiolate (see the text). The following specific distances are
plotted in each panel: (A) Ngzo of Lys20 to §,; of Cys23 in hGrx1_a, (B) N%,, of Lys20 to S5 of Cys23 in hGrx1_b, (C) N5 of Lys13 to §7;, of
Cysl4 in T4Grx_a, (D) N}, of Lys13 to S7,, of Cys14 in T4Grx_b, (E) N, of Lys13 to S";, of Cys14 in T4Grx_c, (F) N’ of His8 to §7y of Cys9 in
EcGra2_a, (G) N% of His8 to 7y of Cys9 in EcGra2_b, (H) N’ of His8 to S of Cys9 in EcGrx2_c, and (I) N of His8 to S7, of Cys9 in EcGrx2_c.
The N%—5, distance is plotted for EcGrx2_c because His8 was protonated in this simulation, but not in EcGrx2_a and EcGrx2_b. Hydrogen bonds
between the thiolate and the selected groups would correspond to short distances (<4 A), which occurs only rarely.

in EcGrxl reflects the intermittent hydrogen bonding of its
thiolate by Arg8.*> EcGrxl is so far the only glutaredoxin for
which a frequent direct hydrogen bond between the thiolate
and a peripheral cationic side chain has been observed.

Thus, the EcGrxl -Cysl1-Prol2-Tyrl3-Cysl4- sequence
adopts most features of the consensus structure of the -Cys-
X1-X2-Cys- motif observed in other glutaredoxins. The
frequent population of y;“*!! = g for the N-ter cysteine of
EcGrx1 is the main departure from the consensus structure. It is
still compatible with a low pK, of Cysl11 in EcGrxl, because of
the hydrogen bond between the thiolate and Arg8.>*
Incidentally, the greater flexibility of the N-ter cysteine in
simulations of EcGrxl stresses the fact that the ordered
conformations of the cysteines in the simulated -Cys-X1-X2-
Cys- motifs do not result from imbalances in the force field, as
demonstrated previously.”® The departure of the -Cys11-Pro12-
Tyr13-Cys14- motif from the consensus conformation in
EcGrxl appears to be an exception because the consensus
structure has been observed for EcGrx3,* pig glutaredoxin,25
hGrx1, EcGrx2, and T4Grx.
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Which Role for the Cationic Side Chains? It has
frequently been assumed that the low pK, of the N-ter active
site cysteine in enzymes of the Trx superfamily reflects the
influence of peripheral cationic (basic) residues.””'*'”*%3°
This, however, fails to explain how such long-range electrostatic
effects could specifically impart a low pK, to the N-ter Cys,
while allowing a much higher pK, for its neighboring C-ter Cys.
Also, such a mechanism would put particular functional
constraints on the conservation of the peripheral charged side
chains. However, there is no clear conservation of the basic side
chains around the glutaredoxin active sites,”'” which may have
evolved to recognize diverse substrates rather than maintain the
pK, of the catalytic cysteine. Therefore, the conformational
dynamics of the side chains around the active site is also of
interest with regard to glutaredoxin substrate recognition.

This work generalizes the initial suggestion” that the pK, of
the N-ter cysteine is primarily controlled by direct hydrogen
bonds between the -Cys-X1-X2-Cys- motif and the thiolate.
However, basic and flexible side chains peripheral to the -Cys-
X1-X2-Cys- motif could conceivably reach and form a hydrogen
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bond with the thiolate. This is particularly pertinent for lysines
or arginines located in the N-terminal proximity of the -Cys-
X1-X2-Cys- sequence,”>”> which may approach the solvent-
accessible face of the thiolate, even when the thiolate is chelated
to the -Cys-X1-X2-Cys- motif. Candidate side chains (N-
terminal of the -Cys-X1-X2-Cys- motif) include Lys20 in hGrxl1
and Lys13 in T4Grx. It has already been explained above that
His8 in EcGrx2 did not form a hydrogen bond with the
thiolate. The frequency of hydrogen bonds between the thiolate
and selected side chains outside the -Cys-X1-X2-Cys- motif is
summarized in Table S.

Mutants of hGrx1 Explained. In the NMR structure of
hGrxl, Lys20 forms a hydrogen bond with the thiolate in four
conformers. This could suggest that Lys20 is the likely
molecular basis for the low pK, of Cys23'® (the hGrx1 residue
numbering in ref 10 is offset by 1 relative to that used here,
such that Lys20 and Cys23 are called Lysl19 and Cys22,
respectively). Thus, mutants Lys20Leu and Lys20GIn were
produced experimentally, and the pK, of their Cys23 was
measured,'® using the pH dependence of the inactivation of the
enzyme by iodoacetamide. The Lys20Leu and Lys20Gln
mutants were obtained in two constructs:'® (i) the “single-
cysteine” construct SC-Grx in which only Cys23 was kept and
Cys26 was mutated to serine and (ii) the “triple-mutant”
construct TM-Grx in which both Cys23 and Cys26 were
retained. SC-Grx gave the following experimental pK, values for
Cys23: 4.2 + 0.09 with Lys20, 4.6 & 0.05 for Lys20Leu, and 5.0
+ 0.11 for Lys20GIn."° TM-Grx gave the following
experimental pK, values for Cys23: 3.6 + 0.06 with Lys20,
3.7 + 0.09 for Lys20Leu, and 3.7 + 0.08 for Lys20GIn.'"’ The
important point is that, with both SC-Grx and TM-Grx, the pK,
of Cys23 was barely perturbed by the mutation of Lys20 to Leu
or GIn. These results were at variance with the molecular
modeling predictions presented in the same study,'® which had
suggested that the low pK, of Cys23 would result primarily
from an ion pair between the thiolate and the positively charged
Lys20. Hence, the study'® provided very useful experimental
data but struggled in their interpretation to elucidate the
molecular basis of the low pK, of Cys23. Here, we revisit this
question and show that the protein dynamics emerging from
the MD simulations is necessary to understand the
experimental data.

We simulated the Lys20Leu and Lys20GIln mutants of
hGrx1, each for 60 ns. The average calculated pK, of Cys23
along these simulations was 5.4 + 0.9 (LysZOLeu) or 5.7 + 09
(Lys20Gln), compared to 5.6 + 0.9 for the wild type (merged
data from hGrx1_a and hGrxl_b). Thus, our protocol yields a
Cys23 pK, as low in the mutants as in the wild type, consonant
with experiment.'® Our theoretical investigation also concludes
that Lys20 is not a major determinant of the low pK, of Cys23
in hGrxl. This can be understood by examining the distance
between the amino group of Lys20 and the thiolate during the
MD simulations (Figure 7A,B). This distance fluctuated
dynamically around averages of 6.6 A (hGrxl_a) and 7.4 A
(hGrx1_b). In the simulations, a hydrogen bond between the
amino group of Lys20 and the thiolate is rarely formed, 0.5%
(hGrx1_a) and 0.1% (hGrx1_b) of the time. Instead, the Lys20
side chain is most of the time pointing away from the thiolate,
with the electrostatic interactions between these two groups
being screened by hydration. Therefore, the NMR model of
hGrx1 over-represented the ionic pair between Lys20 and the
thiolate, which led to the assignment of too much weight to this
interaction in previous analyses.'” This shows that obtaining
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thermodynamically relevant populations for the conformers is
critical; that can hardly be achieved without simulations in
explicit solvent at the temperature of interest. It illustrates how
MD simulations offer much-needed insights regarding the
structure and dynamics of long flexible side chains at a protein
surface, another critical aspect of the refinement of NMR
models.

Like the wild type, the simulated Lys20Leu and Lys20GIn
hGrxl mutants formed the three key hydrogen bonds
(8753 Nys, S753-Nyg, and S55-+-S7,¢) between the thiolate and
the -Cys23-Pro24-Tyr25-Cys26- motif (Table 3). As in the wild
type, these hydrogen bonds are sufficient to rationalize the low
pK, of Cys23 in the mutants. Although it was reasonable to
invoke a hydrogen bond between the thiolate and Thr22,"
such an interaction is virtually never formed in the hGrxl
mutants or in the wild type (Table S). The low pK, of Cys23
can be explained without invoking such interaction. Indeed,
Thr22 is not conserved in glutaredoxins.10 Overall, this
computational analysis rationalizes the pK, measurements
obtained for the hGrxl Lys20Leu and Lys20GIln mutants.
This further strengthens our emphasis of local hydrogen bonds
between the thiolate and the -Cys-X1-X2-Cys- motif to explain
the low pK, of the catalytic cysteine.

The benefits of MD simulations are clear upon comparison
of this investigation to one that could use only the NMR
conformers as a structural basis.'"® When relying solely on the
NMR conformers, an otherwise sound analysis could not
discern the factors stabilizing the thiolate, because the
underlying structures were too crude. The chemical relevance
of the reduced hGrxl structure was dramatically improved
when using an ensemble simulated for tens of nanoseconds in
explicit solvent.

Simulations Propose an Alternative Recognition Surface
for Reduced T4Grx and EcGrx2. The thiol-disulfide oxidor-
eductases act preferentially on some substrates,”>”® implying
elements of specific recognition between a particular
oxidoreductase and its substrates. The mechanisms mediating
the recognition between thiol-disulfide oxidoreductase and
substrate remain largely unknown, although important glimpses
have been captured.*”*~"® For instance, a structural analysis of
a mixed disulfide between EcGrxl and a peptide mimic of its
ribonucleotide reductase substrate emphasized the importance
of electrostatic interactions to rationalize the specificity of the
interaction between EcGrxl and ribonucleotide reductase.”®
Thus, the specific substrate recognition by glutaredoxins is
expected to actively involve the side chains surrounding the
-Cys-X1-X2-Cys- motif. Hence, we examined the conforma-
tional spread and dynamics of some of these side chains. In that
respect, the behavior of long flexible charged side chains is
particularly intriguing, for instance, if one contemplated
computational docking experiments between reduced gluta-
redoxins and their substrates. A detailed study of these issues is
beyond the scope of this work; however, their relevance can be
illustrated with particular examples.

Figure 8A shows the conformational spread of Lys13 and
Asp18 of reduced T4Grx, in simulation T4Grx_a compared to
the NMR model (simulations T4Grx_b and T4Grx_c yielded
results similar to those of simulation T4Grx_a). Lys13 and
Aspl8 are adjacent in sequence to the -Cys14-Vall5-Tyrl6-
Cysl17- motif. Figure 8A shows that the region of space
occupied by Lys13 and Aspl8 differs between the simulated
and NMR models. The difference regarding Lys13 is striking, as
it points in a very different direction after the NMR model was
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A) Cysl4 (MD)

Lys13 (NMR)
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Figure 8. Comparison of simulated vs NMR models around the
reduced active sites. Snapshots extracted from MD simulations
(magenta carbons) were overlaid on the corresponding NMR model
(blue carbons) for T4Grx (A) and EcGrx2 (B). For the sake of clarity,
only selected residues are shown. (A) MD snapshots are from
T4Grx_a, with emphasis on Lys13 and Asp18, which are adjascent in
sequence to the -Cysl14-VallS-Tyrl6-Cysl7- active site motif of
T4Grx. In the simulation, Lys13 occupies a very different area of space
as compared to that in the NMR model. The simulated Lys13
intermitently forms a salt bridge with Asp18, not observed in the NMR
model. (B) MD snapshots are from EcGrx2_a, with emphasis on
Lys46 and Lys12S, which are in the vicinity of the active site in the
tertiary structure. In the simulation, Lys46 and Lys125 cover a broader
conformational space than in the NMR model. Overall, the MD
simulations suggest a new molecular shape and electrostatic character
around the reduced active sites of T4Grx and EcGrx2, as compared to
the NMR models. The implications for substrate recognition are
discussed in the text.

subjected to MD simulation in explicit solvent. During the
simulation, the Lys13 side chain was fully reoriented to form an
intermittent salt bridge with Asp18 (Figure 8A). Consequently,
the average location of the Asp18 side chain also differs after
simulation of the NMR model. Differences between the
simulated and NMR model are also illustrated with EcGrx2
in Figure 8B, where the conformational spread of Lys46 and
Lys125 is greater after MD simulation.

The reorganization of charged side chains at the periphery of
the active site usually has an only marginal impact on the pK, of
the catalytic cysteine, as shown explicitly above with hGrxl.
However, such adjustments remain an important outcome of
the refinement of the NMR models by MD simulations,
because they provide a different structural basis for further
analyses, e.g., pertaining to substrate recognition and electro-
static interactions. Therefore, our work proposes that reduced
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T4Grx and EcGrx2 present to their substrates recognition
molecular surfaces around their active sites that differ
significantly from those in the NMR structures.
Experimental pK, Determinations for the Cysteines in
EcGrx2 and T4Grx. Figure 9A shows the experimental

A
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A240 / A280
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Figure 9. Experimental pH titrations of the cysteines of EcGrx2 and
T4Grx. The titration curves of EcGrx2 [(A) O] and T4Grx [(B) O]
are shown vs pH. The presence of thiolate was monitored
spectroscopically by the ratio A,,0/A,g, where A, is the absorbance
of the thiolate anion at 240 nm and A, is the protein absorbance at
280 nm. The solid black curves were obtained by fitting a polynomial
function to the experimental data, to emphasize the overall shape of
the titration curves. Each curve revealed the titration of two thiols, at
low pH (<7) and at high pH (>7). The titrations at high pH were not
complete for either EcGrx2 or T4Grx. The titration of EcGrx2 at low
pH was also incomplete, although a more complete titration was
obtained at low pH for T4Grx. Note the different scales on the y-axes.

titration of the two cysteines of EcGrx2 from pH 2.7 to 10.
Wild-type EcGrx2 has two thiols at its active site, expected to
have different pK, values. Three areas can be observed in the
titration curve: between pH 2.7 and S, between pH S and 8, and
at pH >8. Between pH S and 8, there was no significant change
in absorbance, showing no change in the total concentration of
thiolates. The inflection point of sigmoidal models fitted to the
titration points at pH <7.5 was at pH 3.5. Considering that this
titration was incomplete at the lowest extreme of pH, the value
of 3.5 is interpreted as a higher bound of the corresponding
pK.. Thus, the area below pH 5 corresponds to a decrease in
the thiolate concentration and most likely represents the
titration of a thiolate with an apparent pK, of ~3.5 or less. The
area above pH 8 shows an increase in thiolate concentration.
The corresponding thiol must have a very high apparent pK,
(>9.5). These data suggest the titration of two thiol groups for
EcGrx2, one with a pK, of <3.5 and another with a pK, of >9.5.
Given the described mechanism for the reduction of target
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disulfides by the members of the thioredoxin/glutaredoxin
superfamily,® the low-pK, thiolate most likely corresponds to
the attacking cysteine (Cys9) while the high-pK, thiolate
represents the resolving cysteine (Cys12).

Another experimental curve containing two titration regions
was obtained for T4Grx (Figure 9B), consistent with T4Grx
containing two cysteines. The inflection point of the fitted
sigmoidal model gave an estimated pK, of 5.1 for the cysteine
titrating at low pH, while the cysteine titrating at high pH had a
pK, of >9.5. The low pK, of ~5.1 is lower than the value of 6.8
previously mentioned.'” Different measured values for the pK,
of the attacking c;rsteine thiolate of E. coli thioredoxin are not
unprecedented,”®’® and artificially high measured pK, values
may be attributed to the oxidation of the low-pK, thiolate
species during measurements, lowering its apparent concen-
tration. These titration curves appear to be reliable, considering
the relatively large amounts of glutaredoxins used, the direct
spectroscopic measurement of the thiolate concentration, and
the concurrent monitoring of the oxidation state of thiols. It
was proposed'” that, with a cysteine pK, of 6.8, T4Grx would
have a chemistry more akin to that of a thioredoxin than that of
a glutaredoxin; our measurements, however, do not support
this notion.

The molecular simulations and electrostatic analyses of
EcGrx2 (The Structure of the EcGrx2 -Cys9-Prol0-Tyrll-
Cys12- Motif Is Not Atypical) and T4Grx (Conformational
Focusing of the T4Grx Active Site via MD Simulations) allow
the confident assignment of their cysteines with low and high
pK, values. In EcGrx2, the low-pK, thiolate is assigned to Cys9
and the high-pK, thiol to Cys12. In T4Grx, the low-pK, thiolate
is assigned to Cysl4 and the high-pK, thiol to Cys17. These
assignments are consistent with the expectation that it is the N-
ter cysteine in the -Cys-X1-X2-Cys- motif that is nucleophilic,
with a low pK,. However, the significance of the experimental
results goes beyond the assignment of low- and high-pK, thiols
to the active site cysteines. Indeed, in combination with the
computational studies described above, the pK, measurements
contribute some structural information. Importantly, by
confirming the presence of a low-pK, cysteine, the pK,
measurements support the structural models that are consistent
with stabilization of a thiolate. Therefore, the low measured pK,
values assigned to Cys9 (EcGrx2) and Cysl13 (T4Grx) are a
very strong validation of the structural models obtained by MD
simulations for the active sites of EcGrx2 and T4Grx.

B CONCLUSIONS

Obtaining X-ray structures of the reduced form of thiol-
disulfide oxidoreductases has proven to be challenging.'>"
Therefore, NMR has been the experimental technique of choice
for characterizing structurally the reduced form of these
enzymes." "> 7% Importantly, NMR can reveal the overall
fold and architecture for these proteins. Also, NMR techniques
can provide invaluable pK, measurements.”** However, the
NMR models provided a heterogeneous and inconsistent
structural picture of the reduced active sites of glutaredoxins, in
particular regarding the conformations of the conserved
catalytic -Cys-X1-X2-Cys- motifs. Because a perceived advant-
age of NMR is that it can probe the conformation and
dynamics of biomolecules in solution, there was a possibility
that the differences in the NMR models of the -Cys-X1-X2-
Cys- motifs reflected true differences. Such differences could
have arisen from atypical -Cys-X1-X2-Cys- glutaredoxin
sequences such as in T4Grx, or from the -Cys-X1-X2-Cys-
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motif being embedded in an atypical overall architecture as in
EcGrx2. On the other hand, there was the concern that
conformational inconsistencies in the reduced NMR-generated
-Cys-X1-X2-Cys- motifs could be artifactual, maybe because of
a lack of NMR restraints or limitations in the refinement of the
NMR models. The aim of this work was to resolve these
uncertainties by subjecting relevant NMR models of diverse
reduced -Cys-X1-X2-Cys- motifs to extensive MD simulations
in explicit solvent, pK, calculations, and experimental testing.
Key to this strategy is the ability of MD simulation to include
the influence of explicit solvent and to yield in principle a
thermodynamically relevant ensemble of protein conformers,
given sufficient sampling. Thus, this work illustrates the
complementarity between the NMR and MD simulation
approaches for structural determination.

These results clarify the structural features underpinning the
low pK, of the reactive Cys and provide a basis for future
studies of reduced hGrxl, EcGrx2, and T4Grx. Glutaredoxins
hGrx1, EcGrx2, and T4Grx were selected for this investigation
because their active sites offer distinct sequence and
architectural variations, and the NMR models of their reduced
-Cys-X1-X2-Cys- motifs exhibited striking differences. Upon
MD simulations, the -Cys-X1-X2-Cys- motifs in these three
enzymes underwent conformational changes, and all converged
toward a largely predominant consensus conformation (Figure
S) in which the N-ter and C-ter cysteines adopt y; = trans and
X1 = g, respectively. In this consensus conformation, the
thiolate of the N-ter cysteine is stabilized by three hydrogen
bonds, with (i) the backbone NH group of X2, (ii) the
backbone NH group of the C-ter cysteine, and (iii) the thiol
SH group of the C-ter cysteine (consistent with direct
experimental observations with homologous systems”**°).
This consensus conformation is the same as that observed
before for reduced E. coli Grx3” and reduced pig glutaredoxin.”®
There is every indication that convergence to this consensus
conformation does not result from a bias in the force field used
during the MD simulations,” as confirmed by our simulations
of EcGrxl. Therefore, we conclude that the consensus
conformation of the reduced glutaredoxin motif obtained in
our MD simulations is representative of the reduced active site
of most glutaredoxins. Considering homologies of sequence
and function, we suspect that the structural organization of the
-Cys-X1-X2-Cys- motif emerging with these systems is likely to
be able to be transferred to many other glutaredoxins. Of
course, this strategy can be extended to any member of the Trx
superfamily for which MD simulations can be performed in
combination with pK, calculations. Coupling this approach with
targeted experiments should ultimately provide improving
insights into the factors modulating the electrostatics and
redox potentials across the Trx superfamily.

The consensus structure of the reduced -Cys-X1-X2-Cys-
motif is strongly supported by the accompanying pK,
calculations and experimental measurements. Structural models
of the reduced glutaredoxin active sites must account for the
typically low pK, of their catalytic cysteine. By and large, the
NMR models did not account for this low pK, (although the
NMR structure of hGrxl was more realistic than others). In
contrast, the consensus structural model of the -Cys-X1-X2-
Cys- motif proposed after MD simulations for hGrx1, EcGrx2,
and T4Grx (Figure S) does account for the large decrease in
the pK, of its N-ter cysteine, as examined with Poisson—
Boltzmann-based pK, calculations. This lowered pK, simply
results from hydrogen bonds stabilizing the thiolate in the
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consensus conformation of the -Cys-X1-X2-Cys- motif,
consistent with homologous systems.””> Therefore, the MD
models offer a chemically relevant and intuitively interpretable
view of the reduced active sites of hGrxl, EcGrx2, and T4Grx.

Using pK, calculations to test, validate, and select chemically
relevant protein conformers is a somewhat new procedure in
structural biochemistry.”>*" This approach has been proposed
to select plausible conformers from an NMR structure.*!
However, with EcGrx2 and T4Grx, none of the NMR
conformers yielded satisfactory calculated pK, values (Tables
S3 and S4 of the Supporting Information). This stresses that a
pK,-based selection strategy is most promising when used in
combination with simulations that can exploit the NMR
conformers as a starting point for further structural refinement.
This work shows that MD simulations of tens of nanoseconds
may be required for such structural refinement, even when it
involves only a few critical side chains.

In addition, MD simulations provide in principle physically
sound conformational ensembles for the residues surrounding
the active site. Our analysis of reduced hGrxl, EcGrx2, and
T4Grx strengthened and extended the previous proposal”**
that the basic side chains around the active site are not required
to stabilize the catalytic thiolate. Indeed, our calculations on the
Lys20Leu and Lys20GIn hGrx1 mutants found that the pK, of
their nucleophilic cysteine is essentially as low as in wild-type
hGrx1, consistent with the experimental data.'® That is because
the electrostatic interactions between the thiolate and the
Lys20 amino functionality are screened by water, because these
two groups are very rarely in direct contact. We also find that
the thiolate of Cys23 in hGrxl is not hydrogen-bonded by
Thr22. In the same vein, we did not observe hydrogen bonds
between His8 and the thiolate of Cys9 in simulated EcGrx2.
Our calculations suggest that His8 is neutral in reduced EcGrx2,
and we propose that this be tested experimentally. Our
computations predicted that the same principles would hold for
reduced T4Grx. The calculated pK, for the nucleophilic Cys14
of T4Grx was predicted to be essentially as low as with other
reduced glutaredoxins. This has been confirmed experimentally
here, with a measured pK, of 5.1 for Cys14 of reduced T4Grx,
lower than the value previously suggested.'” Thus, a different
distribution of basic side chains around the T4Grx active site,
compared to, e.g., pig glutaredoxin,'” has little impact on the
pK, of its nucleophilic cysteine. This confirms that the
glutaredoxin -Cys-X1-X2-Cys- motif is usually self-contained
with regard to the stabilization of its catalytic thiolate via local
hydrogen bonds. Thus, the -Cys-X1-X2-Cys- motif functions
with the same principles when embedded in an atypical fold as
in EcGrx2.

We note that departures from the consensus conformation
for the -Cys-X1-X2-Cys- glutaredoxin motif described above are
likely to exist, as illustrated with EcGrx1. Such departures may
be of special interest in understanding and dissecting the factors
modulating the properties and functions of the glutaredoxins.

Opverall, MD simulations combined with pK, calculations are
powerful tools for exploring and interpreting the reduced active
sites of oxidoreductases of the Trx superfamily. However, the
pK, calculations are only semiquantitative because they depend
on a number of operational parameters, notably the protein
dielectric constant. Thus, even assuming adequate structures,
uncertainties remain with regard to the accuracy of the
calculated pK, values. Therefore, it remains important to
measure experimentally the pK, of the nucleophilic active site
cysteine. Here, the measured pK, value for EcGrx2 was <3.5.
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Using MD simulations to probe the conformational
dynamics of the thiol-disulfide oxidoreductases will also provide
a stronger basis for understanding the molecular recognition of
their substrates. That is because simulations in explicit solvent
can provide a different, and more accurate, view of the
molecular recognition surface around the enzyme active sites.
Improved or new information about the structure and dynamics
at the protein surface is of special interest, because much of the
protein function depends on the nature of its surface, for
recognition and contact with substrates. This was vividly
illustrated here with residues around the T4Grx (e.g, Lysl13
and Aspl8) and EcGrx2 (Lys46 and Lys125) active site. This
paves the way for future studies to relate the MD conforma-
tional ensembles of the reduced glutaredoxins to the selective
recognition of their glutathionylated substrates.
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