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ABSTRACT Growing evidence supports the importance of protein S-glutathionylation as a regulatory post-translational modi-
fication with functional consequences for proteins. Discoveries of redox-state-dependent protein kinase S-glutathionylation have
fueled discussion of redox-sensitive signaling. Following previously published experimental evidence for S-glutathionylation
induced deactivation of the Arabidopsis thaliana kinase BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR-
LIKE KINASE 1 (BAK1), we investigated the consequences of S-glutathionylation on the equilibrium conformational ensemble
of BAK1 using all-atom molecular dynamics simulations. We found that glutathionylation of C408 allosterically destabilizes the
active-like state of BAK1 and stabilizes an inactive conformation known to recur in protein kinases. Glutathionylation of C408
also has structural consequences throughout the BAK1 kinase domain, whereas glutathionylation of C353 in the N-lobe and
C374 near the ATP-binding site have few notable effects on BAK1 compared with the unmodified protein. Our results suggest
an allosteric mechanism for inhibition of BAK1 by C408 S-glutathionylation, and more generally, support the notion of protein
kinase S-glutathionylation as a means of redox signaling in plant cells.
INTRODUCTION
Reversible post-translational modifications are an essential
mechanism for control of protein function in biochemical
networks, allowing a cell to modulate protein function
rapidly in response to changes in its metabolic state or in
the local environment (1,2). The phosphorylation-dephos-
phorylation cycle of serine, threonine, and tyrosine residues
catalyzed by protein kinases and phosphatases, respectively,
is a well-studied example of this mode of control. Protein
phosphorylation allows for feedback, oscillation, and multi-
stability at the network scale as well as integration of mul-
tiple signals in a single protein through the possibility of a
multisite phosphorylation code (1–3).

Growing evidence supports the role of S-glutathionyla-
tion in control of protein function in response to oxidative
stress (4,5). Glutathione (GSH) is a tripeptide consisting
of a glutamate bound through a g-peptide linkage to a
conventional cysteine-glycine dipeptide (Fig. 1 b). GSH is
present in nearly all known life forms, and the enzymes
responsible for its synthesis are known to be essential for
normal function in several animals and plants (6,7). GSH
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is able to modulate protein function by forming a disulfide
bond with cysteine residues (S-glutathionylation) under
oxidative conditions (Fig. 1 b), a process believed to be cata-
lyzed in both directions by glutaredoxin enzymes (4). S-glu-
tathionylation plays a role in control of numerous enzymes
(8), including protein kinases (9–16). Glutathionylation of
human AMP-activated protein kinase on C299 and C304
within the catalytic a-subunit C-terminal tail increases
enzymatic activity (14,15). On the other hand, glutathiony-
lation of rat protein kinase C-a (9) (Fig. 2 a), mouse cyclic
AMP-dependent protein kinase on C199 (10) (Fig. 2 b), rat
mitogen-activated protein kinase/extracellular signal-regu-
lated kinase kinase kinase 1 on C1238 (11) (Fig. 2 c), mouse
IkB kinase subunit-b on C179 (12) (Fig. 2 d), rat Ca2þ/
calmodulin-dependent kinase I on C179 (13) (Fig. 2 e),
and mouse p90-ribosomal S6 kinase 1 (p90-RSK1) on
C223 (16) (Fig. 2 f) all reduce enzymatic activity.

Recently, in vitro experiments demonstrated that the Ara-
bidopsis thaliana leucine-rich repeat receptor-like kinase
BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
RECEPTOR-LIKE KINASE 1 (BAK1) interacts with
the glutaredoxin GRXC2, catalyzing glutathionylation
of BAK1 cysteine residues and reducing BAK1 phospho-
transferase activity (17). Three potential glutathionylation
sites were identified, namely C353, C374, and C408
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FIGURE 1 BAK1 S-glutathionylation. (a) Struc-

tural and functional features of a protein kinase.

(b) Structure of glutathione in a mixed disulfide

with a cysteine residue. Glutathione consists of a

glutamate connected through a g-peptide bond

to a cysteine-glycine dipeptide. BAK1 structures

taken from simulation with (c) C353, (d) C374,

and (e) C408 glutathionylated. ATP is shown in

the ATP-binding pocket for all three systems. To

see this figure in color, go online.

S-Glutathionylation of a Kinase Domain
(Fig. 1, c–e), although single and double mutations of these
residues to serine suggested that C353 and C408 are the
dominant sites. However, the mechanistic details of how
glutathionylation can reduce BAK1 activity far from the
active site remain unclear.

The structural characteristics of a catalytically competent
kinase have been studied at length, and include formation
of a salt bridge between a conserved glutamate-lysine pair
(K-E salt bridge; E334 and K317 in BAK1), a folded aC he-
lix, an unfolded activation loop, an inward-flipped phenylal-
anine in the DFG motif, and an ATP molecule bound to the
ATP-binding site (18–20) (Fig. 1 a). By monitoring these
structural features, we can roughly map the protein kinase
conformation we observe to a qualitative estimate of phos-
photransferase activity. For example, if the aC helix is
completely unfolded and the K-E salt bridge is broken,
the conformation is likely inactive. By comparison, if
another conformation exhibits a folded aC helix and a
formed K-E salt bridge in conjunction with a properly posi-
tioned DFG motif and activation loop, it is likely catalyti-
cally competent. We will refer to these structural features
of kinases as activation-relevant collective variables. In
our previous work on the BAK1 core kinase domain, we
found that the aC helix displays considerable disorder
(21). This disorder could represent a regulatory mechanism
where association of BAK1 with another leucine-rich repeat
receptor-like kinase promotes folding of the aC helix in a
similar manner to the metazoan epidermal growth factor
receptor (21–23).

To determine the molecular mechanisms of BAK1 inhi-
bition by glutathionylation and to gain insight into the
site-specific function of BAK1 glutathionylation, we per-
formed extensive molecular dynamics (MD) simulations
on the BAK1 core kinase domain, singly glutathionylated
on C353, C374, and C408 (BAK1-C353SG, BAK1-
C374SG, and BAK1-C408SG, respectively). Additionally,
we used simulations of the nonglutathionylated BAK1
core kinase domain (BAK1-SH) from our previous work
for comparison (21). Using the Kullback-Leibler (KL)
divergence, a measure of similarity between probability
distributions borrowed from information theory, we quanti-
fied the global effects of glutathionylation on the BAK1
conformational ensemble and found little change upon
C353 or C374 glutathionylation, in contrast to the large
shifts in BAK1-C408SG behavior from the nonglutathiony-
lated kinase. We found little change in the free-energy
landscapes of BAK1-C353SG or BAK1-C374SG and
observed that S-glutathionylation of C408 eliminates the
active-like state of BAK1 and stabilizes an outward-swung
aC helix. As two of the three discussed BAK1 cysteine res-
idues appear to be conserved, to a certain extent, in the
A. thaliana kinome, glutathionylation may function simi-
larly in regulation of other protein kinases during shifts
in cellular redox state.
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FIGURE 2 Overview of kinase S-glutathionyla-

tion. (a–f) Locations of S-glutathionylation sites

likely to be on kinase catalytic domains with exper-

imentally demonstrated functional consequences.

All homology models were made using the Swiss

Model webserver (63). (a) Homology model of

mouse protein kinase C-a with C383, C406, and

C499 shown. As the site of S-glutathionylation

was not determined for protein kinase C-a,

the cysteine residues with the lowest pKa values

(C383: 10.25, C406: 9.97, C499: 9.74) predicted

using PropKa 3.1 (45,46) were chosen for display.

(b) Crystal structure of mouse cyclic AMP-depen-

dent protein kinase (PDB: 1J3H (64)) with experi-

mentally determined S-glutathionylation site C199

shown. (c) Homology model of rat mitogen-acti-

vated protein kinase/extracellular signal-regulated

kinase kinase kinase 1 with experimentally deter-

mined S-glutathionylation site C1238 shown. (d)

Homology model of mouse IkB kinase subunit-b

with experimentally determined S-glutathionyla-

tion site C179 shown. (e) Crystal structure of rat

Ca2þ/calmodulin-dependent kinase I (PDB: 1A06

(65)) with missing residues modeled using Modeler

(66) and experimentally determined S-glutathiony-

lation site C179 shown. (f) Homology model of

rat p90-ribosomal S6 kinase 1 with experimentally

determined S-glutathionylation site C223 shown.

To see this figure in color, go online.
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METHODS

MD simulations

All simulations were performed using the AMBER 14 MD package (24)

and the CHARMM 36 force field (25–27) on the Blue Waters petascale

computing facility. All simulation systems were set up using the

VMD (28) plugin Psfgen 1.6 and converted to Amber format using the

CHAMBER tool (29).

All simulations of BAK1-SH were taken from our previous work (21),

which we describe in the following two paragraphs. Starting coordinates

for the BAK1-SH kinase domain were taken from available crystal struc-

tures (PDB: 3TL8 (chains A, D, G, and H) (30), 3UIM (31), and 3ULZ

(32)). Starting structures were solvated in water boxes with dimensions

of �90 Å � 70 Å � 63 Å with TIP3P model molecules (33). Sodium

and chloride ions were added to neutralize the charge of all systems and

bring salt concentration to �150 mM. An ATP molecule with two magne-

sium ions bound, taken from previous simulations, was inserted into the

binding pocket for all structures in place of the modified adenosine-phos-

phate molecules used in crystallization, aligned with the adenosine ring

of the corresponding ATP analog. All systems were subjected to 10,000

steps of energy minimization and were equilibrated for 8–10 ns in an

NPT ensemble at 300 K and 1 atm, maintained using Langevin dynamics

and a Berendsen barostat. Simulations were performed using a 2-fs time

step, periodic boundary conditions, particle mesh Ewald electrostatics

(34), and constraints of hydrogen-containing bonds using the SHAKE algo-

rithm (35,36). Equilibrated structures were then equilibrated for another

10 ns to obtain average dihedral angle potential energies for calculation

of accelerated MD (AMD) (37) parameters (Table S1) according to (38).

To generate a diverse set of starting structures for unbiased MD simula-

tion, we performed AMD sampling for BAK1-SH, initiating 25 indepen-

dent simulations from the result of equilibrating each crystal structure for

an aggregate �8.6 ms (Table S2). The final round of AMD sampling was

clustered using the k-means algorithm in the space of the distance between

the most distal side-chain nitrogen in the lysine and carbon in glutamate
2356 Biophysical Journal 113, 2354–2363, December 5, 2017
within the conserved K-E salt bridge and aC helix root-mean-square devi-

ation from the crystal structures into 100 states, and the nearest neighbors of

the cluster centroids were chosen as starting structures for unbiased simu-

lation. These structures were used to initiate 100 independent unbiased sim-

ulations for an aggregate �30 ms (Table S2).

The BAK1-SH structures produced by AMDwere similarly used as start-

ing structures for simulations of BAK1-C353SG and BAK1-C374SG. To

prepare the initial BAK1-C353SG and BAK1-C374SG structures from

BAK1-SH AMD conformations, we took the same 100 cluster centroid

nearest neighbors and added a randomly rotated GSH to the appropriate

cysteine, and then performed energy minimization and equilibration steps

before beginning production runs in the same manner as for BAK1-SH.

Total BAK1-353SG and BAK1-374SG unbiased simulation times were

�30 and �26.8 ms, respectively (Table S2).

For BAK1-C408SG, separate AMD sampling was done due to the possi-

bility of high-energy structures resulting from adding GSH to C408

in BAK1-SH AMD conformations. Eight rotational conformations of

GSH attached to C408 of a single BAK1 crystal structure (PDB: 3TL8,

chain A) (30) were initially set up, minimized, and equilibrated in the

same manner as described for BAK1-SH. The same procedure used for

generating BAK1-SH structures to initiate unbiased sampling was used

for three rounds of AMD sampling (1.9 ms starting from 8 structures, 5.9

ms starting from 100 structures, and finally, 6.0 ms starting from 100 struc-

tures) (Table S2). After each round, the trajectories were clustered using the

same metrics used for BAK1-SH, and starting structures for the subsequent

sampling round were generated using cluster centroid nearest neighbors.

Finally, 150 cluster centroid nearest neighbors were chosen from the final

round of AMD sampling and were used to run 150 independent, unbiased

MD simulations for an aggregate 45 ms (Table S2).
Markov state model construction

All trajectory analysis was done using MDTraj 1.7 (39) except where

otherwise noted, whereas clustering and Markov state model (MSM)



S-Glutathionylation of a Kinase Domain
construction was done using MSMBuilder 3.6 (40). We aligned each frame

of every trajectory to a BAK1 crystal structure (PDB: 3TL8, chain A) and

calculated the root-mean-square deviation of the N-terminal lobe and C-ter-

minal lobe separately, with respect to the crystal structure. We chose a lag

time for each model by plotting implied timescales of MSMs built with

increasing lag times, and choosing the lag time at which the timescales

began to plateau, to improve the validity of the Markov assumption for

our models (Figs. S1–S4). We then used the Osprey variational cross-vali-

dation package to choose the number of clusters, ranging from 100 to 500,

that maximized the mean cross-validation score of the MSM generalized

matrix Raleigh quotient, calculated from five equal partitions of the data

into training and test sets (41). The chosen lag time and number of clusters

for each MSM are shown in Table S3.
Free-energy landscape construction

The free-energy landscapes for each of the four systems were constructed

by building normalized two-dimensional histograms from the conforma-

tions within each state of the correspondingMSM in the space of the inverse

distance between the glutamate d-carbon atom and the lysine side-chain

nitrogen in the K-E salt bridge, and the a helical content of the aC helix.

The a-helical content was calculated according to the NAMD 2.11 collec-

tive variable ‘‘alpha’’ (42), as detailed in (21). State histograms (hiðx; yÞ for
state i) were weighed by the MSM equilibrium probability (pi) of the

corresponding state to estimate MSM-weighted probabilities, which were

then used to estimate free energy as follows:

Fðx; yÞ ¼ �RTlog

"XN
i¼ 1

pihiðx; yÞ
#
; (1)

where R is the gas constant and T is the temperature. For each system, the

lowest free energy was used as a reference, and set to zero.
Local KL divergence

We used the local KL divergence measure introduced in (43), defined as fol-

lows for residue i:

KLi ¼
X
d˛Di

XN
X¼ 1

pdðXÞln pdðXÞ
p�dðXÞ

: (2)

This is equivalent to the sum of relative entropies between the reference

(p�dðXÞ) and test (pdðXÞ) probability distributions discretized into N bins

(where
PN

X¼1pdðXÞ ¼ 1) over the f, j, and c1 dihedral angles of residue

i (Di ¼ ffi;jig for glycine and alanine residues, and Di ¼ ffi;ji;c1ig
for all others). Following (43), we calculated a bootstrap distribution of

KL divergences for each system to test the null hypothesis that the KL

divergence between designated test and reference ensembles is no greater

than expected from variability within the reference ensemble. This is

accomplished using the bootstrap KL divergence

KLB
i;b ¼

X
d˛Di

XN
X¼ 1

pbdðXÞln
pbdðXÞ
pb

R

d ðXÞ
; (3)

and the mean bootstrap KL divergence

KLi
B ¼

�
2k
k

��1 X
�
2k
k

�
b¼ 1

KLB
i;b; (4)
where the set of reference trajectories have been split up into 2k blocks

(k˛N), and KLi
B
is obtained by taking the average local KL divergence

for residue i measured between a set of half the blocks (with an index b)

of the reference trajectories and the set of remaining blocks (bR, the comple-

ment of the set of blocks b) over all combinations of blocks. We would like

to note that our definition is a slight departure from the original as we have

made KLBi;b a true KL divergence between the sets of reference ensemble

blocks (compare Eqs. 3 and 4 with Eq. 26 in (43)). We can then obtain

the probability, p, of obtaining a value greater than KLi, calculated between

ensembles, from the KLBi;b values calculated within the reference ensemble,

and reject the null hypothesis if p<a for some choice of a˛ð0; 1Þ (in this

study, we used a ¼ 0:05). If we are unable to reject the null hypothesis, we

set cKLi ¼ 0, where cKLi is the corrected KL divergence for residue i. Other-

wise, we reject the null hypothesis and set cKLi ¼ KLi � KLi
B
. Additionally,

we weighed each frame by the equilibrium MSM population of the corre-

sponding state in creating the one-dimensional histograms, to reduce bias

introduced by initiating trajectories from non-Boltzmann distributions.

We have implemented the local KL divergence in Python and validated

the code on a toy model (code freely available at https://github.com/

ShuklaGroup/kl_divergence). To visualize population shifts in the dihedral

angles of BAK1 with glutathionylation, we used the B-factor putty function

in Open Source PyMOL 1.83 (44) to show the local KL divergence for each

residue (Fig. 3, a–c).
pKa calculations

We used PropKa 3.1 (45,46) to predict the pKa of cysteine sulfur atoms in

structures from simulation of BAK1 with no glutathionylation. For each

BAK1 MSM state, we randomly chose 10 structures and calculated the

pKa for the three solvent-exposed cysteine residues (C353, C374, and

C408) from each structure. The overall cysteine pKa values were calculated

by taking the average pKa within each state, multiplying by the MSM equi-

librium populations, and then creating kernel density estimates using the

Scipy Python package (47).
Bioinformatics analysis

We created a multiple sequence alignment of the 940 known A. thaliana

kinases (48) using Clustal Omega (49). Using only the section of the

alignment corresponding to the BAK1 kinase domain, we calculated

frequencies of cysteine residues at each alignment position to gain a

qualitative insight into how general the mechanisms of allostery through

S-glutathionylation, investigated in BAK1, are to the entire kinome. We

expect that if the cysteine positions in BAK1 are shared with another

kinase, it is more likely that the effects of S-glutathionylation on those

cysteine residues will also be shared than if the cysteine positions are

disparate.
RESULTS

S-glutathionylation of C408 alters the BAK1
conformational ensemble

To assess the global effects of glutathionylation on the
conformational ensemble of BAK1, we estimated discre-
tized probability distributions for the f, j, and c1 dihedral
angles of all residues for BAK1-SH and singly glutathiony-
lated forms, and calculated the local KL divergence between
each of the glutathionylated BAK1 ensembles and the
nonglutathionylated ensemble. We chose the f, j, and c1

dihedral angles to allow comparison between residues
with different-sized side chains and still capture some
Biophysical Journal 113, 2354–2363, December 5, 2017 2357
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FIGURE 3 Allosteric effects of S-glutathionyla-

tion on the BAK1 ensemble. The local KL diver-

gence calculated for f, j, and c1 dihedral angles

in BAK1 S-glutathionylated on (a) C353, (b)

C374, and (c) C408, all with respect to the nonglu-

tathionylated BAK1 ensemble. (a–c) KL diver-

gence is shown in the PyMOL B-factor putty

representation, where the color shows KL diver-

gence on separate scales for each simulation set

from zero (blue) to the highest KL divergence value

in the set (red), to highlight differences in local KL

divergence between residues within each ensemble.

Because the color scales are separate, (a–c) should

not be compared with one another. (d) KL diver-

gence values by residue with secondary structure

from the crystal structure shown (30,67). To see

this figure in color, go online.

Moffett et al.
side-chain motion, although we note that glycine and
alanine lack an c1 angle. A high KL divergence for a given
residue is an indication that glutathionylation has signifi-
cantly altered the effective residue potential energy land-
scape, whereas a low or vanishing value indicates that
glutathionylation has had little or no effect on the residue.

Considering relative differences in KL divergences be-
tween residues within the same ensemble, BAK1-C353SG
and BAK1-C374SG are clearly perturbed most near the
site of glutathionylation (Fig. 3, a and b). In this intraensem-
ble view, distant allosteric effects are also visible for both
glutathionylation sites, although the KL divergence values
are generally an order of magnitude smaller than those for
BAK1-C408SG (Fig. 3 d). Interestingly, the KL divergence
at C408 for BAK1-C408SG is fairly small relative to most
other residues in the ensemble, indicating the role of C408
as a glutathionylation site with primarily long-range effects.
The residues most perturbed by S-glutathionylation of C408
are near the N-terminus of the kinase domain, at the back of
the ATP-binding pocket (with the opening of the ATP-bind-
ing pocket facing the viewer, as in Fig. 3, a–c), and in the
catalytic loop (Fig. 3 c). However, BAK1-C408SG KL di-
vergences from the unglutathionylated ensemble were sta-
tistically significant for each residue, indicating a global
effect of C408 glutathionylation on the structure of BAK1.
These results are supported by the large change in residue
fluctuations from BAK1-SH to BAK1-C408SG compared
2358 Biophysical Journal 113, 2354–2363, December 5, 2017
with the changes on C353 and C374 glutathionylation
(Fig. S5).
S-glutathionylation of C408 promotes an inactive
conformational state

Our simulations were conducted with bound ATP and Mg2þ,
precluding a DFG flip, and a fully phosphorylated activation
loop; consequently, the activation-relevant collective vari-
ables most likely to shift to values corresponding to an inac-
tive kinase are the positioning and folding of the aC helix
and the presence of the K-E salt bridge. To look for changes
in these structural features, we estimated two-dimensional
free-energy landscapes over the space of thea-helical content
of the aC helix region and the inverse of the distance between
the d-carbon of E334 and the side-chain nitrogen of K317. In-
verse distance was chosen to better resolve small interatomic
distances. To reduce bias introduced by initiating simulations
from a non-Boltzmann distribution, MSMs were constructed
for each systemand the free-energy landscapeswereweighted
by state equilibrium populations. As shown in previous work
(21), BAK1-SH exhibits a large degree of structural heteroge-
neity in these coordinates, with a stable active-like state,
(Fig. 4 a, region I), a statewith a formedaChelix but a broken
K-E salt bridge (Fig. 4 a, region III), and a number of meta-
stable regions displaying high levels of aC helix disorder
(Fig. 4 a, regions II, IV, and V).



FIGURE 4 Effects of S-glutathionylation on prevalence of the active-like state in BAK1. MSM-weighted free-energy plots projected onto the aC helix

helical content and the inverse K317-E334 distance from simulations of (a) nonglutathionylated BAK1, and BAK1 S-glutathionylated on (b) C353,

(c) C374, and (d) C408. Points on the planewith representative structures shown are demarcated by triangles labeled in black, and correspond to the following

regions: I) BAK1-SH, active-like state; II) BAK1-SH, formed K-E salt bridge and unfolded aC helix; III) BAK1-C353SG, slightly broken K-E salt bridge and

formed aC helix; IV) BAK1-C408SG, broken K-E salt bridge and partially unfolded aC helix; and V) BAK1-C408SG, broken K-E salt bridge and unfolded

aC helix. To see this figure in color, go online.

S-Glutathionylation of a Kinase Domain
The BAK1-C353SG free-energy landscape retains most
features of the BAK1-SH landscape, with the notable differ-
ence that S-glutathionylation of C353 increases the free
energy of the active-like state by �1 kcal/mol�1 (Fig. 4 b,
region I), although this is unlikely to represent a significant
change. The BAK1-C374SG free-energy surface is largely
unchanged from the BAK1-SH surface, although it displays
a reduced range of distances between K317 and E334 when
the aC helix is folded (Fig. 4, b and c, region III).

In contrast, there are several clear changes between
the BAK1-C408SG and BAK1-SH free-energy landscapes,
most notably the near absence of both the active-like state
(Fig. 4 d, region I) and the state characterized by a slightly
broken K-E salt bridge (Fig. 4 d, region III) found in the
BAK1-SH free-energy surface. Instead, an unfolded aC
helix and a broken K-E salt bridge are favored (Fig. 4 d,
region V). An additional metastable state is greatly stabi-
lized in BAK1-C408SG (Fig. 4 d, region IV) in regions
with moderate aC helix helical content (�0.65) and moder-
ate K317-E334 inverse distances (�0.8 nm�1). The only
viable pathway for breaking of the K-E salt bridge is
through a highly unfolded aC helix (left of region II in
Fig. 4 d), suggesting that states with both a moderately
folded aC helix and a broken K-E salt bridge occur through
unfolding and refolding of the aC helix from the active-like,
state rather than a simple swinging motion.

To investigate the mechanism of the structural disruption
caused by C408 glutathionylation, we calculated the fre-
quencies for each simulation set at which any heavy atom
in GSH came within 4 Å of a heavy atom of each BAK1 res-
idue (Fig. 5). Although spatial proximity between two resi-
dues is not necessarily caused by strong, direct physical
interaction between them, we use it here as a simple proxy
for interaction. C353SG interacts exclusively with the aN
helix and b-sheets of the N-lobe, primarily at residues
273–290 and 350–365. C374SG interacts with residues
around the ATP-binding pocket at residues 366–386 and
423–429, as well as R297 in the glycine-rich loop to a lesser
extent. C408SG interacts most strongly with its flanking res-
idues near the end of the aE helix around residues 405–410,
the aC helix at residues 328–347, and with L440 in the acti-
vation loop to a lesser extent. It is worth noting that GSH at
all three sites largely do not directly interact with both the
catalytic loop (residues 416–422), containing the residues
directly involved in catalysis, and the activation loop (resi-
dues 433–459), the regulatory sequence in kinases that is
usually responsible for activation by phosphorylation (20).
Cysteine thiol pKa predictions suggest low
reactivity in isolation

Although our simulations suggest that glutathionylation of
C408 has strong allosteric effects on BAK1, it remains un-
clear which cysteine residues are likely to be reactive. To
address this question, we estimated pKa values for randomly
selected structures in each MSM state using PropKa 1.3
Biophysical Journal 113, 2354–2363, December 5, 2017 2359



FIGURE 5 Glutathione interaction partners. Normalized contact fre-

quencies between GSH heavy atoms and heavy atoms of all BAK1 residues

with a cutoff distance of 4 Å. More explicitly, f ½minx˛G;y˛Rdðx; yÞ<4�A�,
where f denotes the normalized frequency over all trajectory frames,

d(x; y) is the Euclidean distance between the two atoms with positions

x and y, G is the set of all heavy glutathione atoms, and R is the set of

all heavy atoms in a given BAK1 residue. In each simulation set, the

cysteine forming a disulfide bond with GSH has a contact frequency of

1.0 and is marked with a dotted vertical line. Secondary structure from

the crystal structure is shown just below the frequencies (30,67). To see

this figure in color, go online.

Moffett et al.
(45,46), and created a pKa distribution estimate by way
of a MSM population-weighted sum of state distributions
(Fig. 6). We took this approach due to the fact that distinct
local environments surrounding ionizable residues are
known to have a strong effect on side-chain pKa values
(50–52).
FIGURE 6 Predicted distributions of BAK1 cysteine thiol pKas. We

calculated the pKa of each BAK1 cysteine thiol using PropKa 3.1

(45,46), for 10 randomly chosen structures for each MSM state from the

nonglutathionylated simulations of BAK1. We created kernel density esti-

mates (KDEs) using the Scipy package (47) for each state, with the pKa

values calculated for the corresponding 10 structures. The final plots are

sums of the KDEs of each state weighted by MSM equilibrium populations.

Estimated means of the MSM-weighted KDEs are as follows: C353, 9.41;

C374, 10.47; C408, 10.23; and C545, 12.25. To see this figure in color,

go online.
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All estimated mean pKa values are well above values
considered reactive at physiological pH, with C353 pre-
dicted to be the most reactive (pKa 9.41), followed by
C408 (pKa 10.23) and C374 (pKa 10.47) (Fig. 6). As ex-
pected, due to the fact that it is buried in the hydrophobic
core of the kinase, C545 is predicted to be almost exclu-
sively protonated (pKa 12.25). Although all other cysteine
residues have sharply peaked pKa distributions, C353 has
a broad, nearly bimodal distribution, suggesting a highly
variable local environment (Fig. 6).
BAK1 C353 and C545 are well conserved in the
A. thaliana kinome

Using a multiple sequence alignment of all known
A. thaliana kinase sequences, we calculated the frequency
at which cysteine appears at each alignment position.
Cysteine is well conserved at the alignment positions of
BAK1 C353 and C545 (frequencies of 0.49 and 0.57, respec-
tively), whereas C408 is less conserved (frequency of 0.19),
and C374 is poorly conserved (frequency of 0.01); although
a nearby alignment position which could be a functional
equivalent in other kinases has a cysteine frequency of 0.10
(Fig. 7). Two other cysteine frequency peaks (frequencies
of 0.15 and 0.16) further to the C-terminal end of the align-
ment are beyond the C-terminus of BAK1 in the alignment.
DISCUSSION

We have demonstrated the dramatic effects that S-glutathio-
nylation can have on the structure of a kinase, providing
a plausible explanation for the experimentally observed
FIGURE 7 Distribution of cysteine residues across the A. thaliana ki-

nome. Using the 940 A. thaliana kinases identified in (48), we created a

multiple sequence alignment using Clustal Omega (49). Using the region

of the alignment corresponding to the BAK1 kinase domain, we calculated

the frequencies of cysteine at each alignment position. All four BAK1

cysteine residues are in regions of high cysteine frequency, most notably

C353 and C545. However, BAK1 C374 and C408 have nearby alignment

positions with high frequency, likely corresponding to comparable positions

in the contributing kinases. To see this figure in color, go online.
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effects of glutathionylation on the activity of BAK1 (17).
Furthermore, although S-glutathionylation affects the activ-
ity of numerous other protein kinases (9–16) (Fig. 2), to our
knowledge, this is the first study addressing the molecular
mechanisms of protein kinase activity modulation through
glutathionylation. Our findings provide evidence that S-glu-
tathionylation can allosterically alter the activity of protein
kinases.

Our simulations suggest that glutathionylation of BAK1
C408 may be responsible for the concentration-dependent
decrease in activity in the presence of GSSG and GRXC2
(17). However, we only address the effects of glutathionyla-
tion on the dynamics of the isolated kinase domain, and
cannot exclude other consequences of glutathionylation
relating to interactions with other proteins or other processes
important for BAK1 activity not considered here. Our
simulations are consistent with experiments supporting
C408 and C353 as the most likely sites for GRXC2-cata-
lyzed S-glutathionylation (17). Global changes in residue
conformations as measured by the local KL divergence be-
tween each glutathionylated BAK1 simulation set, and the
BAK1-SH simulations are generally an order of magnitude
larger for BAK1-C408SG than BAK1-C353SG or BAK1-
C374SG (Fig. 3 d). Surprisingly, most residues in BAK1-
C408SG have a high KL divergence with respect to
BAK1-SH, including distant residues in the C-lobe even
though GSH only directly interacts with its flanking residues
and the aC helix in the N-lobe.

Differences in free-energy surfaces calculated over a
measure of aC helix helicity and the inverse distance
between K317 and E334 for the four BAK1 constructs
were consistent with calculated KL divergence values. The
BAK1-C353SG and BAK1-C374SG free-energy surfaces
are similar to that for BAK1-SH, although subtle differ-
ences, including an increase in the free energy of the
active-like state in BAK1-C353SG, are noticeable. The level
of disorder in the aC helices of BAK1-C353SG and BAK1-
C374SG is largely unchanged from BAK1-SH. In contrast,
the BAK1-C408SG free-energy landscape differs from
BAK1-SH in several key ways. C408SG interacts directly
with the aC helix, a region known to be involved in regula-
tion of protein kinase activity (20,53–57), causing the aC
helix to more strongly favor both unfolded and folded but
distally swung conformations. The distally-swung confor-
mation is similar to a well-defined, metastable, inactive state
found in human Src kinase, where the aC helix also swings
away from the active site (53,58,59). In BAK1, this likely
occurs due to direct interactions with GSH stabilizing the
outward-swung conformation. Unlike the proposed mecha-
nisms of formation of a Src-like inactive state in other ki-
nases (54–56), the aC helix in BAK1-C408SG must first
unfold, followed by breakage of the K-E salt bridge and
refolding of the aC helix. Furthermore, the active-like state
(Fig. 4, a–e, region I) is nearly eliminated in BAK1-C408SG
simulations.
It should be noted that sampling of the BAK1-C408SG
system was 1.5 times longer than any of the other systems,
on top of more extensive AMD used to generate initial struc-
tures for unbiased simulation (Table S2). Thus, it is possible
that the differences between BAK1-C408SG and the other
systems are (unintentionally) by construction, due to the dif-
ferences in sampling. However, this does not appear to be
the case for several reasons. First, even with the most exten-
sive sampling, BAK1-C408SG exhibits no breaking of the
K-E salt bridge coincident with a folded aC helix, a transi-
tion well sampled by all other systems (Fig. 4). Second,
BAK1-C408SG samples the active-like state far less than
the other systems, which seems unlikely to be due to over-
sampling BAK1-C408SG with respect to the other systems.
Finally, there are no high free-energy barriers impeding ac-
cess to new states appearing in BAK1-C408SG, and the
fringes of the areas spanned by these states are visited in
other systems. If the differences in the free-energy land-
scapes of BAK1-C408SG and the other systems were
largely due to differences in sampling, we would expect
BAK1-C408SG to have explored new areas not accessible
to more poorly sampled systems.

Collectively, these results suggest that modification
of C408 by S-glutathionylation allosterically deactivates
BAK1 through interaction with the aC helix. The aC helix
is in generally believed to be a focal point for protein kinase
regulation, physically linking numerous regions important
for kinase function (57–59). This central positioning makes
the aC helix a prime target for allosteric modulators, and
possibly explains the global effects of C408 glutathionyla-
tion shown in KL divergence measurements. There is evi-
dence for the specific importance of the aC helix in
regulation of BAK1 (21), which is further supported by the
apparent role of the aC helix in response to S-glutathionyla-
tion. Although the predicted C408 pKa (10.23) indicates that
it is overwhelmingly protonated and therefore marginally
reactive, C408 is glutathionylated in vitro (17); this inconsis-
tency is at least partially explained by the fact that PropKa 3.1
systematically overestimates cysteine pKa values (60). Inter-
estingly, C353 is moderately conserved in the A. thaliana
kinome, present in �50% of the 940 known sequences,
whereas C408 is present in �20% (Fig. 7). It is possible
that the conservation of C353 is due to its function as a
glutathionylation site, working to regulate kinase activity in
some way not captured by our simulations, although there
is currently no evidence to support this claim. The compara-
tively low level of conservation in C408 indicates that it is not
universally essential for the function of A. thaliana protein
kinases. However, the functional importance of C408 for
BAK1 is supported by the decrease in catalytic activity
caused by mutation of C408 to tyrosine (61). Finally, this
study presents, to our knowledge, one of the first investiga-
tions of plant kinases using large-scale atomistic simulations
to obtain mechanistic information at the molecular level
required for engineering of plant behavior (62).
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