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ABSTRACT: Intracellular proteins can have free cysteines that
may contribute to their structure, function, and stability; how-
ever, free cysteines can lead to chemical instabilities in solution
because of oxidation-driven aggregation. The MAP kinase, c-Jun
N-terminal kinase 1 (JNK1), possesses seven free cysteines and
is an important drug target for autoimmune diseases, cancers,
and apoptosis-related diseases. To characterize the role of
cysteine residues in the structure, function, and stability of JNK1,
we prepared and evaluated wild-type JNK1 and seven cysteine-
deficient JNK1 proteins. The nonreduced sodium dodecyl sulfate—
polyacrylamide gel electrophoresis experiments showed that the
chemical stability of JNKI increased as the number of cysteines
decreased. The contribution of each cysteine residue to biological
function and thermal stability was highly susceptible to the environ-
ment surrounding the particular cysteine mutation. The mutations
of solvent-exposed cysteine to serine did not influence biological
function and increased the thermal stability. The mutation of the
accessible cysteine involved in the hydrophobic pocket did not
affect biological function, although a moderate thermal destabiliza-
tion was observed. Cysteines in the loosely assembled hydrophobic
environment moderately contributed to thermal stability, and the
mutations of these cysteines had a negligible effect on enzyme
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activity. The other cysteines are involved in the tightly filled hydrophobic core, and mutation of these residues was found to correlate
with thermal stability and enzyme activity. These findings about the role of cysteine residues should allow us to obtain a stable JNK1

and thus promote the discovery of potent JNK1 inhibitors.
ree cysteine residues in cytosolic proteins usually contribute

F to their biological function, structure, and stability. A cysteine

residue in several enzymes, including cysteine proteases, thioredoxin,
and peroxiredoxin, acts as an active center,"”” whereas a cysteine
present in several regulatory proteins acts as a molecular switch via
chemical modification such as S-nitrosylation and S-glutathionyla-

on.* As such, the sulfhydryl group of a cysteine residue displays
nucleophilic reactivity essential for physiological reactions but can
also give rise to chemical instability. Conversely, several protein
structures have shown that the hydrophobic character of cysteine
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residues stabilizes the conformation of the protein by forming part of
the hydrophobic core. Cytosolic protein c-Jun N-terminal kinase 1
(JNK1) possesses seven free cysteine residues that perhaps affect its
function, structure, and stability.

The cJun N-terminal kinases (JNKs) are members of the
mitogen-activated protein kinase (MAPK) family, and they can
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be activated by the upstream kinases MKK4 and MKK?7 in
response to various stlmull such as environmental stress,
cytokines, and fatty acids.”® There is a growing body of evidence
indicating that the adverse activation of JNKI is found in a
wide variety of human diseases such as diabetes, cardiovascular
diseases, autoimmune diseases, and tumorigenesis. 7~12 Over the
past decade, there has been considerable effort made to identify
JNK inhibitors suitable for clinical development.'*™'¢ Several
inhibitors were developed through structure-based drug design
(SBDD) by referrmg to the crystal structures of the JNK1-potent
inhibitor complexes.'*™"”

JNKI is a cytosolic protein that contains free cysteine residues
that are primarily used as hydrophobic amino acids to maintain
its tertiary structure. However, JNKI is significantly impaired by
oxidation-driven aggregation in an aerobic environment. Free
sulfhydryl groups in proteins occasionally form non-native intra-
and/or intermolecular disulfide bonds that lead to denatured
aggregation and thus give rise to adverse effects during physico-
chemical experiments. An approach to improving the molecular
characteristics of a kinase is to exchange the free cysteine residues
with a different amino acid. There are several examples for re-
placement of a cysteine residue with a different amino acid for the
prevention of aggregation. Rational surface modification'®"” and
substitution of nonessential free cysteine residues**~>* allow the
production of samples with higher chemical stability, specific
activity, and homogeneity and thus overcome crystallization
problems. In a MAP kinase p38a study, a single-point mutation
of a cysteine residue (C162S) located on the protein surface,
which is conserved in JNKI, also moderated aggregation and
1mproved the homogeneity and chemical stability of the
enzyme.”® However, the p38a C162S mutant had significantly
attenuated enzyme activity when compared with that of the wild-
type protein. The C117S/C222S double mutation of JNK2 also
reduced the level of aggregation compared with that of the wild-
type spec1es © These observations indicate that some cysteine re-
sidues on the molecular surface of MAP kinases confer chemical
instability but make a negligible contribution to biological func-
tion and structure. Two issues describing the roles of cysteine
residues in MAP kinases remain unresolved. (i) Do all surface
cysteine residues behave like the aforementioned surface cysteine
residues? (ii) How do the buried cysteine residues contribute to
their function, stability, and structure? Thus, the global analyses
of the free cysteine residues of a kinase with respect to chemical
stabilization, biological activity, and thermal stability would
provide significant insight into the role of cysteine residues in
MAP kinases as well as other cytosolic proteins. Moreover, the
replacement of cysteine residues with other amino acid residues
that stabilize this kinase mutant will contribute to the production
of proteins that are useful for drug screening by physicochemical
experiments. The ability to complete physicochemical experi-
ments such as thermodynamic analysis and binding assays using
nuclear magnetic resonance and surface plasmon resonance
would greatly potentiate the SBDD strategy.

Wild-type JNK1 contains seven free cysteine residues that
were divided into accessible surface residues (Cys116, Cys163,
and Cys24S) and fully buried residues (Cys41, Cys79, Cys137,
and Cys213) (Table 1). However, it is unknown how each
cysteine substitution impacts the chemical and thermal stabilities
and enzyme activity of JNKI1. Therefore, to obtain a com-
prehensive understanding of the individual cysteine-deficient
effects, we prepared the wild-type protein and seven cysteine-
deficient mutants and evaluated each construct by biological,
chemical, thermal, and structural analyses.
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Table 1. Accessible Surface Areas (ASAs) of Cysteine
Residues”

total ASA  main chain ASA side chain ASA sulfate atom

residue (A% (A% (A% ASA (A?)
Cys4l 0 0 0 0
Cys79 329 21.8 11.1 0
Cysl16 49.5 2.9 46.6 26.6
Cys137 04 04 0 0
Cys163 20.2 49 18.3 29
Cys213 0 0 0 0
Cys24S 67.9 4.5 63.4 57.7

“All accessible surface areas (ASAs) of each cysteine residue were
calculated using a high-resolution JNK1 structure (Protein Data Bank
entry 3elj) by the Surface Racer program.*

B MATERIALS AND METHODS

Protein Preparation. The codon-optimized human JNK141
isoform (residues 1—364) gene (MO) was fully synthesized
(TAKARA BIO Inc., Otsu, Japan) and cloned into the pET24a
expression vector (Merck Millipore, Billerica, MA) at the Ndel
and Xhol sites, resulting in a construct with a His, purification-
tagged at the C-terminus. Seven cysteine-deficient JNK1 mutants
(M1-M7) were prepared by the QuickChange system
(Stratagene, Santa Clara, CA), using a previously described
method.*® Escherichia coli BL21(DE3) cells (Merck Millipore)
were transformed by the cloned vector, including MO or the
respective mutants, and grown at 37 °C using LB medium
containing 100 pg/mL ampicillin until the ODgy, reached
0.5. The temperature of the cultivated broth was then decreased
to 25 °C, and protein was induced by the addition of IPTG to a
final concentration of 0.3 mM. After overnight expression at
25 °C, cells were harvested by centrifugation, resuspended in a
lysis buffer consisting of 20 mM Tris (pH 7.5), S00 mM NaCl,
and 20 mM imidazole, and frozen at —80 °C. The cell pellet was
sonicated for 15 min on ice, and the cell debris was removed by
centrifugation at 10000g for 30 min at 4 °C. The supernatant was
loaded onto a 1 mL bed volume of a Ni-NTA Superflow-Cartridge
column (Quiagen, Hilden, Germany) that had previously been
equilibrated in lysis buffer. After being washed with lysis buffer, the
protein was eluted with a buffer containing 20 mM Tris (pH 7.5),
500 mM NaCl, and 250 mM imidazole. DTT (2 mM) was
immediately added to the pooled fractions. The fraction was
further purified by gel filtration using a HiPrep 16/60 Sephacryl
$-200 HR column (GE Healthcare, Little Chalfont, UK.) that
was equilibrated with 20 mM Tris (pH 7.5), 250 mM NaCl, 5%
(v/v) glycerol, and S mM DTT. Eluted peak fractions were
pooled, and the protein was concentrated to 10 mg/mL using a
Centriprep YM-10 filter unit (Merck Millipore). The total pro-
tein concentration was determined by the Bradford method.*”
However, the protein preparation for the nonreduced sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) and differential scanning calorimetry experiments was
performed without the reducing agent.

Enzyme Activity Measurement. Purified JNK1 was
activated by incubation of a mixture composed of 20 uM
JNKI1, 0.4 uM active MAP2K4 (HumanZyme, Inc., Chicago, IL),
0.4 uM active MAP2K7 (HumanZyme, Inc.), 1 mM ATP, and
S mM MgCl, in assay buffer A [20 mM HEPES (pH 7.5), 0.01%
Tween 20, and 2 mM DTT] at 25 °C for 1 h. The activated
JNKI solution was diluted to 100 nM with assay buffer A and
mixed with the substrate solution containing 10 mM MgCl,,
2 mM ATP, and 2 uM FITC-labeled peptide substrate
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(Carna Biosciences, Inc.). The reaction was conducted at 25 °C
for 1 h. The JNKI1 kinase activity was determined by the off-chip
mobility shift assay (MSA) using the LabChip3000 (Caliper Life
Sciences, Hopkinton, MA). Kinase reactions were terminated by
EDTA and the read-out by an EX Reader II. The amounts (peak
height) of phosphorylated (P) and nonphosphorylated (S)
peptide substrates were measured, and the phosphorylation rate
of the substrate was defined by P/(P + S) as the enzyme activity.

Nonreduced SDS—PAGE Experiments. The chemical
stabilities of the purified JNK1 protein samples were evaluated
by nonreduced SDS—PAGE using 12.5% polyacrylamide gels.
Gels were stained with Bio Safe Coomassie (Bio-Rad, Hercules, CA).
For the evaluation of the time and temperature dependencies
against oxidation, the protein samples were concentrated to
0.4 mg/mL and incubated at 4 and 20 °C in the reducing
agent-free buffer containing 250 mM NaCl, 5% glycerol, and
20 mM Tris-HCl (pH 7.5) for 0, 12, 24, and 36 h before the
SDS—PAGE experiments.

Differential Scanning Calorimetry (DSC). The thermal
unfolding of JNK1 was measured by a differential scanning
calorimeter, Nano DSC (TA Instruments Inc., New Castle, DE),
with platinum tubing cells having a volume of 0.3 mL. The wild-
type protein or each mutant was concentrated to 23 M in the
experimental buffer containing 250 mM NaCl and 20 mM
phosphate (pH 7.5). Temperature scans were performed from
10 to 100 °C at a scan rate of 60 °C/h. For evaluating the thermal
stability enhancements by the peptide fragment from JIP1 on
MO, M3, and M7, the protein concentration was adjusted to
23 uM. The protein was then mixed directly with the peptide
with the RPKRPTTLNLF sequence (Scrum Inc., Tokyo, Japan)
at a molar ratio of 1:5 and incubated on ice for 4 h to allow
formation of the complex. Temperature scans of these complexes
were performed using the same procedure used to characterize
the apoprotein. DSC curves were analyzed on the basis of the
van’t Hoff equation using the curve resolution technique.”®

Structure Analysis. The seven cysteine-deficient mutants
(M1-M?7) were individually concentrated for crystallization to
S mg/mL. The concentration was confirmed by the Bradford
method.*” Before the crystallization trial, the purified protein was
mixed with the peptide fragment from JIP1 at a molar ratio of 1:5
and incubated on ice for 4 h to allow formation of the complex.
Crystals of the mutants were obtained by the sitting drop vapor
diffusion method at 4 °C with a reservoir of 2.2 M ammonium
sulfate, 0.2 M sodium chloride, and 0.1 M sodium cacodylate
(pH 6.5). The crystallization drop contained 2 uL of the protein
solution and 2 uL of the reservoir solution. The crystals were
dipped into the reservoir solution that included 15% glycerol as a
cryoprotectant, and a nitrogen gas stream at 100 K was used to
freeze the crystals. Diffraction data for the M2—M7 mutants were
collected on a CCD Quantum 270 detector (ADSC, San Diego, CA)
at a wavelength of 1.00 A using the synchrotron radiation at
Accumulator Ring beamline NE3A of the Photon Factory. The
MI mutant diffraction data were collected on a Raxis-IV*" imag-
ing plate system (Rigaku, Tokyo, Japan) using monochromatized
Cu Ka radiation generated with a MicroMax-HF007 instru-
ment (Rigaku). All data sets were processed and scaled using
HKL2000.> The structures were determined by molecular
replacement using MOLREP® and refined with REFMAC*' in
the CCP4 program suite. Manual model corrections were
performed with COOT.** The structures of the mutants were
validated with PROCHECK.*® Figures were generated with
PyMOL (DeLano Scientific, San Francisco, CA), and structural
comparison was conducted using LSQKAB.*>' Data collection
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and refinement statistics are summarized in Table S1 of the
Supporting Information. Coordinates for the seven cysteine-
deficient mutant structures have been deposited in the PDB as
entries 3VUD, 3VUG, 3VUH, 3VUI, 3VUK, 3VUL, and 3VUM.

B RESULTS

Construct Design of the Seven Cysteine-Deficient
Mutants. JNKI possesses seven cysteine residues divided into
two groups: accessible residues, including Cys116, Cys163, and
Cys24S, and (ii) fully buried residues, including Cys41, Cys79,
Cys137,and Cys213 (Figure 1 and Table 1) based upon the 1.8 A

N-terminal
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pepJiP1
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Figure 1. JNKI structure and cysteine residue sites (PDB entry ITUKH).
Surface cysteine residues (C116, C163, and C245) are depicted as green
spheres and buried cysteine residues (C41, C79, C137, and C213) as
magenta spheres. The pepJIP1 peptide is depicted as a red stick model.
The glycine-rich loop is colored cyan, the MAP kinase insert yellow,
helix aC orange, and the activation loop blue. The disordered regions
are represented by the blue dashed lines.

wild-type structure.'” We postulate that the cysteines are the
most adverse factor for the oxidation-driven aggregation of wild-
type JNK1 (MO). In a p38a MAP kinase study, a surface cysteine-
deficient mutation moderated the aggregation and improved
the homogeneity and stability of the enzyme.>> Therefore, we
prepared seven cysteine-deficient mutants in an effort to improve
the chemical stability of JNK1 [M1—M?7 (Table 2)]. M1 was
mutated at Cys24S, whereas M2 was mutated at Cys116 in
addition to the M1 mutation. Further mutations involved se-
quentially introducing mutations to other cysteine residues.
Thus, the M7 mutant had no cysteine residues. The surface
cysteine residues Cys116 and Cys245 had primary and secondary
accessibilities, respectively (Table 1), and were mutated to serine
because this mutation was expected to improve solubility. The
other surface cysteine residue, Cysl163, forms a hydrophobic
pocket to allosterically recognize the substrate peptide.** Cys163
of JNKI1 was therefore mutated to alanine because the C163S
mutation would likely attenuate enzyme activity, as observed for
p38a.”® The C162S mutation in p38a was considered to disrupt
the hydrophobic pocket and adversely affect the binding of the
substrate peptide. Furthermore, the C163V mutation of JNK1
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Table 2. Sequence Positions of the Substituted Cysteine
Residues

C245S Cl116S Cl163A C79V  C137V C213V  C41V

M1 +

M2 + +

M3 + + +

M4 + + + +

MS + + + +

M6 + + + +

M7 + + + + +

seemed to sterically interfere with substrate recognition based
upon the pepJIP1 complex structure.'” The four fully buried
cysteine residues, Cys79, Cys137, Cys213, and Cys41, were
mutated to valine because these residues exist in the hydrophobic
core and valine is similar in size to cysteine.”>*>>” This paper
inspected the effect of the cysteine-deficient mutations on the
chemical and thermal stability of the protein by comparing wild
type MO and mutants M1-M?7.

Protein Production Yield for the Wild Type and Seven
Cysteine-Deficient Mutants. To compare the wild type (M0)
with the seven mutants (M1—M?7) in expression, all genes were
identically cloned into the pET24a vector and the proteins were
expressed under exactly the same conditions. The SDS—PAGE
experiments revealed that all mutants were expressed at levels
similar to those of MO (Figure 2a). The soluble fractions of M1—
MS contained significantly more of the target protein than the
respective insoluble fractions, whereas both fractions of MO had
equal amounts of protein (Figure 2b,c). M3 and M4 were mainly
present in the soluble fraction. M6 and M7 were primarily
expressed as insoluble material (Figure 2b,c).

MO and cysteine-deficient mutants M1—M7 were purified
using the same procedure. The use of Ni-NTA chromatography
gave approximately 60—70% pure target proteins, as judged using
a densitometer from the S0 mL of cultivated broth. Size exclusion
chromatography of the Ni-purified MO and cysteine-deficient
mutants revealed a single peak corresponding to the monomeric
enzyme. All cysteine-deficient mutants conferred a higher-
production yield than 1.0 mg of the wild-type protein: 1.6 mg
of M1, 1.7 mg of M2, 3.8 mg of M3, 3.0 mg of M4, 2.4 mg of MS,
1.4 mg of M6, and 1.2 mg of M7 (Table S2 of the Supporting
Information). The final production yield of M3 and M4 was not
less than 3-fold higher compared with that of MO.

Oxidation-Driven Oligomerization of the Wild Type
and Cysteine-Deficient Mutants. The chemical stability of
the JNK1 proteins was evaluated by nonreducing SDS—PAGE by
measurement every 12 h for 36 h at 4 and 20 °C. The laddering
bands revealed that M0—M2 formed dimers, trimers, and
probably tetramers by intermolecular disulfide bonding (Figure 3).

MO with seven cysteine residues indicated the largest oligomeric
distribution that increased in a time- and temperature-dependent
manner (Figure 3a). A similar phenomenon for other enzymes
possessing cysteine residues has been reported previously.*"****
MO immediately started to dimerize and after incubation for 12 h
at 4 °C also formed trimers (Figure 3a). Compared with MO, M1
and M2 showed a gradual reduction in the oligomeric distribu-
tion and predominantly formed the trimer rather than the dimer
(Figure 3a—c). In addition, the amounts of the M2 tetramer and
oligomer drastically increased during the 24—36 h period at 4 °C
(Figure 3c). Conversely, M3—MS hardly oligomerized, and their
oligomer distribution did not increase in a time- or temperature-
dependent manner, although trace amounts of trimers were
detected in those mutants (Figure 3d—f). A small amount of the
M3 trimer was observed after 36 h at 4 °C (Figure 3d). The M6
dimer was detected, but the amount did not increase in a time-
and temperature-dependent manner (Figure 3g). As expected,
M?7 possessing no cysteine residues was the most stable against
disulfide oxidation and remained monomeric (Figure 3h).

Together, the all cysteine-deficient mutants (M1—M?7) were
more chemically stable than the wild-type protein (MO). In
particular, M3—MS and M7 were found to be sufficiently stable
to perform the time-consuming physicochemical experiments.

Enzyme Activity of the Wild Type and Cysteine-
Deficient Mutants. Recombinant JNK1 was in the inactive
state and was activated by upstream kinases, MKK4 and MKK?7,
before the enzyme assay. The specific activity of JNK1 presented
in Table 3 was defined by the amount of phosphate transferred to
the FITC-labeled substrate peptide per minute per milligram of
protein.

The kinase activities of MO and the cysteine-deficient mutants
were determined by their ability to phosphorylate the substrate
peptide using the microfluidics-based mobility shift assay approach.
MO and all mutants showed time- and dose-dependent increases
in the rates of phosphorylation of the substrate. Four mutants
(M1—M4) exhibited kinase activity comparable to that of MO
with relative activities of 110, 98, 96, and 95%, respectively
(Table 3). In contrast, MS displayed a kinase activity of 67%
relative to the activity of MO. The kinase activities were found to
be even further attenuated for M6 and M7, with relative values of
23 and 24%, respectively, compared with the activity of the wild-
type protein (Table 3).

Thermal Stability of the Wild Type and Cysteine-
Deficient Mutants. The thermal stability of the wild type and
each mutant was evaluated by DSC measurements in the apo
state with the same procedure. All proteins irreversibly unfolded
via a similar process that has a three-state transition model via an
intermediate state (Figure 4). The deconvolution analyses of
each DSC curve conferred the thermal denaturation midpoint
(T,,) and van’t Hoff enthalpy change (AH) (Table 3). T,,; and

(a) Whole cell
kDa MMO M1 M2 M3 MANB MB N7
97 ¥ B o Gl et . 97 o
cESESHEREES 8

45 P- - 45 ’-— . AEnas © o ——— e

(b) Soluble fraction
MOMOOMT N MINWE MG MG T

(<) Insoluble fraction

MM M N2 M3 WA NG VB M7
: g7 W

JNK1

2ol 43kDa

Figure 2. SDS—PAGE showing the productivity of JNKI proteins by bacteria. Columns marked with an M contained molecular weight markers.
(a) Whole cell proteins after induction. (b) Soluble fraction after induction. (c) Insoluble fraction after induction.
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Figure 3. Nonreduced SDS—PAGE of the wild type (MO) and the cysteine-deficient mutants (M1—M?7) incubated under nonreducing conditions.
MO and seven cysteine-deficient mutants were incubated in 250 mM NaCl, 5% glycerol, and 20 mM Tris-HCI (pH 7.5). The sample concentration was
0.4 mg/mL; the incubation temperatures were 4 and 20 °C, and the incubation times were 0, 12, 24, and 36 h.

A

Table 3. Enzymatic Activities and Thermal Stabilities of Wild-Type JNK1 and the Seven Cysteine Mutants®

MO M1 (C245S) M2 (C116S) M3 (C163A) M4 (C79V) MS (C137V) M6 (C213V) M7 (C41V)

relative activity (%)? 100 110 (+10) 99 (—11) 96 (-3) 95 (-1) 67 (—28) 23 (—44) 24 (+1)
T (°C)° 462 47.8 (+1.6) 49.5 (+1.7) 47.8 (-=1.7) 472 (-0.6) 44.5 (=2.7) 4.8 (-1.7) 41.3 (-1.5)
T,, (°C)° 54.1 53.6 (—0.5) 539 (+0.3) 53.5 (-0.4) 50 (=3.5) 504 (+0.4) 504 (0.0) 50 (—0.4)
AH, (kJ/mol)? 477 651 (+174) 793 (+142) 672 (—121) 765 (+93) 682 (—83) 436 (—246) 367 (—69)
AH, (kJ/mol)? 380 435 (+55) 535 (+100) 388 (—147) 449 (+61) 385 (—64) 356 (—29) 272 (—84)

“T,, and AH values of MO and all mutants from fits of a two-state transition model to the DSC data. Values in parentheses are for the delta values
due to the additional mutation. “The JNKI activity was measured at 25 °C for 1 h by incubating a mixture composed of 20 M JNK1, two upstream
kinases (0.4 uM active MAP2K4 and 0.4 yM active MAP2K7), 1 mM ATP, and S mM MgCl, in assay buffer [20 mM HEPES (pH 7.5), 0.01%
Tween 20, and 2 mM DTT]. The activated JNK1 solution was diluted with assay buffer and mixed with the 2-fold substrate solution (10 mM MgCl,,
2 mM ATP, and 2 uM FITC-labeled peptide substrate) at 25 °C for 1 h. The amount of unphosphorylated and phosphorylated substrate
peptides was repeatedly detected by the microfluidics-based mobility shift assay (Caliper LC3000 System, Caliper Life Sciences). The specific activity
of JNKI was defined by the amount (moles) of phosphate transferred to the FITC-labeled substrate peptides per minute per milligram of
protein. The relative activity is indicated as the value relative to the specific activity of MO. “Thermal denaturation midpoint. “van’t Hoff enthalpy
change.

AH, were assigned as parameters for the lower-temperature 53.9 °C (M2), and 53.5 °C (M3) were similar to that of
transition (T, transition) and T, and AH, for the higher- 54.1 °C for M0; however, those of 50.0 °C (M4), 50.4 °C (MS),
temperature transition (T,,, transition). The T, values for M1 50.4 °C (M6), and 50.0 °C (M7) were markedly lower than the
(47.8°C), M2 (49.5 °C), M3 (47.8 °C), and M4 (47.2 °C) were value for the wild-type protein.

significantly higher than the T, value of 46.2 °C for MO (Table 3). Peptide-Driven Thermal Stability Enhancement of MO,

M2 gave the highest T, value, and M1 and M3 were ranked as M3, and M7. The thermal stability enhancement of M0, M3,
second-order with respect to the T}, value. The values of 44.5 °C and M7 upon binding the peptide fragment of scaffold protein
(M5), 42.8 °C (M6), and 41.3 °C (M7) were considerably lower JIP1 (pepJIP1), which binds to specifically the C-lobe domain,>*
than the wild-type T}, value. All T}, values roughly represented was observed by DSC experiments. The peptide elevated the
a positive correlation with the AH, values (Table 3). The T, transition temperature T, by 4.5 °C for M0, 1.9 °C for M3, and
values were divided into two distinct groups and had no correlation 2.3 °C for M7; however, no change in the T}, values was observed
with the AH, values (Table 3). The T,,, values of 53.6 °C (M1), (Table S3 of the Supporting Information). The T,,,; value of MO was
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Excess Heat Capacity
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Figure 4. DSC curves for the wild-type protein and the cysteine
mutants. The thick lines represent the raw DSC curves and the thin lines
the deconvoluted DSC curves.

elevated more strongly than that of M3. Furthermore, the peptide
considerably sharpened the exothermic peak in transition temper-
ature T, but had little effect on the peak shape in the T, transition
temperatures of M0, M3, and M7 (Figure S).

Crystal Structures of the Seven Cysteine-Deficient
Mutants. To evaluate the effect of the cysteine-deficient
mutations on protein thermal stability, the crystal structures of
the seven mutants in complex with the pepJIP1 peptide, which
was essential to crystallization of JNKI, were determined to
resolutions between 2.69 and 3.5 A (Table S1 of the Supporting
Information). The structures were compared with each other and
the wild-type high-resolution structure previously reported.” All
mutant structures were generally well-defined, including the
mutation sites; however, some undefined regions did exist. In all
structures, the six residues at the N-terminus and the three
residues at the C-terminus were disordered. Additionally, three
residues (180—182) within the activation loop in the structures
of M1—MS were disordered, and the activation loop region of
those structures was highly ordered and participated in crystal
packing. In the structures of M6 and M7, 13 residues (175—187)
in the active loop were disordered in addition to the two terminal
regions discussed above.

The conformation of the M1—M7 mutants adopted a two-lobe
folding motif that is canonical for protein kinases (Figure 1) as
well as wild-type JNK1 (PDB entry 1UKH). The N-terminal lobe
of each mutant largely consisted of -strands, and the C-terminal
lobe was primarily a-helical. Both lobes were connected by the
so-called hinge region (residues 109—113), which is vital to ATP
binding. In addition, all mutants conserved the insertion and
extension structures that are characteristic of the MAP kinase
family: an N-terminal S-hairpin, an extended loop region con-
taining two a-helices, termed the MAP kinase insertion domain,
and a C-terminal a-helix. Superimposition of the seven cysteine-
deficient mutants on the wild-type structure showed that there
were conformational differences in two regions (Figure 6a). In
one region, a structured o-helix in the wild type was a loop
structure in the mutants (Figure 6a). In this region, the carboxyl
group of Glu285 in the looped region forms a salt bridge to the
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Figure S. Deconvoluted DSC curves for M0, M3, and M7 with and
without the pepJIP1 peptide. The thick lines represent the raw DSC
curves and the thin lines the deconvoluted DSC curves.

amine group of Lys24 in the crystal-symmetric molecule (Figure 6b).
This interaction was conserved in the mutants, although they
possessed distinct crystal packing effects (Table S1 of the
Supporting Information). In the other region known as the MAP
kinase insertion, the loop structure of M6 and M7 opened
toward the solvent region, whereas for the structures of
MI—-MS, the conformation of this region was similar to that
of the wild-type protein (Figure 6a,c). The C213V mutation site
proximate to the MAP kinase insertion caused a large con-
formational change by altering the hydrogen bond network
because of the side chain flipping of Arg189 and Tyr190 in the
activation loop (Figure 6¢).

A brief description of structural changes at the seven mutation
sites follows (Figure 7). The first surface mutation (C245S) was
manipulated in the a1L14-helix of the MAP kinase insertion
region of the C-lobe domain (Figure 1). In the wild-type struc-
ture (PDB entry 3elj), Cys245 was exposed to the solvent and
possessed a double conformation of the thiol group, which
formed no significant intramolecular interactions (Figure 7a).
On the other hand, the hydroxyl group of Ser24S in the M1
mutant, as well as the other mutants, was located in the narrow
space in which the larger Sy atom of Cys245 could not be located.
Furthermore, the hydroxyl group made two new hydrogen bonds
with the backbone NH group of Glu247 and Phe248 at the
terminus of @1L14 (Figure 7a).

The second surface mutation (C116S) was in the flexible
region proximate to the hinge region. In the structures of M1 and
MO, Cys116 was largely accessible to the solvent and formed no
significant intramolecular interactions with other residues
(Figure 7b). On the other hand, the hydroxyl group of Ser116
of M2—M? rotated to and made a hydrogen bond with the side
chain of GIn117 (Figure 7b).

Cys163 is located on the protein surface but serves as a corner
of the hydrophobic pocket that plays an important role in
recognizing a hydrophobic amino acid of the scaffold protein,
such as JIP1 and the substrate protein. The C163A mutation
created the void volume in the hydrophobic substrate-recognizing
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Biochemistry

Figure 6. Comparison of the wild-type JNK1 structure with the seven cysteine-deficient mutant structures. (a) Superimposition of the seven cysteine-
deficient mutant structures on the wild-type (blue) structure. Two regions, A and B, of the mutants, possessing a distinct conformation when compared
with that of the wild type, are denoted with orange circles. (b) Salt bridge due to crystal packing in region A. Two crystal-symmetric molecules in the M3
crystal are colored orange and green. The hydrogen bond is represented by a dashed line. (c) Stereoview of region B proximate to C213V. M3 is colored
cyan and M7 pink. The arrow shows that the loop structure of M7 has moved away by ~1 A when compared with the structure of M3.

pocket involving Leull5, Vall1l8, Metl21, Leul23, Argl27,
Leul31, and Val159 (Figure 7c).

Cys79 is located at the end of helix @C and forms a double
conformation with respect to the thiol group that interacts with
Ile337 or Pro338 in the C-terminal extension segment in the
wild-type JNKI1 structure (PDB entry 3elj) (Figure 7d).
However, in the structures of M4—M7, the Cy atom of Val79
possibly creates repulsive forces with the backbone carbonyl O
atom of Lys336 in the C-terminal extension and thereby pushed
away this region (Figure 7d).

The thiol group of Cys137 located on helix aE formed the
snugly packed hydrophobic cluster cooperating with the side
chains of Tyrl33, Leu316, and Ala330 in the wild-type and
M1—M4 structures (Figure 7e). The thiol group of Cys137 also
formed an SH—7 interaction with Tyr133 (Figure 7e). In the
vicinity of Cys137, a salt bridge between Lys83 and Glu329 and a
hydrogen bond network involving Tyr133, Trp324, Asp326, and
Glu329 were formed and perhaps contributed to the main-
tenance of the C-terminal lobe configuration (Figure 7e). The
On atom of Tyrl33 made four hydrogen bonds with the
backbone carbonyl O atom of Trp324, the backbone NH group
and the backbone carbonyl O atom of Asp326, and the O¢ atom
of Glu329 that formed a salt bridge with the Ny atom of Lys83
on the top of the long loop in the vicinity of helix C (Figure 7e).
The structures of M5—M?7 showed that the C137V mutation
destroyed the hydrophobic cluster and sequentially the salt bridge.

Cys213 is located on helix aF near the activation loop and
forms part of a tightly filled hydrophobic cluster cooperating with
Trp209, Val223, Leu224, Phe225, and Leu302 in the wild-type
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and M1—MS structures (Figure 6¢). Furthermore, its proximate
region forms a hydrogen bond network consisting of three
hydrogen bonds involving the activation loop that regulates
enzyme activity (Figure 7f). The On atom of Tyr191 in the activation
loop made a hydrogen bond with the Oe atom of Glu217 in helix oF
(Figure 7f). The Ny atom and backbone NH group of Argl89 in
the activation loop make two hydrogen bonds with the backbone
carbonyl O atom of Thr228 in the aF—aG loop and with the
backbone carbonyl O atom of Gly227, respectively (Figure 7f). In the
structures of M6 and M7, the hydrophobic core was pushed away by
~1.0 A when compared with the wild-type and M1—MS5 structures,
and thereby, the hydrogen network was broken (Figure 6c).

Cys41 is located on strand 4 in the glycine-rich loop, a flexible
region that functions as the on—off switch of ATP binding, and Cys41
is loosely surrounded by the hydrophobic amino acids Ile1S, Phe20,
Leu29, Pro31, and Ala42 in M6 (Figure 7g). Val41 in the M7 mutant
was accommodated by these hydrophobic residues.

B DISCUSSION

Effect of Each Cysteine Mutation on the Stability and
Function of JNK1. The first surface mutation (C245S in Ml)
markedly augmented the T, value but not T, as well as retaining
kinase activity (Table 3). The T, transition was stabilized by this
mutation in an enthalpy-driven manner (Table 3). The thermal
stabilization was likely acquired by the appended hydrogen bonds of
S245 (Figure 7a). However, the C24SS single mutation was in-
sufficient to stabilize the chemical properties of JNK1 and to enhance
production yields but resulted in slight increase in enzyme activity.
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Figure 7. Structures of the seven cysteine-deficient mutation sites. (a) C24SS site, superimposition of the wild-type structure (pink, PDB entry 3elj) and
MI (cyan). (b) C1168S site, superimposition of M1 (pink) and M2 (cyan). (c) C163A site, M3 structure binding with pepJIP1. The molecular surface of
M3 is colored cyan, and pep]JIP1 is represented by the pink stick model. The hydrophobic residues in the substrate recognition pocket are represented as
magenta sticks. (d) C79V site, superimposition of the wild-type structure (pink, PDB entry 3elj) and M4 (cyan). (e) C137V site, superimposition of M4
(pink) and MS (cyan). (f) C213V site. (g) C41V site, superimposition of M6 (pink) and M7 (cyan). The hydrogen bonds are represented by green
dashed lines. The 2F, — F, electron density map contoured at 16 is colored blue in panels a and b and orange in panel f.

The second surface mutation (C116S in M2) additionally
introduced into M1 further intensified the T, value but not T,j,.
The kinase activity was retained but slightly decreased (—11%) in
comparison with that of M1 (Table 3). T,,; was increased by this
mutation in an enthalpy-dependent manner (Table 3), as well as
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the C245S mutation. The thermal stabilization was acquired by
the hydration on the mutated serine as well as the hydrogen bond
formation of Ser116 (Figure 7b). However, the C116S/C245S
double mutation was also insufficient for stabilizing the chemical
properties of JNK1 and did not maximize the production yield.
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The C163A surface mutation of JNK1 (in M3) significantly
enhanced the chemical stability of the protein (Figure 3) and
production yield (Table S2 of the Supporting Information).
However, the C163A mutation conferred a modest destabiliza-
tion of thermal stability (Table 3). The void volume created due
to the C163A mutation might modestly destabilize the hydro-
phobic substrate-recognizing pocket and subsequently decrease
the T,,, value without altering enzyme activity (Figure 7c).

The C79V mutation in M4 gave no improvement or deteriora-
tion to JNK1 and negligible adverse effects with respect to T,
thermal stability. On the other hand, the DSC experiments
implied that Cys79 likely plays a significant role in the T,
transition, whereas the other cysteine residues are associated with
the change in the T}, transition (Table 3). The crystal structures
support these thermodynamic phenomena. The Cy atom of
Val79 possibly creates repulsive forces with the backbone carbonyl
O atom of Lys336 in the C-terminal extension (Figure 7d). This
repulsive force is likely to destabilize the interaction of helix aC
with the C-terminal extension and leads to the observed changes
in the T, transition for the M4 mutant, yet no adverse effect on
the enzyme activity was observed for M4.

The C137V mutation in MS drastically reduced T,,; and
enzyme activity but not Ty,. This result suggests that the T,,;
transition is critical for retaining biological activity. The C137V
mutation destabilized the hydrophobic cluster and the salt bridge
that accompanies the hydrogen bond network of the C-lobe
(Figure 7e) that represents a platform for substrate binding.
Consequently, the C137V mutation drastically destabilized the
structure and thus caused a decrease in enzyme activity.

The C213V mutation as well as the C137V mutation sig-
nificantly reduced T, and enzyme activity but not T,,. The
movement of the hydrophobic core caused by the C213V
mutation destabilized the hydrogen bond network (Figures 6¢
and 7f). Consequently, helices aF and aG, known as the MAP
kinase insertion and involved in the other substrate binding site,
were moved away toward the solvent. Therefore, the observed
structural destabilization appears to have dramatically increased
the amount of unfolded protein and therefore the amount of
protein that was expressed in the insoluble fraction.

The C41V mutation as well as the C79V mutation gave no
improvement or deterioration of the properties of JNK1 and
moderately decreased the T, value. The M7 structure indicated
that the C41V mutation was tolerated by the high flexibility in the
glycine-rich loop region. This structural observation is consistent
with the biological result that the mutation had a negligible effect
on enzyme activity.

All cysteine-deficient mutations enforced structural changes
and had desirable or adverse effects on the thermal stability of
JNKI1. On the basis of AT, values for the T, transition, the
C245S and C116S mutations are stabilizing, the C79V mutation
is neutral, and the C163A, C137V, C213V, and C41V mutations
are destabilizing (T,,;). On the basis of AT, values for the T},
transition, the C245S, C116S, C163A, C137V, C213V, and
C41V mutations are neutral, and the C79V mutation is the only
residue destabilizing the T, transition. These experimental
results suggest that the C-lobe and the glycine-rich loop in the
N-lobe are attributed to the T,; transition domain, and the other
part of the N-lobe is assigned to the T, transition domain, and
that each transition is likely to occur independently. The T,
transition domain involves the substrate peptide and ATP
binding sites (Figure S and Table S3 of the Supporting
Information). The JIP1 peptide that binds specifically to the
C-lobe domain elevated the thermal stability represented by the T,
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value, whereas the T, transition domain involves the backside of
the active site and was not affected by peptide binding. The
dissection concerning the transition domains implies that the
addition of any interaction stabilizing the T, transition domain
is allowed to stabilize the JNKI structure, and thus, improvement
by other mutations of the T, transition domain deserves further
investigation.

From the point of view of enzymatic activity, the C245S
mutation is a gain of function mutation, the C163A, C79V, and
C41V mutations are neutral for function, and the C116S, C137V,
and C213V mutations are negative for function. It seems that
buried C137 and C213 may be a key for function; C79 and C41
can be substituted without an apparent effect upon function.
Because the reduction in the T, value in MS$ and M6 mutants
reduced the kinase activity and the reduction of T, seen with the
C79V mutation (Table 3) showed no effect on enzyme activity
(Table 3), it seems that T, values (in M1—M4) are important
for retaining kinase activity. The contribution of T,,; to retaining
enzyme activity is also underpinned by the result that the T,
shifted to a higher value via addition of the peptide (Figure 5).

Advantages of Cysteine-Deficient Mutants of Re-
combinant JNK1. The cysteine-deficient mutations improved
the chemical stability of the JNKI protein. In particular, re-
placement of all surface cysteines enhanced the chemical stability
to quite a large extent (Figure 3). Because buried cysteine
mutations had no effect on the chemical stability under the
conditions of the series of the experiments performed (Figure 3),
it is suggested that the surface cysteine residues promoted oligo-
merization whereas the buried cysteine residues did not
participate in the oligomerization (Figure 3).

The decrease in the level of oligomerization by surface cysteine
mutations seems to give a great advantage with higher
production yields. Indeed, the increasing number of cysteine
mutations gradually improved the protein production yield until
the third mutation (Table S2 of the Supporting Information).
Thereafter, additional mutations conferred no improvement or
had an adverse effect on the yield (Table S2 of the Supporting
Information). In other words, all surface mutations, C245S,
C116S, and C163A (M1—M3), enhanced production yields. The
expression of M3 occurred predominantly in the soluble fraction
(Figure 2b) and thereby conferred the largest amount of purified
material. Subsequently, the first buried cysteine mutation, C79V
(M4), retained a production yield that was similar to the yields
obtained for M3. The second buried cysteine mutation, C137V
(MS), gave rise to a moderately adverse effect on the production
yield, whereas the third and fourth buried cysteine mutations,
C213Vand C41V (M6 and M7), respectively, drastically reduced
production yields. The production yields of these cysteine mu-
tants were noticeably associated with the recovery in the soluble
fraction of the JNKI protein. The increase in the insoluble
fraction led to a decrease in the production yield of the wild-type
or mutant protein (Figure 2c and Table S2 of the Supporting
Information). In the production of bacteria, the insoluble protein
consists of unfolded or aggregated components triggered by the
intra- and intermolecular disulfide bond formation and non-
specific hydrophobic associations.”®> The improved production
yields particularly seen in the M3 and M4 mutants are considered
to originate from the combinational advantage of the chemical
and/or thermal stabilities of these mutants, in which chemical
stabilization protects the oxidation of surface cysteine residues
and thermal stabilization improves the recovery of the soluble
form of JNKI.
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Figure 8. Impact of the seven cysteine-deficient mutations on the chemical and thermal stabilities in the crystallization experiment. To evaluate the
amount of precipitant, the plus sign indicates the degree of precipitation and minus sign represents a small amount of precipitation. Chemical stability
estimated by the nonreduced SDS—PAGE experiments is shown by the plus sign. Thermal stability determined by the T, and T, is shown by the plus

sign as a stabilized state and by the minus sign as a destabilized state.

The stable JNK1 mutant gives us reason to investigate its
interaction with drug candidates by structural biology
approaches. The crystal size and the amount of precipitant of
the seven cysteine-deficient mutants indicated that both chemical
and thermal stabilities were essential for maintaining the stability
of the protein over a long period. Smaller crystals were acquired
in M1, M2, M6, and M7 with a large amount of protein precipi-
tant observed compared with that of M3 (Figure 8). The non-
reduced SDS—PAGE experiments implied that by chemical
instability, the M1 and M2 mutants even with higher thermal
stability were found to unfold and precipitate in the crystallizing
solution, and the crystal growth of these mutants was therefore
terminated. On the other hand, the DSC experiments conferred
that by thermal instability, the M6 and M7 mutants even with
higher chemical stability behaved the same as the M1 and M2
mutants. Consequently, the M3 mutant with both chemical and
thermal stabilities was the most stable during the crystallization
process, and thus, the largest crystals were obtained for this
mutant. Replacements of surface cysteine residues of JNKI also
allow us to evaluate reliably the interaction between JNKI and
drug candidates, especially in using physicochemical techniques.

Design of Cysteine-Deficient Mutations To Reserve
Enzymatic Activity and Protein Stability. The contribution
of each cysteine-deficient mutation to thermal stability varies
based upon the accessible surface area [ASA (Table 1)] of the Sy
atom of cysteine, which is classified into three categories, buried
(ASA = 0 A?), partially accessible (ASA < 10 A%), and accessible
(ASA > 10 A?) cysteine residues. Buried cysteine residue Cys83
of fibroblast growth factor-1 (FGF1) cannot be replaced with
alanine, serine, threonine, or valine without major effects on
thermal stability, although the C83S and C83T mutations of
FGF1 moderately enhanced the physiological halflife.”***3*
Likewise, the C137V and C213V mutations of JNK1 collapsed
the hydrophobic core and conferred major destabilization with
the reduction of the enzyme function, indicating that the cysteine
residues in the highly rigid region of JNK1 and FGF1 are hard to
replace with the other amino acid without a loss of thermal
stability. On the other hand, the valine substitutions of buried
cysteine residues Cys41 and Cys79 in the flexible region of JNK1
retained enzymatic function, but the effects on thermal stability
were different (i.e., slight destabilization in C41V and desta-
bilization in C79V). Altogether, the thermal stability of the
buried cysteine-deficient mutant seems to be extensively altered
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depending on the structural flexibility around the relevant
cysteine residue.

The partially accessible cysteine-deficient mutation has no
effect or a moderate effect on thermal stability. The C163A
mutation of JNK1 resulted in a moderate destabilization of the
structure (Table 3). However, the JIP1 peptide increased the T,
transition temperature of M3 and the wild type (Figure 5), and
thus, this mutation had little adverse effect on substrate recogni-
tion. The C163A mutation retained enzyme activity compared
with the M2 mutant and wild-type protein (Table 3), whereas the
C162S mutation of the p38a MAP kinase had significantly
reduced enzyme activity.”® The crystal structure revealed that the
mutated serine residue of p38a altered the configuration of
the hydrophobic pocket where the substrate was recognized.”®
The modeling study revealed that the C163V mutation of JNK1
would narrow the hydrophobic substrate-recognizing pocket and
likely reduce the activity as well as the p38a C162S mutation. The
C117S and C1171 mutations of FGF1 moderately decreased
thermal stability, but the C117V mutation retained that.****”
The hydrophobic pocket proximate to the Sy atom of Cys117
(ASA =9.7 A%) involving Val31, Leu72, and Leu73 of FGF1 likely
accommodates the valine rather than the serine or isoleucine.
Our results and the previous reports’**>*** reveal that the
mutation of the partially accessible cysteine possibly promotes
chemical stability with no critical impact on thermal stability.

The accessible cysteine residues Cys116 and Cys24S of JNK1,
which Sy atoms were largely exposing to the solvent, were
replaced with serine with enhancement of thermal stability
(Table 3). Furthermore, our results suggested that this mutation
certainly enhanced chemical stability (Figure 3). Therefore,
the accessible cysteine should be a first target for stabilizing the
protein sample.

The effect of the cysteine-deficient mutation on protein
stability greatly varies with the combination of the structural
flexibility and accessibility of the environment in which the Sy
atom of the cysteine residue is located. The results herein
together with the previous results™ >**%*" 7 cover most
aspects of the cysteine marginal environment and should provide
a valuable approach for stabilizing proteins possessing free
cysteine residues.

B SUMMARY

We studied the role of the cysteine residues in the biological,
chemical, and thermodynamic characteristics of JNK1, and the
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results were interpreted with structural information. The roles of
the cysteine residues in JNK1 were divided into three categories.
The first category includes surface cysteine residues C245, C116,
and C163. These residues have a negligible effect on the fold-
ing of the protein, except for local structural stabilization or
destabilization. The C245S, C116S, and C163A mutations, each
eliminating a surface reactive thiol (ie., free cysteine residue),
enhanced the chemical stability. The second category included
the buried cysteine residues C41 and C79. Both residues are
positioned in flexible regions and moderately contributed to the
thermal stability; however, both residues had no effect on
enzyme activity. Therefore, these two mutations enhanced the
chemical stability and will give great advantages in physicochem-
ical experiments used for the analysis of structure—function
relationships and drug screenings. Finally, the third category
includes the fully buried cysteine residues C137 and C213 in the
tightly filled hydrophobic region. These residues contribute sig-
nificantly to protein folding. Therefore, mutation of these residues
decreased the enzyme activity of JNKI, yet these mutations
promoted chemical stability.

The results presented here can be applied to other MAP
kinases and, together with the previous results, > to
intracellular proteins possessing free cysteine residues. Finally,
this technique should provide a valuable approach for increasing
production yields and stabilizing MAP kinase samples. Such
benefits should accelerate rational drug discovery.

B ASSOCIATED CONTENT
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X-ray data collection and structure refinement statistics (Table S1),
production yield of the wild type (MO) and cysteine-deficient
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