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ABSTRACT: The c-Jun N-terminal kinases (JNKs) are evolu-
tionary highly conserved serine/threonine kinases. Numerous
findings suggest that JNK3 is involved in the pathogenesis of
neurodegenerative diseases, so the inhibition of JNK3 may be a
potential therapeutic intervention. The identification of novel
compounds with promising pharmacological properties still
represents a challenge. Fluorescence thermal shift screening of a
chemically diversified lead-like scaffold library of 2024 pure
compounds led to the initial identification of seven JNK3 binding
hits, which were classified into four scaffold groups according to
their chemical structures. Native mass spectrometry validated the
interaction of 4 out of the 7 hits with JNK3. Binding geometries and interactions of the top 2 hits were evaluated by docking into a
JNK3 crystal structure. Hit 5 had a Kd of 21 μM with JNK3 suggested scaffold 5-(phenylamino)-1H-1,2,3-triazole-4-carboxamide as
a novel and selective JNK3 binder.

■ INTRODUCTION

The c-Jun N-terminal kinases (JNKs), also known as stress-
activated protein kinases, belong to the mitogen activated
protein kinases (MAPKs) family where serine and threonine
are highly conserved.1,2 Human JNKs are encoded by three
genes jnk1, jnk2, and jnk3. JNK1 and JNK2 are ubiquitously
expressed, whereas JNK3 has much more limited expression,
primarily confined to the nervous system.3 JNK3 is involved in
the pathogenesis in neurodegenerative diseases, such as β-
amyloid processing and neuronal apoptosis in Alzheimer’s
disease4 as well as the mediation of neurotoxicity in the rodent
models of Parkinson’s disease.5 In particular, JNK3 knockout
mice exhibit amelioration of neurodegeneration and exhibit
neuroprotective effects in animal models,6−8 making JNK3 an
interesting therapeutic target for neurodegenerative disorders.9

During the past two decades, medicinal chemistry efforts have
led to a number of JNK inhibitors showing reasonable in vitro
profiles.10−15 However, due to the highly conserved adenosine
5′-triphosphate (ATP) binding site among JNKs and other
MAPKs, especially p38α MAPK and extracellular-regulated
kinase 2, highly selective JNK3 inhibitors are still rare.16,17

Examples of known ligands are summarized in Figure 1.
Therefore, the identification of novel scaffolds with acceptable
pharmacological properties still plays a significant role in JNK
related drug discovery.
The fluorescence thermal shift (FTS) assay is a fast, cost-

effective, and easy-to-operate platform for studies of protein−
ligand interactions.18 The FTS assay is based on the principle

that a protein unfolds at a critical temperature and a protein’s
thermal stability may increase when it binds to a ligand,
resulting in a rise in the unfolding temperature. The
temperature at which 50% of the protein has denatured is
designated as the melting temperature (Tm). A fluorescence
probe that binds to protein hydrophobic surfaces is used to
monitor protein unfolding and give a thermal melting curve. In
this manner, the changes in Tm are indicative of the ligand
binding affinity. Due to the broad scale of applicability and
combination with high throughput screening (HTS) techni-
ques, the HTS−FTS assay has gained widespread popular-
ity19−22 in the study of protein−ligand interaction, protein−
DNA interaction, protein stability investigation, and membrane
protein crystallography.

Received: January 17, 2022
Accepted: April 5, 2022
Published: April 14, 2022

Figure 1. Known JNK3 ligands.
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Native mass spectrometry (native MS) is a label-free, fast,
and accurate method that permits the direct observation of
noncovalent and covalent protein−ligand complexes.23−28 The
technique relies on nondenaturing electrospray ionization
(ESI) to generate multicharged proteins in their near-native
states.
It has been widely recognized that in silico approaches are

useful tools for drug discovery.29−32 Molecular docking can
predict the binding affinity of small molecules into the protein
binding site by evaluating ligand−receptor binding free
energy.33 AutoDock Vina34 provides an accurate and fast
way to visually examine predicted binding geometries that
contribute crucially to the further development of a lead
compound.
In this study, a chemically diversified assay-ready scaffold

library of 2024 lead-like pure compounds was used for an
HTS−FTS assay to explore novel JNK3 binding ligands.
Furthermore, native mass spectrometry was used to validate
the initial hits (17) and confirmed binding between
compounds 2, 3, 5, and 6 to JNK3. The ligand binding
geometries and interactions of the 2 strongest hits with JNK3
were visualized by molecular docking.

■ RESULTS
The FTS Assay Is Effective for the JNK3-Ligand

Screen. As not all proteins are amenable to FTS measure-
ments, we first subjected purified JNK3 to FTS with the
positive controls ATP and SP60012535 to evaluate the
performance of the FTS assay. Both ATP and SP600125
dramatically increased the Tm of JNK3 protein. The maximum
Tm shift induced by 500 μM ATP and SP600125 was about 4.6
and 12.7 °C, respectively, at a protein concentration of 2 μM.
More interestingly, the involvement of cofactor Mg2+

significantly increased the temperature shift of ATP, indicating
that Mg2+ is favorable for thermally stabilizing the transient
complex conformation (Figure 2). We also measured the FTS

denaturation profile at gradient concentrations of ATP and
SP600125, respectively, and ensured they elicited a dose−
response (Figure 2). Taken together, these findings established
the assay’s tractability to perform thermal unfolding experi-
ments to identify potential ligands for JNK3.
HTS−FTS Assay Yields Seven Compounds That

Thermally Stabilize JNK3 with Higher Potency than
ATP. Overall, 31 compounds (1.5% of the library) showed a
binding profile in which the ΔTm50 value exceeded 1.0 °C

through the two round HTS−FTS assay. As we aim to explore
ligands possessing considerable binding potency, the ΔTm50
value induced by native ligand ATP was set as the cutoff value
(2.73 °C). Eventually, seven compounds containing four new
scaffolds (Figure 3) met the above selection criterion with the

ΔTm50 values ranging from 2.99 to 4.77 °C (Figure 4A). The
JNK selective inhibitor SP600125 displayed the highest
temperature shift of 7.86 °C. It is also noted that when
comparing the melting curve of SP600125 with all seven hit
compounds, a steeper transition was shown for compound 1 by
a greater ΔTm10 value than that of ΔTm50 (Figure 4B). As

Figure 2. ΔTm50 values of JNK3 against a gradient concentrations of
SP600125 and ATP with/without MgCl2. The JNK3 protein
denaturation profile showed a dose-dependent effect at concen-
trations of 50, 100, 200, and 500 μM. The ΔTm50 value induced by
ATP significantly increased under MgCl2. Values shown are the mean
± SD (n = 3).

Figure 3. Chemical structures of the 7 initial hits. Four scaffold
skeletons are labeled (red).

Figure 4. HTS−FTS assay result of JNK3. (A) Graph of ΔTm values
of scaffold library hits determined at a compound concentration of
200 μM. Hit ligands are divided into four groups according to the
scaffold structure. ΔTm50 values of ATP and SP600125 are also
shown. Values shown are the mean ± SD (n = 3). (B) Normalized
melting curves for JNK3 protein with hit compound 1 and controls. A
steeper transition with 1 is shown by a greater Tm10 value than that of
Tm.
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ΔTm10 gives more information about the change in
cooperativity of the folding process, a steeper melting curve
indicated the JNK3 protein underwent a different change in
transition characteristics when binding with this ligand.
Interestingly, N-(1H-pyrazol-4-yl)thieno[2,3-d]pyrimidin-4-

amine (scaffold I) had four members (1−4) among the seven
compounds and was found to induce the highest temperature
shift compared to other compounds with the ΔTm values of
4.77, 4.25, 3.55, and 3.53 °C, respectively, indicating scaffold I
may have very promising JNK3 ligand binding potency. When
one compares the chemical structures in this group, it is
suggested that the 2-morpholinomethyl and 5-(thiophen-2-yl)
substitutions contribute more to binding potency while the
substitution on position 6 counts little whether it is hydrogen
or an alkyl group. The 5-(phenylamino)-1H-1,2,3-triazole-4-
carboxamide (scaffold II, compound 5) also showed excellent
binding potency with a ΔTm50 value of 3.38 °C. Indeed, there
were two more compounds with this scaffold ranked in the top
31 (ΔTm50 ≥ 1 °C); however, due to their different substituent
groups on the carboxamide nitrogen, the potencies were
weaker than ATP and subsequently not selected here. The last
two scaffold groups showed nearly equivalent potency with
ΔTm50 values of 3.00 and 2.99 °C, respectively. Scaffold III
(compound 6) has a triazolmethypiperidine moiety, and
scaffold IV (compound 7) is a piperidinecarboxamide
derivative. Although each scaffold has at least five different
candidate compounds in the screening library, all of the other
compounds induced only a slight Tm shift change. Thus,
scaffolds III and IV probably may not be a priority for future
lead optimization chemistry programs. In summary, the FTS
assay result suggested that scaffold I and scaffold II are

promising starting points for further medicinal chemistry
campaigns to explore novel JNK inhibitors.

Native Mass Spectrometry. An independent biophysical
technique was used to validate the binding of the compounds
to JNK3. The seven hits were tested against protein JNK3 (9
μM) by native MS, and protein−ligand complexes were
detected from 4 compounds with an affinity order of 5 > 2 > 3
> 6 (Figure S1). The binding affinity of the best compound 5
(scaffold II) was further investigated by a titration experiment.
Twelve concentrations of hit 5 at 0.01, 0.03, 0.1, 0.3, 1, 3, 10,
30, 50, 100, 200, and 500 μM were incubated with JNK3 (9
μM), and protein−ligand complexes were detected and
quantified by native MS (Figure 5A). The percentages of the
ligand-bound complex within the sample were used to plot a
dissociation curve from which a Kd of 21.0 ± 3.4 μM was
calculated (Figure 5B). Compound 2 (scaffold I) also showed
a moderate binding affinity to JNK3 with 68.6% protein
occupation with 100 μM ligand addition. Another native MS
screening has been conducted for compounds 1−7 against
protein STING (stimulator of interferon genes), which is
known to control the induction of the JNK pathway.36 No
binding was observed, indicating hits 2 and 5 may target the
JNK level directly (Figure S2).
We also calculated the molecular properties of hits 2 and 5

as listed in Table 1. The calculated total polar surface area
(TPSA) value of compound 2 was 66.5. As the TPSA value
ranging from 60 to 70 is a parameter index that tends to be
identified as central nervous system (CNS) active com-
pounds,37,38 compound 2 may be a likely a candidate as a
neurodegenerative disease therapeutic agent. The calculated
partition coefficient (clogP) values of compounds 2 and 5 are
2.72 and 2.97, respectively. Usually, a clogP value of less than 3

Figure 5. Determination of Kd between 5 and JNK3. (A) Overlay of the 12 mass spectra of JNK3 at a concentration of 9 μM incubated with
increasing concentrations of 5 (0.01−500 μM). (B) Plot of [P−L]/[P] + [P−L] versus ligand concentrations for the titration of JNK3 with 5. The
Kd was calculated as 21.0 ± 3.4 μM.
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suggests a probability of good intestinal permeability; thus,
these three compounds may possess better metabolism and
pharmacokinetic properties. Hit 5 has a TPSA value of 95.8,
which may indicate a minor CNS penetration property. It is
worth paying more attention to how to improve and optimize
pharmaceutical properties of hit 5 in future studies.
Molecular Docking of the Two Confirmed Strong Hits

against JNK3. Docking studies were pursued in order to gain
insight into ligand interactions with JNK3 kinase using
AutoDock Vina as described in the Experimental Section.
The crystal structure of JNK339 (PDB code: 1PMV with the
ligand SP600125 removed) was used for the docking study.
First of all, the docking quality was evaluated by comparison of
the docked pose and experimental pose of SP600125 in the
JNK3 crystal structure. The analysis of the best predicted
conformation of SP600125 (Figure 6) showed the ligand made

hydrogen bonds with the carbonyl oxygen of Glu147 (3.4 Å)
and the main chain nitrogen of Met149 (3.1 Å), which was in
accordance with the experimental data from the PDB structure
(2.8 Å each). The calculated binding energy of SP600125 was
the lowest (−9.2 kcal/mol) among all hit compounds, which is
in good accordance with the experimental data of the FTS
assay. Furthermore, the alignment of the best-docked
conformation with the crystal conformation yielded a root-
mean-square deviation (RMSD) of 0.8 Å, indicating the
docking simulation was able to reproduce the X-ray structure.
The analysis of the best docking poses of the two confirmed

strong hits 5 and 2 (Figure 7) revealed that they both docked
into the ATP binding pocket and formed hydrogen bonds with
some of the conserved residues in the JNK3 active pocket,
suggesting they are ATP-competitive ligands. The predicted
binding energy of each compound is relatively low (−8.0 kcal/

mol of hit 5 and −6.8 kcal/mol of hit 2), indicating
comparatively strong binding. The best docking pose (Figure
7A) of 5 (scaffold II) was predicted to make four hydrogen
bonds with JNK3: two with the glycine-rich region (main
chain nitrogen of Ala74 and Gln75 with a distance of 3.0 and
3.2 Å, respectively), one with the side chain nitrogen of
Asn152 in the hinge region of 3.1 Å, and one with the carbonyl
oxygen of Ser193 in the c-lobe of 3.4 Å. Moreover, the phenyl
substituent group was predicted to make hydrophobic
interactions with residues of Val78, Val196, and Leu206.
Scaffold I hit 2 was predicted to form two hydrogen bonds
with conserved residues of JNK3 of Asn152 and Glu147 of 3.4
and 3.2 Å, respectively. It is also predicted to interact with
conserved residues of Ala91, Val196, Met149, and Leu206.
Those residues that contribute to binding potency are highly

conserved in the ATP binding pocket. (Ile70, Ala74, Gln75,
and Val78 are seated in glycine-rich loops at the top of the
pocket; Ser193 and Val196 are seated in the C-lobe, and
Leu206 is located in the hydrophobic region. The most
important Glu147, Met149, and Asn152 are seated in the
hinge reign, which to a great degree determines the inhibitor’s
potency on selectivity and affinity.) Note that residues Val196,
Asn152, Glu147, Gln75, and Ile70 are not conserved in other
MAPKs12 (JNK3-V196 vs p38a-A157, JNK3-N152 vs p38a-
D112, JNK3-E147 vs p38a-H107, JNK3-Q75 vs p38a-Y35, and
JNK3-I70 vs p38a-V30); hence, this difference may contribute
to the selectivity for JNKs over other kinases. The molecular
docking result was essentially in agreement with experimental
data of FTS and native MS and further confirmed the binding
potency of two hits against the JNK3 protein in vitro.
The crystal structures of JNK1 and JNK2 (PDB codes:

1UKH and 4W4W, respectively) were used for a docking study
with hit 5. The calculated free binding energies were −6.3 and
−5.9 kcal/mol for JNK1 and JNK2, respectively. Since the free
binding energy of hit 5 was significantly stronger at −8.0 kcal/
mol for JNK3, the docking result suggests hit 5 has predicted
JNK3 selectivity compared to that of JNK1 and JNK2. There
were no significant predicted interactions in the best docking
pose of hit 5 with either JNK1 or JNK2 (Figure S3).

■ CONCLUSION
Many ATP-competitive JNK small molecule inhibitors have
been described in the last two decades; however, JNK3
inhibitors with high selectivity and considerable affinity are still
rare. Here, we presented an HTS−FTS assay platform for fast
identification of novel scaffolds and identified four new scaffold

Table 1. Calculated Parameters of Hits

compound ID clogPa TPSAa (Å2)

SP600125 2.52 41.1
2 2.72 66.5
5 2.97 95.8

aPredicted clogP and TPSA values were calculated by Molinspiration
Cheminformatics free web services: https://www.molinspiration.
com/.

Figure 6. Redocked mode of SP600125 superimposed with the
cocrystallized ligand (PDB code: 1PMV). Left: Overview. The
predicted ligand pose (yellow) agrees very well with the ligand pose in
the crystal structure (cyan) at an RMSD of 0.8 Å. The ligand is shown
as a stick model, and the residues, which form hydrogen bonds, are
shown as stick a model (tints). Right: Hydrogen bond interactions.
The predicted hydrogen bonds are shown in dotted lines (wheat)
with Met149 and Glu147 of 3.1 and 3.4 Å, respectively. The similar
pairs of hydrogen bonds in the crystal structure are shown in dotted
lines (cyan) with a distance of 2.8 Å each. Figures were generated
using PyMOL.

Figure 7. Simulated binding mode for hit compounds in the ATP-
binding domain of JNK3 (PDB code: 1PMV). (A) Scaffold II: hit 5.
(B) Scaffold I: hit 2. Ligand structures are shown as stick models
(cyan). The residues predicted to form interactions are shown as stick
models (gray). Nitrogen, oxygen, and sulfur atoms are shown in blue,
red, and yellow, respectively. Predicted hydrogen bonds are shown in
dotted lines; cutoff value = 3.4 Å. Figures were generated using
PyMOL.
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series containing seven compounds that potentially bind
against JNK3 protein. Aligned with our primary goal to
identify chemical starting points, we identified compounds that
elicited a ΔTm greater than that of ATP. Secondary screening
by an independent binding assay using native mass
spectrometry identified that four of the seven compounds
(scaffold I and scaffold II) formed ligand−protein complexes.
Hit 5 (scaffold II) ranked the top at a Kd of 21.0 μM, and the
molecular docking results suggested an ATP-competitive
ligand with JNK3 selectivity.

■ EXPERIMENTAL SECTION

Cloning, Expression, and Purification of Human
JNK3. A 1089-base pair DNA fragment encoding human
JNK3 (40−402 amino acids) was amplified from JNK3
synthetic construct GenBank ABK42248.1 using forward
primer 5′-TACTTCCAATCCAATGCTATGAGCAAAA-
GCAAGGTGGACAACCA-3′ and reverse primer 5′-TTATC-
CACTTCCAATGCTATTCTGAGTTCATTACCTCCTT-
GTAGA-3′. The resulting DNA fragment was cloned into
vector pMCSG7, which incorporates an N-terminal his-tag
followed by a Tobacco Etch Virus (TEV) protease recognition
site using ligase-independent cloning (LIC), and transformed
into E. coli BL21 (DE3) cells. The cells were cultured at 37 °C
in Luria−Bertani (LB; Oxoid Ltd., Yeast Extract cat. LP0021,
Tryptone cat. LP0042) medium containing 100 μg/mL
ampicillin until the OD600nm reached 0.8. The target protein
was induced with 0.2 mM isopropyl-b-D-thiogalactoside
(IPTG; Sigma cat. I5502) at 16 °C overnight. The cells
were harvested by centrifugation at 4680g for 30 min. The
pellets were resuspended in phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 50 mM Na2HPO4, 10 mM
KH2PO4, pH 7.4) and lysed by sonication. Cell debris was
removed by centrifugation at 38 900g for 20 min. The clarified
supernatant was loaded onto a Ni-NTA column (GE
LifeSciences cat. 17-5248-01), which was pre-equilibrated
with PBS. After washing with 100 mL of binding buffer (PBS)
followed by 50 mL of washing buffer (PBS containing 20 mM
imidazole), the target protein was eluted with 10 mL of elution
buffer (PBS containing 300 mM imidazole, Sigma cat. I5513).
The target proteins collected above were then concentrated
and loaded on a Superdex G75 size exclusion chromatography
column (GE LifeSciences cat. 17-1068-01) equilibrated with
20 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES; Sigma-Aldrich cat. 83264), pH 7.5, and 150 mM
NaCl. Fractions containing the protein were pooled,
concentrated, aliquoted, and stored at −80 °C.
Fluorescence Thermal Shift Assay. The HTS−FTS

assay of JNK3 was conducted on a 2024-member compound
library that was provided by Compounds Australia, Griffith
University. Cluster analysis of a 34 000-member library
containing 1200 unique nonflat scaffolds was used to provide
the representative subset. The compounds were purchased
from ChemDiv and Enamine. Each compound was supplied at
5 mM concentration in dimethyl sulfoxide (DMSO; Sigma cat.
D9170), and 1 μL was added to separate wells of 96-well PCR
plates (Bio-Rad Laboratories cat. HSP9601). After the first
round of the HTS−FTS assay, the initial hit compounds were
supplied and prepared as above but screened in triplicate in the
second round of HTS in order to test the reproducibility. All
controls were set up in triplicate for every run. Native MAPK
family substrates ATP (Sigma cat. A2383) and JNK selective

inhibitor SP600125 (Sigma cat. 420119) were used as positive
controls.
Purified concentrated JNK3 protein was appropriately

diluted in assay buffer containing 50 mM HEPES, pH 7.5,
150 mM NaCl, and 1000 diluted SYPRO Orange dye (Sigma
cat. S5692) to a resultant protein concentration of 2 μM. The
24 μL protein−dye mixture was dispensed into each well of the
PCR 96-well plates (preformatted with 1 μL of compound per
well as described above) with a Biomek FXP liquid handling
platform (Beckman Coulter Life Sciences). The final reaction
volume was 25 μL per well with a final DMSO concentration
of 4% v/v, and the compound−protein ratio was approximately
100:1. The plates were sealed and then shaken at room
temperature for 30 min away from light and centrifuged before
the assay.
The FTS assay was performed on a real-time PCR

instrument (Bio-Rad Laboratories Type CFX96). The
fluorescence signals as a function of temperature were recorded
in the fluorescence resonance energy transfer (FRET) mode in
which the fluorescence intensity was measured with excitation/
emission of 450−490/560−580 nm. The temperature gradient
was set in the range of 20−75 °C with a ramp of 0.5 °C over
the course of 15 s. The Boltzmann model was used for plotting
melting curves of JNK3 protein to obtain the midpoint of the
thermal unfolding value for JNK3 using the curve-fitting
software XLfit5 (ID Business Solutions Ltd.). Compounds
with a positive ΔTm higher than 1.0 °C in the first round were
moved to the second round assay. Eventually, compounds with
a positive ΔTm higher than that induced by ATP were
considered as final hits for further analysis.

Native Mass Spectrometry Assay. The JNK3 protein
(41.9 kDa) was buffer-exchanged into ammonium acetate
buffer (200 mM) under nearly physiological conditions (pH
7.0) using size exclusion chromatography prior to the ESI−MS
analysis. Protein concentration after buffer exchange was 10
μM.
Experiments were performed on a Bruker SolariX XR 12 T

Fourier transform ion cyclotron resonance mass spectrometer
(ESI-FT-ICR-MS) (Bruker Dal-tonics Inc., Billerica, MA)
equipped with an automated chip-based nanoelectrospray
system (TriVersa NanoMate, Advion Biosciences, Ithaca, NY,
USA). Mass spectra were recorded in positive ion and profile
modes with a mass range from 50 to 6000 m/z. Each spectrum
was a sum of 16 transients (scans) composed of 1 M data
points. All aspects of pulse sequence control and data
acquisition were controlled by Solarix control software in a
Windows operating system.

Kd Study. One μL of compound 5 (concentrations of 0.1
μM, 0.3 μM, 1 μM, 3 μM, 10 μM, 30 μM, 100 μM, 300 μM,
500 μM, 1 mM, 2 mM, and 5 mM in methanol) was mixed
with 9 μL of JNK3 (10 μM in 200 mM ammonium acetate
buffer) and tested by native mass spectrometry after a 30 min
incubation. The final concentrations of ligand were 0.01, 0.03,
0.1, 0.3, 1, 3, 10, 30, 50, 100, 200, and 500 μM, and the final
concentration of protein was 9 μM. The percentage of ligand-
bound protein was determined using the following equation: %
ligand-bound protein = [P−L]/([P] + [P−L]), where [P−L]
is the total intensity of the protein−ligand complex and [P] is
the total intensity of the apoprotein for a single charged state.
A binding curve was generated (ligand concentration against
the percentage of ligand-bound protein), and nonlinear
regression using the following equation was fit in GraphPad
Prism: Y = Bmax × X/(Kd + X).
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Molecular Docking. Docking was performed using
AutoDock Vina.34 The three-dimensional crystal structure of
complex JNK3−SP600125 was downloaded from the Protein
Data Bank (https://www.rcsb.org; PDB ID: 1PMV). The grid
size for docking measured 22 × 22 × 22 Å to cover all binding
possibilities inside the ATP-binding pocket. The x, y, and z
dimensions of the center grid box are center_x = 19.9 Å,
center_y = 28.3 Å, and center_z = 19.6 Å. The docking
method was first verified by the location of the redocked X-ray
ligand SP600125. For hit ligand docking, the flexibility ligands
were applied at their torsional angle using Python Molecular
Viewer with the Molecular Graphics Laboratory (MGL) tools.
Each docking was run individually with ten poses, and the best
docking pose was selected on the basis of both the binding
affinity score and the binding orientation. The crystal
structures of JNK1 and JNK2 (PDB codes: 1UKH and
4W4W, respectively) were used for docking as above. Figures
were generated using PyMOL (www.pymol.org).
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