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Table S1. Rank and score of compounds reported to demonstrate TCS inhibitory activities and their corresponding Surflex score, rank,
and documented biological data.
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Fig. S1 The fragment-guided docking approach in Surflex. A portion of the co-crystallized ligand (shown
with the adenine moiety in the receptor PhoQ, PDB: 11DO0) is retained and utilized to guide the placement
of compounds in the active site.

/\ / N . A /. /
Fig. S2 The docked conformation of AMP-PNP in the active site of PhoQ superimposed with the adenine

moiety (orange) of the co-crystallized structure. The computed RMSD between these two moieties was
0.108.
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Fig. S3 Predicted binding poses of selected TCS inhibitors in the nucleotide-binding region of HKs. Some
portions of the protein have been cut away for clarity. (A) Compound 4 interacting with Asp449 in
receptor 1158. (B) The interaction of compound 15 with Asp411 in receptor 2C2A. (C) Asp4l5
interacting with inhibitor 20 in receptor 11D0. (D) Salt-bridge interaction formed between inhibitor 30
and Asp416 of 3CGY.
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Fig. S4 Cluster of guanidine-bearing compounds (26, 27, 30, 33) and their corresponding interactions
with Asp416 of PhoQ (3CGY; E. coli).
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A Autophosphorylation Inhibition
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B Autophosphorylation Inhibition
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Fig. S6 Competition of HK853 activity in the presence of guanidine derivatives 48 and 49. Each lane
contains 90 ng HKS853 (A) Increasing concentrations of 48 competed with B-ATPyS only at
concentrations greater than 800 M (B) Increasing concentrations of 49 competed steadily with B-
ATPyS.
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A Rescue
+ + + + + + + + + + + + + + + HK853 (0.4 uM)
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B Rescue
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B-ATPyS

C Rescue

+ + o+ + + + + + + + + + o+ + +  HK853 (0.4 uM)
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Fig. S7 Rescue of HK853 activity in the presence of inhibitory concentrations of compounds 3, 48 and
49. Each lane contains 97 ng HK853. (A) A constant concentration of compound 48 (800 uM) does not
show competitive effects on B-ATPyS activity-based labeling of HK853. The defects in lanes 2-4 are due
to a deformity in the gel (B) A constant concentration of compound 49 (800 uM) prevents approximately
60% B-ATPyS labeling of HK853. The difference between lanes 1 and 8 illustrates the effects of 49 on
the ability of HK853 to autothiophosphorylate. (C) NH125 (3) is marketed as an HK inhibitor, and
inhibition of HK autophosphorylation was shown in previous studies'. A constant concentration of
NH125 (3) (800 uM) prevents approximately 60% B-ATPyS labeling of HK853. The difference between
lanes 1 and 8 illustrates the effects of NH125 (3) on the ability of HK853 to autothiophosphorylate.
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Fig. S8 Aggregation analysis of HK853 in the presence of compounds 3, 48 and 49. (A) Native-PAGE
shows that HK853 aggregates in the presence of greater than 100 uM of compound 48. 95 ng of HK853
was loaded in each lane. (B) Crosslinking experiments also show 48 causes aggregation at concentrations
greater than 100 puM. 85 ng HKS853 was loaded per lane. The addition of Triton X-100 prevents 48-
induced aggregation (C) Native-PAGE shows that HK853 aggregates in the presence ~50 uM 49. 95 ng
of HK853 was loaded in each lane. (D) Crosslinking experiments also show that 49 causes aggregation at
concentrations of approximately 50 uM. 85 ng HK853 was loaded per lane. The addition of Triton X-100
prevents 49-induced aggregation. (E) Native-PAGE shows that HK853 aggregates in the presence of 50-
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100 uM NH125 (3). 95 ng of HK853 was loaded in each lane. The addition of Triton X-100 prevents
NH125 (3)-induced aggregation (F) Crosslinking experiments also show that NH125 (3) causes
aggregation at concentrations greater than 10 uM. 85 ng HK853 was loaded per lane. The addition of
Triton X-100 prevents NH125 (3)-induced aggregation.

HK853 (0.603 ug/rxn)
Triton X-100 (0.1%)
NH125 (3, 400 uM)
B-ATPyS (2 uM)

Fig. S9 Triton X-100 restoration of HK853 activity labeling. Since NH125 (3) was proposed to be a
nonspecific colloidal aggregator™, Triton X-100 was added to prevent NH 125-induced aggregation. As
judged by coomassie staining, there is even loading of protein in lanes 3 and 4. Lane 3 in the fluorescence
gel shows a drastic decrease in activity-based labeling; however, restoration of labeling was demonstrated
when detergent was added in lane 4. This supports that the mechanism of HK inhibition by NH125 (3) is
through aggregation. Additionally, Triton X-100 was used in aggregation experiments to restore HK853
to native oligomeric states. 90 ng HK853 was loaded per lane.
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A Autophosphorylation Inhibition
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+ o+
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s ———sE N

B Rescue

+ + + + + + + + + + + + HK853 (0.603 pg/rxn)

+ + + + + + + + + + + + + + +  HK853 (0.4 uM)
- + + + + + + + + + + + + + + 800 uM 50
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Fig. S10 Competition and rescue of HK853 activity in the presence of compound 50 (A) Increasing
concentrations of fragment 50 did not show competition with B-ATPyS. Each lane contains 90 ng
HKS853. The irregular band shapes in lanes 2 and 3 are due to a deformity in the gel. (B) A constant
concentration of fragment 50 (800 M) has no effect on B-ATPyS activity-based labeling of HK853. 97

ng of HK853 was loaded in each lane.
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A B

Aggregation (Native-PAGE) Competition

+ + + HKB853 (0.4 uM) 0 50 100 200 350 500 10002000 30004000 Guanidine (uM)
2002000 - Guanidine (uM) + + + + + + + + + + B-ATPYS(2uM)

+ + o+ o+ o+ o+ + o+ o+ + HKB853 (0.603 pgirxn)

1 2 3 4 5 6 7 8 9 10
Guanidine

Dimer

Monomer

Fig. S11. Analysis of guanidine for HK853 aggregation and competition with activity-based probe. Since
guanidinium salts can be used to denature proteins, we wanted to be sure that the guanidine group was not
causing denaturation, thus decreasing the activity of HK853. The molar ratio of guanidine:guanidine-HCI
is ~0.6:1. Guanidine-HCI was used to prepare known concentrations of guanidine, and the final pH was
8.5. (A) Native-PAGE shows that guanidine does not cause aggregation at concentrations as high as 2
mM. 85 ng HK853 was loaded per lane. (B) Increasing concentrations of guanidine were not shown to
affect the autothiophosphorylation of HK853, ensuring that decreases in labeling in activity-based
experiments were not due to guanidine-induced denaturation. Each lane contains 90 ng HK853. The
irregular band shapes in lanes 2-4 are due to a deformity in the gel.
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A Aggregation (Native-PAGE) B Aggregation (Crosslinking, SDS-PAGE)
- . . . + - + + - - - - - HKB53 (0.4 uM) . - - * . + + B - - * + - + ﬂmj uM)
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R s L
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Fig. S12. Aggregation analysis of HK853 in the presence of the fragment 50. (A) Native-PAGE shows
that HK853 does not aggregate in the presence of the fragment 50. 95 ng of HK853 was loaded in each
lane. (B) Crosslinking experiments also show that the fragment 50 does not cause aggregation. 85 ng
HK&853 was loaded per lane.
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A Competition
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+ + + o+ + + + o+ o+ o+ + + + + +  B-ATPyS (2uM)
+ + 4+ 4+ + + + + 4+ + + + + + + HK853(0.603 pg/rxn)
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+ + + + + + HK853(0.603 pg/rxn)

" 12 13 14 15

Fig. S13 Competition of HK853 activity in the presence of guanidine fragments 50 and 51. Each lane
contains 90 ng HK853 (A) Increasing concentrations of 50 competed with B-ATPyS (B) Increasing
concentrations of 51 competed with B-ATPyS.

Table S2. Competitive ABPP using 2 uM B-ATPyS (probe) and increasing concentrations of 51
(competitor) with HK853. Bands correlate to Fig. S13 B.

Integrated Density of Band

S1(mM) Fluorescence (AU)
0.00 271.17
0.05 205.95
0.10 177.52
0.20 216.84
0.40 188.02
0.60 221.99
0.80 212.36
1.00 186.24
2.00 200.62
3.00 188.26
4.00 165.37
5.00 162.81
6.00 139.09
7.00 103.35
10.00 86.01
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A Aggiegation (Native-PAGE)

+# + + + + + + + + + + + + HKBSI@D4pM
+ - - - - - - - - - % + TritonX-100 {0.1%)
0 D0DO00501 05 1 2 4 6 8 10 05 10 51(mM)

B Aggregation (Crosslinking, SDS-PAGE)
+ + + + + + + + + + + + + + HKB53(04uM)
$ < e = = - -+ %  Trton X-100 ©.1%)
8 0 00050105 1t 2 4 6 8 10 05 10 51(mM
+ 04+ 4+ 4+ 4+ 4+ 4+ o+ o+ 4+ 4+ BSM(40pM)
+ + 4+ 4+ + + 4+ 4+ + 4+ + + + + AmBic(20mM)

Dimer

Monomer

Figure S14. Aggregation analysis of HK853 in the presence of the modified fragment 51. (A) Native-
PAGE shows that HK853 aggregates slightly at concentrations between 4 and 8 mM of 51. 95 ng of
HK&853 was loaded in each lane. (B) Crosslinking experiments also show that compound 51 causes subtle
aggregation at concentrations in the low micromolar range only. 85 ng HK853 was loaded per lane.
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Docking-Based Virtual Screening
General

All molecular modeling operations were performed using SYBYL X2.0 on a quad-core Intel Core i3
workstation operating at 3.06 GHz equipped with 4 GB 1333MHz DDR 3 RAM. Visualization of docked

poses was accomplished using the latest available release of UCSF Chimera.

Docking of Compounds.

The active sites of all receptors were defined based on the coordinates of the co-crystallized ligand and
the Protomol Generation Mode in Surflex using default settings. A portion of the co-crystallized ligand
was retained and used as a guide for the placement of compounds into the active site during docking. The

Surflex-Dock parameters were configured as follows:

Max Conformations per Fragment: 10

Max Number of Rotatable Bonds per molecule: 50
Activated: Consider Ring Flexibility

Density of Search: 6.00

Maximum Number of Poses per Ligand: 10
Minimum RMSD Between Final Poses: 0.5

All other parameter were kept at their default values
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In Vitro Activity Assays

General Methods and Information

Reagents were obtained from J.T. Baker, Mallinkrodt, Sigma, IBI, VWR, EMD Biosciences, Bio-Rad and
Fisher. BODIPY-FL-ATPyS was purchased from Invitrogen, NH125 from Tocris Bioscience, and BS’-d,

from Thermo Scientific.

Experimental Methods

HKS853 Construct (Thermotoga maritima)

The HK853 histidine kinase protein construct was generated as described previously”
PCR Site-Directed Mutagenesis for Generation of HK853 D411A Construct™

The DNA synthesized for wild-type HK853 was used as a template. Sense and antisense primers that
originally coded for D411 were altered to alanine (See Table S3). Primers were ordered from New
England Biolabs. Two reactions were prepared in PCR tubes: 2.5 ng HK853 wild-type DNA template, 2.5
pL 2.5 mM dNTPs, 2.5 pL 10 X Pfu buffer, 14.65 pL nuclease-free water, and 0.25 pL 100 X Pfu. To
one tube, 2.5 pL of 5 uM mutant sense primer (FHJ088) and 2.5 pL of 5 uM outermost wild-type
antisense primer were added. To the other, 2.5 pL of 5 uM outermost wild-type sense primer and 2.5 pL
of mutant antisense primer (FHJ089) were added. The final reaction volumes were 25 pL. The PCR
reaction was 95°C for 60 s; 30 cycles of 95°C for 30 s, 56°C for 120 s, and 72°C for 90 s; and 72°C for
360 s. To amplify the mutated template, 0.5 pL of product from both the first and second tubes were
mixed with 5.0 puL 2.5 mM dNTPs, 5.0 uL of 5 uM outermost sense primer, 5.0 pL of 5 pM outermost
antisense primer, 5.0 pL of 10 X Pfu buffer, 28.5 pL nuclease-free water, and 0.5 pL. 100 X Pfu to a total
volume of 50 pL. The same PCR method was run. PCR product was purified, digested, and ligated into
the p-His-parallel vector as before.”” The DNA sequence was confirmed as successful through sequencing

at the Indiana Molecular Biology Institute. Additionally, transformation of p-His-parallel-HK853 D411A
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into E. coli strain BL21 (DE3)Rosetta, pLysS, and subsequent protein overexpression and purification
were performed as described previously’'. Overexpressed mutant protein is shown in Fig. S15, and the

final protein properties are shown in Table S4.

Table S3. Mutant primers used in PCR site-directed mutagenesis to generate HK853 D411A

Primer Sequence Comments
KEW026 TGAGAAAGACGGTGGTGTGCTGATCATCGTGGAGGATAATG Wlld'tﬁ’:l; sense,
Wild-type,
KEW027 GGTCCGGGATGCCGATACCATTATCCTCCACGATGATCAG .
antisense, Asp
FHJ08S TGAGAAAGACGGTGGTGTGCTGATCATCGTGGAGGCGAATG | Mutant, sense, Ala
FHJ089 GGTCCGGGATGCCGATACCATTCGCCTCCACGATGATCAG M“tantfl‘;tlsense’
190! 3 4
kDa : : =
80 == B
60 EE B
50 £ =S :
-
40 S EEkss3
i 22 D411A
30 Q e —
% == e
20 [ . :

Figure S15. HK853 D411A overexpression. The protein ladder is on the left, non-induced E. coli lysate
is in lanes 1 and 2 (two separate cultures), and induced E. coli lysate is in lanes 3 and 4 (two separate

induced cultures).
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Table S4. Final protein properties of the HK853 D411A mutant. Gray residues represent a polyhistidine
tag coded by the p-His-parallel vector. The red residue is the mutated alanine. Values for pl and

extinction coefficient are estimated.

. MW pl £
Protein Sequence (kDa) (M-cm )|

) JGAMENVTESKELERLKRIDRMKTEFIANISHELRTPLTAIKA
YAETIYNSLGELDLSTL'(EFLEVIIDOS\JHLENLLNELLDFSRLERKSLOINREKVDLCDLVESAV
HK853 D411A |[NAIKEFASSHNVNVLFESNVPCPVEAYIDPTRIRQVLLNLLNNGVKYSKKDAPDKYVKVILDEKD| 32.4 5.27 27,390
GGVLIIVEANGIGIPDHAKDRIFEQFYRVDSSLTYEVPGTGLGLAITKEIVELHGGRIWVESEVGK|

GSRFFVWIPKDRAGEDNRQDN

Circular Dichroism (CD) Spectroscopy of HK853 Proteins

Previous CD methods were used as guidelines for this procedure.** ** Using a Jasco J-715 CD
spectropolarimeter, CD spectra were acquired for purified HK853 wild-type and D411A proteins.
Proteins were exchanged into 10 mM potassium phosphate, pH 7.5, four times using 0.5-mL 10K Amicon
Ultra centrifugal filters (Millipore). The Bio-Rad DC Protein Assay was used to determine protein
concentrations, which were 0.111 mg/mL for HK853 wild-type and 0.110 mg/mL for HK853 D411A.
Buffer and protein solutions were filtered with 0.22-um Ultrafree-MC centrifugal filters (Millipore) to
ensure the removal of any particulates that could interfere with CD readings. Protein solutions were
loaded into a 0.1-cm quartz cuvette (Hellma), and spectra were obtained at 25°C. Each spectrum was
measured in triplicate with the following parameters: standard (100 mdeg) sensitivity, 190-270 nm range,
0.5 nm data pitch, continuous scanning mode, scanning speed of 100 nm/min, response of 1 s, 1.0-nm
bandwidth, and an accumulation of 4 scans. Spectra were smoothed using a Savitsky-Golay filter (15-
point smoothing window). Averaged buffer spectra were subtracted from the protein spectra. The CD data
in millidegrees were used to calculate mean residue ellipticity, [0], according to the following equation:
[0]= (millidegrees)/(path length in mm x concentration in M x number of amino acid residues).”” The final
units for mean residue ellipticity were deg cm” dmol”. Additionally, data from each CD spectrum (in
millidegrees) were submitted to Dichroweb for secondary structure analysis using SELCON3 and

26-28 .
reference set 4. Values for helices, strands, and turns from each spectrum were averaged, and error

S37



Electronic Supplementary Material (ESI) for Medicinal Chemistry Communications

This journal is © The Royal Society of Chemistry 2013

was reported as the standard deviation. NRMSD values for Dichroweb results ranged from 0.037 to

0.052.

30000

20000

-1

10000

2

Mean Residue Elllipticity
[6], deg cm™ dmol

-10000

-20000

190 200 210 220 230 240 250 260 270

—HK853
- HK853 D411A

Wavelength (nm)

Fig. S16 CD spectra of HK853 wild-type (pink) and D411A (purple) proteins scanned from 190-270 nm

shown as mean residue ellipticity.

Table S5 Estimated secondary structure of HK853 proteins (n=3)

Construct % a-helix % B-sheet % turn
HK853 wild-type 42.1+0.3 14.7+0.3 16.6 0.1
HKS853 D411A 443 +£0.5 14.1+04 16.6 £ 0.3
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Rescue ABPP analysis of NH125 (3), 48, 49, 50 and 51

All analogues except AMP-PNP were dissolved in DMSO, and the final DMSO concentration per sample

was no greater than 5% (v/v) as stated previously.

Purified HK853 (0.4 uM) in reaction buffer was incubated with a constant concentration (600 or 800 uM)
of analogue for 30 min. Individual samples were mixed with 1 pL increasing concentrations of B-ATPyS
(0.1-15 uM final concentration) and incubated at RT for 1 h in the dark to prevent fluorophore
photobleaching. After incubation, reactions were quenched with 2X SDS-PAGE loading buffer. Samples
were not heated before running on SDS-PAGE gels. After analyzing gels by fluorescence, they were

coomassie stained.
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Saturation Transfer Differential NMR Experiments

All NMR spectra were acquired at 298 K on a Varian DDR 600 MHz spectrometer operating at 599.8
MHz or a Varian DDR 800 MHz spectrometer operating at 799 MHz for 1H, both equipped with a Smm
triple resonance inverse detection probe with z-axis gradient. Saturation transfer difference (STD) spectra
were acquired using a standard Varian STD pulse sequence that subtracts NOE spectra from reference
spectra during the experiment.”” Saturation transfer time was 2 s using a 47 ms Gaussian pulse. Irradiation

was alternated between 0.73 ppm and 30.2 ppm for the NOE and reference portions, respectively.

Sample preparation

Ligand stocks were made with DMSO-ds and phosphate buffers were prepared in D,0.

Unless otherwise noted, each sample tube contained 5 mM ligand + 0.25 mM protein (20:1 excess of

ligand to protein) + 75 mM phosphate buffer in a 500 pL total volume D,O.
Determination of Ky Using STD-NMR

The approach of Angulo et al. was used to construct the binding isotherms of compounds 50 and 51 to
HKS853 using the initial growth rates approach (Tables S5 and S6)."' A variant of the STD-NMR
sequence was utilized for selective saturation and the acquisition of on- and-off resonance spectra.
Values of 0.73 ppm and 30.2 ppm were used for on- and off resonance frequencies, respectively. To
construct the STD buildup curves (Figs. S17 and S18), stock solutions of compounds 50 and 51 in DMSO
were titrated (DMSO did not exceed 1% v/v) into a sample of 0.53 uM HKS853 in 500 puL. D,O and
spectra were acquired at 25 °C using an array of saturation times of 1, 2, 3 and 4 s. The concentrations of
compounds 50 and 51 ranged from 0.6 — 4 mM and the samples were allowed to equilibrate for 15 min
between titrations. Plotting the initial slopes and fitting to a Langmuir isotherm yielded the
thermodynamic K4 values of 50 and 51.' Data were based on the aromatic protons of 50 (6.80-6.84 ppm)

and 51 (7.85-7.90 ppm) and processed using MestreNova 6.02.
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STD-AF [a.u.]

Table S5 Initial slopes of the STD build up curves for compound 50

Ligand concentration STD-AF ax K (s") STD-AF,
(mM)
0.6 184.56 0.68 124.50
0.8 229.83 0.58 132.45
1 307.37 0.44 135.41
2 587.79 0.42 244.66
4 1431 0.23 329.13
—&8—06mM
nl
800 -a— 08 mM i i
. ° 'ﬂ
600 =-=¥-=-20mM v i
==Pl==40mM . ] -
400
200
0

2

3

Saturation time [s]

Figure S17. STD-Buildup curves of compound 50’s binding to HK853.
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STD-AF [a.u.]

Table S6 Initial slopes of the STD build up curves for compound 51

Ligand concentration STD-AF ax K (s") STD-AF,
(mM)
0.6 156.17 0.35 53.97
0.8 158.55 0.42 67.25
1 187.77 0.37 69.81
2 327.32 0.25 82.41
3 394.31 0.24 94.37
T T T T —
250 |- | -@®--0.6 MM ﬂ- -
- 0.8 mM e : e
.-’ -
.’ v
200 F | __y.5 o T
=P -3 mM o
150 | et -
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Figure S18. STD-Buildup curves of compound 51’s binding to HK853.
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Measurement of STD Amplification Factors

The STD spectra were quantitatively analyzed by calculation of the STD amplification factors fyrp’> of

the averaged aromatic regions of a single sample containing 1 mM tyramine, ADP, 50 and 51 and 0.53

uM HKS853 in 500 pL D,0O. Peak processing was performed using VNMRJ.
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