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The cyclic dinucleotide c-di-GMP is now recognized as a major
bacterial messenger that mediates a variety of cellular behav-
jors such as virulence expression and biofilm formation.' The
cellular concentration of c-di-GMP is controlled by the digua-
nylate cyclase (DGC) activity of GGDEF domain proteins and
the c-di-GMP phosphodiesterase (PDE) activity of EAL or HD-
GYP domain proteins.”) GGDEF domains catalyze the synthesis
of ¢-di-GMP from GTP, whereas EAL and HD-GYP domains cata-
lyze the hydrolysis of c-di-GMP to generate 5-pGpG and GMP
(Figure 1A). Cellular c-di-GMP exerts its effect by binding to
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Figure 1. C-di-GMP metabolism and structure of the EAL;,x domain. A) Syn-
thesis and degradation of c-di-GMP by diguanylate cyclases (DGCs) and
phosphodiesterases (PDEs). B) Structures of free (gray) and c-di-GMP-bound
(black) EALg;x protein with the labeling sites highlighted. C-di-GMP is
shown as sticks. Note that only the surface of the free-EAL,x is shown and
that the helix o, for the c-di-GMP-bound structure is missing due to the un-
folding of the helix.

cellular targets such as enzymes, transcriptional factors, PilZ
proteins, and riboswitches.®'? Today, c-di-GMP signaling re-
mains a flourishing research field with many aspects of the c-
di-GMP signaling network yet to be fully unveiled.

Bacterial cells usually contain multiple copies of genes that
encode c-di-GMP signaling proteins, many of which harbor cat-
alytically incompetent GGDEF or EAL domains. Many of the
GGDEF-, EAL- and HD-GYP-domain proteins also contain regu-
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latory domains that modulate the enzymatic activity of the cat-
alytic domains. Hence, in vitro assay of the enzymatic activities
is often necessary in order to elucidate the cellular function of
the proteins. Currently, in vitro assays of the enzymatic activi-
ties of GGDEF-, EAL- and HD-GYP-domain proteins require the
use of radio-isotope-labeled c-di-GMP or HPLC to quantify c-di-
GMP.[13—19]

It is increasingly clear that c-di-GMP plays important roles in
mediating the pathogenicity of human pathogens such as
Vibrio cholerae, Pseudomonas aeruginosa and Klebsiella pneu-
monia.?**% Hence, some c-di-GMP signaling proteins can be
exploited for the development of antibacterial agents. The de-
velopment of easy methods for screening the inhibitors of the
¢-di-GMP signaling proteins will facilitate lead discovery. Here
we describe the design of a reagentless fluorescent biosensor
for the detection of this important messenger molecule by
using a natural c-di-GMP binding protein scaffold. We demon-
strate that the highly sensitive biosensor can be used not only
for the fast enzymatic assay of DGC and PDE activities, but also
for the screening and characterization of inhibitors.

Labeling ligand-binding proteins with fluorescent dye is a
knowledge-based strategy for constructing biosensors.”*= To
design the fluorescent biosensor for c-di-GMP, a variety of c-di-
GMP binding proteins were considered. The noncatalytic EAL
domain of the type IV pili protein FimX®" from P. aeruginosa
was chosen for the following reasons. First, the EAL domain of
FimX (EALgny) binds c-di-GMP  with high affinity (Ky=
120 nm),*233 which is ideal for the design of a biosensor with
high sensitivity. Second, the free-standing EAL;,x domain is a
small (28 KDa) monomeric protein that exhibits great stability
in solution. Third, the crystal structures of EALgx in the c-di-
GMP-free and -bound forms have been determined;®? this
allows us to take a rational design approach. Finally, binding of
c-di-GMP in the EALg,x domain induces some local structural
changes that can be exploited for the development of a fluo-
rescent-dye-labeled biosensor.

Comparison of the crystal structures of EALg,.x with and
without c-di-GMP bound (PDB ID: 3HV8 and 3HV9) suggested
that the binding of c-di-GMP does not induce large global
structural changes in EALg,>? Instead, it causes some local
conformational changes that include side-chain rotation and
structure remodeling in the N-terminal lobe region (Figure 1B).
Several surface-exposed residues (Glu487, His495, Lys498,
GIn623) located near the c-di-GMP binding pocket undergo
significant re-positioning or side-chain rotation. We reasoned
that the position or orientation of an environmentally sensitive
fluorescence dye attached to these sites could be affected by
¢c-di-GMP binding, thus resulting in changes in the emission
spectrum. Two additional residues, GIn449 and GIn484, were
chosen for labeling because they are situated near the helix o,
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that undergoes unfolding upon c-di-GMP binding. Two fluores-
cent dyes, N-(2-(1-maleimidyl)ethyl)-7-(diethylamino)coumarin-
3-carboxamide (MDCC) and 6-iodoacetamidofluorescein (6-
IAF), were chosen because their fluorescence is sensitive to
changes in the surrounding microenvironment and the thiol
reactive dyes are readily available for the preparation of the
protein—dye conjugate. Six mutant proteins, each containing a
single cysteine residue, were prepared for dye labeling. Exclud-
ing the 449-MDCC, 498-MDCC, and 498-6IAF constructs that
exhibited low labeling yield or poor stability, nine protein-dye
conjugates were prepared for further assessment.

The performance of the protein-dye conjugates was evaluat-
ed by fluorescence titration. The fluorescence intensity of all
the fluorophore-labeled proteins decreases upon c-di-GMP
binding (Figure 2 A). The ones with the most significant reduc-
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Figure 2. Fluorescence titration and binding affinity measurement. A) End
point measurement of c-di-GMP-induced fluorescence changes for nine dye-
conjugated biosensors. B) Fluorescence titration for 484-MDCC. Data were fit
to a 1:1 binding model to yield a dissociation constant (K,) of 1772+90 nm
when 0.5 um of biosensor was used. C) Linear fluorescence titration curve
obtained under the conditions of [c-di-GMP] < 3 um and [biosensor]

(10 um) > K. Titration conditions: 10 mm mPBS, 137 mm NaCl, 2.7 mm KCl,
pH 7.0, 23°C.

tion are 484-MDCC and 484-6IAF, with decreases of 45 and
40%, respectively. For the other seven constructs, the reduc-
tion in fluorescence ranges from 3 (623-6IAF) to 30% (449-
6lAF). Fitting the titration data for the best performer, 484-
MDCC, to a one-site binding model yielded a dissociation con-
stant (Ky) of 172+90 nm (Figure 2B). MDCC-484 was further
characterized by mass spectrometry and showed a mass of
30654.8 Da (calculated mass for the Hiss-tagged protein conju-
gate: 30655.7 Da) with >90% dye labeling efficiency. Impor-
tantly, the presence of mono-, di-, tri-phosphate nucleotides or
cyclic monophosphate nucleotides did not interfere with the
performance of 484-MDCC; this indicates that the high selec-
tivity toward c-di-GMP is not affected by the presence of the
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dye. Under the conditions of [c-di-GMP]< 3 um and [biosen-
sor]>Kj, a linear relationship is maintained between fluores-
cence intensity and [c-di-GMP] (Figure 2C). This may be used
as a standard curve; thus the biosensor provides a simple alter-
native to the current method of quantifying cellular c-di-GMP
by liquid-chromatography mass spectrometry (LC-MS).2¥

We tested whether the best-performing MDCC-484 can be
used to assay the enzymatic activities of DGC and PDE pro-
teins. To be practically useful for enzymatic assay, the biosensor
must be stable over the course of the enzymatic assay and
able to respond to the formation of enzymatic product or de-
pletion of substrate in a near real-time fashion. 484-MDCC is
rather stable under the experimental conditions, as evidenced
by the negligible change in fluorescence signal after long incu-
bation (>2 h). Using the PDE protein RocR (P. aeruginosa) and
the DGC protein DGC2 (A. xylinum) as model systems,">'" we
found that 484-MDCC is capable of reporting the synthesis of
¢-di-GMP by DGC2 and the degradation of c-di-GMP by RocR
in real time. As shown in Figure 3A and C, the decrease in fluo-
rescence in the DGC2 assay indicates the accumulation of c-di-
GMP; whereas the observed increase in fluorescence for RocR
indicates the depletion of c-di-GMP. Importantly, fluorescence
intensity increases or decreases almost instantly upon the addi-
tion of GTP or c-di-GMP. The dependence of the rate on sub-
strate concentration also indicates that the biosensor is capa-
ble of reporting the dose-dependent change of enzymatic ac-
tivities. The linear relationship between concentration and fluo-
rescence intensity illustrated in Figure 2C allows the calcula-
tion of initial velocities (V, ummin™') from the slopes of the
curves in Figure 3A and C. Parallel HPLC enzymatic assays
yielded similar V; values; this indicates that the binding of c-di-
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Figure 3. Assay of DGC and PDE enzymatic activities using the 484-MDCC
biosensor. A) Substrate concentration-dependence of the DGC activity of
DGC2; @: 0.5, 0: 1.0, ¥: 3.0, A: 5.0, m: 10.0 pm. B) Michaelis—-Menten plot for
DGC2. Inset: Lineweaver-Burk plot. C) Substrate concentration dependence
of the PDE activity of RocR; 0: 4.0; m: 3.0, A: 2.0, ¥: 1.5, 0: 1.0, @: 0.5 pm.
D) Steady-state kinetics measurements for RocR. Reaction conditions:

100 mm Tris-HCIl, 50 mm KCl, pH 8.0, 23°C.
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GMP to biosensor is not rate-limiting. The initial velocities were
plotted against substrate concentrations to obtain steady-state
kinetic parameters (Figure 3B, D). V. (0.4 pmmin™') and K,
(2.3 um) were readily obtained for DGC2. Note that the values
are different from those reported for DGC2 previously,"® large-
ly because the protein used in the current study was signifi-
cantly stabilized by the use of detergent in protein preparation
(Koh et al., unpublished results). As for RocR, only the second-
order rate constant or specificity constant k./Ky (or V.../Kw)
could be obtained because Ky, (3.2 um)!'” is close to the upper
limit of [c-di-GMP] (3 um) that can be detected by the biosen-
sor in the linear range. If k., and K, need to be measured, the
3 uMm upper limit can be raised by weakening the binding
through mutagenesis. The continuous-assay method with the
biosensor is much faster than the traditional enzymatic-assay
methods for PDE and DGC proteins, and does not require the
preparation and use of radio-isotope-labeled substrate.
C-di-GMP is known to mediate pathogenicity and biofilm
formation in many pathogenic bacteria.*?"*) DGCs and PDEs
are currently being considered as potential targets for develop-
ing antimicrobial drugs to suppress virulence expression or
control biofilm formation. A facile method of screening for in-
hibitors of DGC and PDE proteins would be advantageous. By
using a fluorescence multi-plate reader, we demonstrate that
the 484-MDCC biosensor can be used for the fast screening of
enzyme inhibitors. For example, in an end-point measurement
experiment with a collection of nucleotides, the GTP analogue
guanosine-5"-O-(1-thiotriphosphate) (Rp-GTP-a-S) was quickly
identified along with GDP as having a significant inhibitory
effect on DGC2 (Figure 4 A). The inhibitory effect was validated
by measuring the enzymatic efficiency by the traditional HPLC
method (data not shown). Curiously, we observed an enhanced
fluorescence decrease for CTP and TTP. Because no interfer-
ence was observed for CTP and TTP in the titration experiment,
such a phenomenon is likely due to the interaction of the nu-
cleotides with DGC2 rather than with the biosensor. We specu-
late that the two nucleotides might interact with the flavin-
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Figure 4. Inhibition measurement with the 484-MDCC biosensor. A) Screen-
ing of the inhibitors for the DGC protein DGC2 by using a Tecan Infinite 200
PRO fluorescence multi-plate reader and 96-well plates. Experimental condi-
tions: reaction time =10 min, 100 mm Tris-HCI, 50 mm KCl, pH 8.0, 23°C.

B) Measurement of the 1C,, value of the inhibitor Ca?>* for RocR. The data
were fit to a one-site inhibition model to yield the ICy, value. Experimental
conditions: 100 mm Tris-HCl, 50 mm KCl, pH 8.0, 23°C.
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binding PAS domain of DGC2 and modulate the activity of the
GGDEF domain. In another experiment, we showed that 484-
MDCC can be used for the characterization of inhibitors by
using it to measure the ICs, of Ca?" for RocR. This ion is known
to be an effective inhibitor of the EAL-domain-containing
PDEs, presumably by replacing the catalytic Mg* ion.'*'” The
initial velocities of RocR at various CaCl, concentrations were
measured. The data were fit to a sigmoidal dose-response
model to give the ICs5, (141 £10 um; Figure 4B). Together, the
two experiments demonstrate that the 484-MDCC sensor is a
useful tool for the screening and characterization of enzyme
inhibitors.

Considering that Cys484 is not located in the c-di-GMP bind-
ing pocket, the observed fluorescence change upon the bind-
ing of c-di-GMP cannot be attributed to the exclusion of
MDCC from the c-di-GMP binding pocket. Hence, it is not im-
mediately apparent how the binding of c-di-GMP causes a de-
crease in the fluorescence intensity of the dye tethered to
Cys484. We performed modeling studies with the knowledge-
based Rosetta Design package,®**® which employs a Metropo-
lis—-Monte Carlo search method to explore the possible binding
mode of MDCC on the surface of c-di-GMP-free EALy.x (PDB
ID: 3HV9). Instead of treating the MDCC-modifying Cys484 as a
noncanonical amino acid that requires the creation of a rota-
mer library for conformation sampling,®” we generated a con-
former library of MDCC and imposed a distance constraint on
the electrophilic carbon atom of MDCC and sulfur atom of
Cys484 to mimic the covalent linkage. With the randomly gen-
erated starting protein-MDCC structures all having MDCC
placed close to protein surface, simultaneous sampling of the
side-chain conformations and MDCC position generated
models (decoys) that were ranked by the total score and pro-
tein-MDCC interaction energy. The lowest interaction energy
was found when MDCC was tucked under the terminal helix o,
(Figure 5A). According to the model, interactions between
MDCC and several nonpolar residues are likely to contribute to
the stabilization of this low-energy conformation (Figure 5B).
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Figure 5. Model of the 484-MDCC sensor in the c-di-GMP-free state. A) The
lowest-energy model with the MDCC dye tucked under helix o,. B) Interac-
tion between MDCC and the residues of helix a,. The stabilization and pro-
tection from helix o, would be lost when the binding of c-di-GMP triggers
the unfolding of the helix.
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In the light of the crystallographic observation that helix o,
unfolds upon c-di-GMP binding (Figure 1B),*? the modeling
results would suggest that the reduction in fluorescence inten-
sity upon c¢-di-GMP binding is caused by the “melting” of
helix o, and is accompanied by an increase in polarity in the
surrounding microenvironment for MDCC.

In summary, we have described here the design of a pro-
tein-based c-di-GMP fluorescent biosensor that takes advant-
age of the local structural changes in a ¢-di-GMP-binding EAL
domain scaffold. Covalent modification of the protein with a
fluorophore at various sites led to the identification of a pro-
tein-dye conjugate (484-MDCC) that responds to c-di-GMP
with high sensitivity (sub-um Ky) and high selectivity in real-
time. We have demonstrated that the biosensor can be used
not only for the facile assay of the enzyme activities for c-di-
GMP signaling proteins, but also for the measurement of 1Cs,
and high-throughput screening of enzyme inhibitors. We
expect the biosensor to be a valuable tool for the study of c-
di-GMP signaling proteins and the development of inhibitors
targeting c-di-GMP signaling pathways.

Experimental Section

Cloning, expression and purification of the EALg,,, protein: The
DNA encoding EALg.x (FimXsi_0:) Was amplified from the full-
length fimX gene by PCR and cloned into pET-28b vector (Nova-
gen). Prior to the mutation of the labeling sites, the intrinsic cys-
teine residues at positions 590 and 599 were mutated to serine by
using KAPA HiFi DNA polymerase. The plasmid was used as the
template for mutagenesis to introduce the six cysteine sites for la-
beling: Q449C, Q484C, E487C, H495C, K498C and Q623C. The plas-
mids were transformed into Escherichia coli BL21(DE3) by using
heat shock. For protein expression, the transformed E. coli was
grown in lysogeny broth (LB; 2 mL) supplemented with kanamycin
(50 mgL™") and grown overnight at 37 °C with shaking at 200 rpm.
The seed culture was then used to inoculate culture (0.8 L) with ka-
namycin (50 mgL™") and grown at 37°C and 200 rpm to reach an
ODgoo NM of 0.8. The culture was induced with IPTG (0.5 mm) and
incubated at 16°C and 160 rpm for 20 h. The cells were then spun
down at 11300g for 8 min. The cell pellet was collected and sus-
pended in lysis buffer (10 mL, 50 mm Na,HPO,, 300 mm NaCl, 10%
glycerol, 1 mm dithiothreitol (DTT)). The cell suspension was lysed
by sonication, spun down at 48400 rpm for 30 min. The superna-
tant was then filtered through a 0.45 um cellulose filter. The filtrate
was incubated with buffer (1 mL) containing nickel-nitrilotriacetic
acid (Ni-NTA) resin for 1 h at 4°C. Resins were packed onto a small
column and washed with lysis buffer supplemented with a gradi-
ent of imidazole (0-50 mm) and finally eluted with imidazole
(300 mm). The fractions that contained the recombinant protein
were treated with the c-di-GMP phosphodiesterase RocR (along
with 10 mm MgCl, and 10 mm DTT) to remove the trace amount
of ¢c-di-GMP bound by the protein. The protein mixture was incu-
bated on ice for three hours before the protein was purified by
gel-exclusion chromatography on an AKTA FPLC system equipped
with a Superdex 200 HR 16/60 column (GE Healthcare). The protein
was concentrated for storage and fluorescent dye labeling.

Cloning, expression and purification of DGC and PDE proteins:
The expression and purification of the c-di-GMP phosphodiesterase
RocR has been described previously.">'" The DGC2 gene was
inserted into pET-28b(+) between the Ndel and Xhol sites."® The
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plasmid was transformed into E. coli BL21 (DE3) by heat shock. The
cells were grown in LB with kanamycin (30 mgL™") at 37°C, over-
night. 1% of the overnight culture was then inoculated into LB
(800 mL), and the cells were grown at 37 °C with vigorous shaking
(200 rpm) until the ODg,, reached 0.6. The supplement riboflavin
(1 ngL™") was added to the culture before IPTG induction (0.5 mm),
and the culture was grown at 16 °C for 16-18 h. The cells were har-
vested by centrifugation at 11300g for 15 min. All the subsequent
purification steps were performed at 4°C. The cell pellet was resus-
pended in lysis buffer (50 mm phosphate, 200 mm NaCl, 5 mm f3-
mercaptoethanol, 5% glycerol, 1% Triton X-100, 0.2 mm phenylme-
thanesulfonylfluoride, 20 mm imidazole, pH 7.0) and lysed by soni-
cation. After the solution had been centrifuged at 48400g for
30 min, the supernatant was filtered and then loaded onto pre-
packed Ni-NTA resin. The resin was washed with a gradient of imi-
dazole (0-50 mm) and eluted with imidazole (600 mm). The protein
was desalted and exchanged into the final buffer (50 mm Tris-HCl,
50 mm NacCl, 10% glycerol, 1 mm DTT, pH 8.0) either on a PD-10 or
a Superdex-200 column (both GE Healthcare). The resulting yellow
protein was concentrated in an Amicon concentrator (Millipore),
aliquoted and stored at —80°C.

Protein modification by thiol reactive fluorophores: The purified
protein was exchanged into the modified phosphate-buffered
saline solution (mPBS; 137mm NaCl, 2.7mm KCl, 537 mwm
Na,HPO,, 1.76 mm KH,PO,, pH 7.0, degassed with N, for 30 min).
The protein solution was treated with tris-(2-carboxyethyl)phos-
phine (TCEP, 50 mm) for 30 min on ice to ensure that the thiols
were reduced. The protein solution was buffer exchanged twice
with mPBS containing TCEP (2 mm) and moved into an anaerobic
chamber. The fluorescent dye was dissolved in DMSO to prepare a
10 mm solution. The solution was then further diluted to 2 mm
with mPBS containing TCEP (2 mm). This dye solution was then
added to the protein solution at a dye/protein ratio of 5:1. The
reaction mixture was gently shaken at 4°C overnight. The labeled
protein was dialyzed by using Snakeskin dialysis tubing with
10000 MWCO against mPBS containing 5% glycerol and DTT
(1 mm). Labeled protein was dialyzed overnight and concentrated
to approximately 0.5 mm before being aliquoted and flash frozen
for storage at —80°C.

Fluorescence titration: Dissociation constants (K;) were deter-
mined by titrating the biosensors with enzymatically synthesized c-
di-GMP.2%39 The protein was titrated with c-di-GMP (0 to 10 um) by
using a fluorescence spectrometer (Cary Eclipse, Varian) and a
semi-micro cuvette. Proteins labeled with MDCC was excited at
419 nm, and emissions were recorded from 430 to 600 nm. Pro-
teins labeled with 6-IAF were excited at 491 nm, and emissions
were recorded from 500 to 700 nm. The emission maxima at 466
(for MDCC) and 516 nm (for 6-IAF) were recorded for K, determina-
tion. Titrations were carried out in mPBS (10 mm; 137 mm NaCl,
2.7 mm KCl, pH 7.0, 23°C). The mono-, di-, tri- or cyclic monophos-
phate nucleotides (10 um) were used to assay the selectivity.

Enzymatic assays (PDE and DGC): Enzymatic assays of DGC and
PDE were performed with GTP and c-di-GMP as substrate, respec-
tively. A Tecan Infinite 200 PRO multi-plate reader equipped with a
fluorescence detector was used. The reaction kinetics was ob-
served with the I-Control software, with measurements set to an
excitation wavelength of 419nm and emissions recorded at
466 nm. For the PDE activity assay, c-di-GMP, Mg®>"™ (10 mwm), and
484-MDCC biosensor (<10 um) were first equilibrated in the reac-
tion buffer (100 mm Tris-HCI, 50 mm KCl, pH 8.0). RocR was added
to start the enzymatic reaction, and the fluorescence intensity was
recorded continuously. For the DGC activity assay, DGC2 (1 um),
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Mg?" (10 mm) and the 484-MDCC biosensor (10 um) were equili-
brated in the buffer solution described above. Substrate GTP was
added to start the reaction, and the fluorescent intensity was re-
corded continuously.

Inhibitor screening for DGC proteins: Inhibitors were screened by
using a TECAN Infinite 200 PRO multi-plate reader equipped with a
fluorescence detector. The reaction mixture was prepared in the re-
action buffer (100 mm Tris-HCl, 50 mm KCl, pH 8.0) in a black 96-
well plate with a clear flat bottom. DGC2 (0.5 um), 484-MDCC bio-
sensor (10 um), Mg®* (10 mm) and inhibitor (100 um) were equili-
brated briefly at room temperature before the reaction was started
by the addition GTP (100 um). The fluorescence intensities for all
the wells containing reaction mixture were recorded continuously.

IC;, measurement: IC;, values were measured by using the 484-
MDCC biosensor to monitor the initial velocities of RocR at various
Ca** concentrations (0, 20, 50, 100, 120, 150, 170, 200, 220, 500,
700, and 1000 pm). The reaction mixture was prepared in the reac-
tion buffer (100 mm Tris-HCI, 50 mm KCl, pH 8.0) in a fluorescence
quartz cuvette. The 484-MDCC biosensor (10 um) was briefly incu-
bated with Mg®", c-di-GMP, and CaCl, before the addition of RocR.
Measurements were taken on the fluorescence spectrometer with
the same excitation and emission wavelengths described above.
The initial velocities were obtained as the slopes of the linear por-
tion of time-dependent plots. The data were fit to a 1:1 inhibition
model to yield the ICs, value in Prism (Graphpad).

Liquid chromatograph (LC)-coupled mass spectrometry: The
mass of MDCC-484 was measured on a high-resolution LTQ orbi-
trap spectrometer (Thermo Scientific).

Modeling of the protein-MDCC conjugate: The modeling was
performed by using the RosettaDesign 3.2 package.’™*¢ After the
PDB file (PDB ID: 3HV8) had been cleaned, the side chains of the
starting model were repacked by using the Rosetta fixed-backbone
protocol. The model of the MDCC dye was built in Maestro (Schro-
dinger) with energy minimization. A conformer library for MDCC
was generated by using the ConfGen program.”” The parameter
files required by Rosetta were generated from the PDB and MOL
files by using the command molfile_to_params. Starting structures
were generated by manually placing the MDCC conformers near
the Cyc484 residue in random orientations, with a distance of
1.8+0.2 A; between the sulfur atom of Cyc484 and the nucleophil-
ic carbon of MDCC. A constraint (cst) file was created to specify
the distance (1.8+0.2 A) between the sulfur atom of Cys484 and
the nucleophilic carbon of MDCC. With input files that combined
the protein and the MDCC conformers, the enzyme_design proto-
col was used to repack the side chains (packing options: -ex1, -ex2,
-use_input_sc, -linmem_ig10, -soft_rep_design).*" The generated
decoys were ranked based on the total score and protein-dye in-
teraction energy.
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