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Staphylococcus aureus is a leading cause of hospital-acquired infections in the USA 
and is a major health concern as methicillin-resistant S. aureus and other antibiotic-
resistant strains are common. Compounds that inhibit the S. aureus sortase (SrtA) 
cysteine transpeptidase may function as potent anti-infective agents as this enzyme 
attaches virulence factors to the bacterial cell wall. While a variety of SrtA inhibitors 
have been discovered, the vast majority of these small molecules have not been opti-
mized using structure-based approaches. Here we have used NMR spectroscopy to 
determine the molecular basis through which pyridazinone-based small molecules 
inhibit SrtA. These inhibitors covalently modify the active cysteine thiol and par-
tially mimic the natural substrate of SrtA by inducing the closure of an active site 
loop. Computational and synthetic chemistry methods led to second-generation ana-
logues that are ~70-fold more potent than the lead molecule. These optimized mole-
cules exhibit broad-spectrum activity against other types of class A sortases, have 
reduced cytotoxicity, and impair SrtA-mediated protein display on S. aureus cell 
surface. Our work shows that pyridazinone analogues are attractive candidates for 
further development into anti-infective agents, and highlights the utility of employ-
ing NMR spectroscopy and solubility-optimized small molecules in structure-based 
drug discovery.
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1  |   INTRODUCTION

Staphylococcus aureus is a leading cause of hospital- and 
community-acquired infections in the USA. This bacterial 
pathogen is estimated to cause 11,000 deaths annually in the 
USA. It inflicts a wide range of life-threatening diseases such 
as pneumonia, meningitis, osteomyelitis, endocarditis, toxic 
shock syndrome, bacteremia, and sepsis[1]a S. aureus skin and 
soft tissue infections also represent a major clinical problem 
as they result in over 11 million outpatient and emergency 
room visits, and close to 500,000 hospital admissions per 
year in the USA.[2,3] The rise of methicillin-resistant S. au-
reus (MRSA) is a major health problem that has created a 
pressing need for new antibiotics. MRSA harbors genes that 
confer resistance to β-lactam antibiotics and is now endemic 
in hospitals. S. aureus has also developed resistance to other 
antibiotics, including last resort and newer generation drugs, 
such as vancomycin, daptomycin, and linezolid.[4–6] The S. 
aureus sortase A (SrtA) enzyme is an attractive molecular 
target for the development of novel antibiotics. This is be-
cause this enzyme covalently attaches a range of protein viru-
lence factors to the surface of S. aureus that play critical roles 
in the infection process, including promoting bacterial adhe-
sion to host tissues, acquisition of essential nutrients, and the 
evasion and suppression of the immune response.[7,8] Several 
studies have shown that srtA− S. aureus mutants have reduced 
virulence in animal models of infection, presumably because 
their surfaces are devoid of key protein factors required to 
colonize host tissue and evade the immune response.[9,10] 
SrtA-related enzymes are also used by other clinically im-
portant pathogens to display factors that are required for 
their virulence (e.g., Enterococcus faecilis, Listeria mono-
cytogenes, Bacillus anthracis, Streptococcus pyogenes, and 
Streptococcus pneumoniae).[10] Thus, small-molecule SrtA 
enzyme inhibitors could function as potent anti-infective 
agents to treat MRSA and infections caused by other types of 
Gram-positive bacteria.

SrtA resides on the extracellular membrane where it cova-
lently attaches proteins to peptidoglycan by catalyzing a tran-
speptidation that joins proteins containing a C-terminal cell 
wall sorting signal (CWSS) to the cross-bridge peptide.[11] 
Besides its important role in pathogenesis, SrtA has several 
other properties that make it an attractive drug target: (i) It 
has no human homolog, reducing the likelihood of off-target 
effects, (ii) it is located on the bacterial surface such that in-
hibitors do not need to cross the cell membrane, thereby re-
ducing potential cytotoxicity, and (iii) it is not required for the 
growth of S. aureus and other clinically important microbes 
when they are outside their human host.[12] Therefore, SrtA 
inhibitors that selectively target virulence mechanisms could 
have a distinct advantage over conventional antibiotics, as 
they may not induce the same selective pressures that lead to 
drug resistance.[13,14]

Several research groups have sought to identify small-
molecule SrtA inhibitors that could be developed into ther-
apeutics.[10,15] The small molecules that have thus far been 
identified include natural products and synthetic molecules 
identified by screening compound libraries, and rationally 
designed molecules that mimic the substrate or transition 
state intermediates.[10] In addition, virtual screening methods 
have been employed to identify inhibitors using the struc-
ture of the apo- or substrate-bound forms of the enzyme.[10] 
However, a clinically useful SrtA inhibitor has yet to be de-
veloped. A major obstacle hindering drug development has 
been the difficulty in applying structure-based methods to 
optimize SrtA inhibitors. This is because the active site of 
SrtA is structurally disordered in its apo-state making it dif-
ficult to model drug–enzyme interactions computationally 
and potentially hindering the application of X-ray crystal-
lography that require crystallization of the SrtA–inhibitor 
complex. At present, only Zhulenkov and colleagues have 
used NMR spectroscopy to visualize how SrtA binds to an 
inhibitor, a benzisothiazolinone-based small molecule that 
irreversibly modifies the enzyme.[16] However, the structure 
of the inhibitor–SrtA complex was determined at low res-
olution. Maresso, et al. have also structurally characterized 
covalent inhibitors of the aryl (β-amino)ethyl ketone class 
by co-crystallizing the inhibitors with the sortase B from 
Bacillus anthracis (Ba-SrtB).[17] However, Ba-SrtB may 
not be a good platform from which to optimize S. aureus 
SrtA inhibitors, as SrtA and Ba-SrtB have distinct active site 
structures and recognize different sorting signal substrates; 
SrtA and Ba-SrtA recognize LPXTG and NPQTN sorting 
signals, respectively.[18] Thus, while many compounds in-
hibit the activity of SrtA in vitro, a lack of structural data to 
rationally optimize these molecules for clinical applications 
has been problematic.

Using high-throughput screening (HTS) methods, we 
previously identified pyridazinone-based molecules that are 
potent inhibitors of SrtA.[19] However, these molecules were 
not optimized using structure-based approaches because they 
were poorly soluble in water, which made it difficult to ex-
perimentally determine the three-dimensional structure of 
the enzyme–inhibitor complex, and because conformational 
disorder in the SrtA’s active site made it difficult to computa-
tionally model enzyme–inhibitor interactions. We have now 
overcome this problem using a highly soluble pyridazinone 
analogue whose complex with SrtA could be determined 
using NMR spectroscopy. We show that pyridazinone inhibi-
tors partially mimic the natural substrate, by inducing a con-
formational change in the active site that incompletely closes 
a key active site loop, resulting in a final structure that is 
reminiscent of both the apo- and sorting signal-bound forms 
of the enzyme. Guided by computational studies of the com-
plex, a series of pyridazinone analogues were synthesized 
and their efficacy evaluated in vitro and in cell culture. This 
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work led to the discovery of 2-(3-fluorophenyl)-4-(3-hydro
xypropoxy)-5-mercaptopyridazin-3(2H)-one, which inhibits 
SrtA-mediated protein display in S. aureus and improves in-
hibitory activity over the lead molecule 70-fold (IC50 value 
of 21 ± 14 nm). The use of a solubility-optimized inhibitor 
analogue for NMR studies of the complex was critical and 
may be a generally useful strategy to study other enzyme in-
hibitor interactions.

2  |   METHODS AND MATERIALS
2.1  |  Preparation of the SrtA–inhibitor 
complex for NMR and mass spectrometry 
studies
The catalytic domain of SrtA (residues Gln60-Lys206) was 
prepared as described previously.[20] To form a SrtA:inhibitor 
complex, 0.5 mm uniformly 15N- and 13C-labeled SrtA was 
incubated with 5 mm of sodium thiolate 4-ethoxy-5-mercapt
o-2-phenylpyridazin-3(2H)-one (hereafter referred as 2-salt) 
in 50 mm Tris, pH 6.4, 150 mm NaCl, 20 mm CaCl2 for 72 hr 
at room temperature. The complex was then dialyzed into 
NMR buffer that consisted of 50 mm Tris, pH 6.4, 150 mm 
NaCl, and 20 mm CaCl2. Two NMR samples were studied 
that each contained 1.5 mm SrtA–inhibitor complex dis-
solved NMR buffer and either 7% or 99.999% D2O. Mass 
spectrometry was used to verify that the inhibitor forms a 
disulfide bond with Cys184 in SrtA. The SrtA:2-salt complex 
was first digested with trypsin by incubating 20 μm 15N13C-
SrtA:2-salt complex with 5 μg/ml trypsin for 24 hr at 37°C. 
The digestion reaction mixture was then split into two ali-
quots. To one of the aliquots, DTT was added to a final 
concentration of 5 mm. Both aliquots were then subjected 
to LC-MS analysis to monitor the masses of the cleaved 
peptides. LC-MS experiments were carried out on a Waters 
Acquity UPLC connected to a Waters LCT-Premier XE 
Time of Flight Instrument controlled by MassLynx 4.1 soft-
ware (Waters Corp., Milford, MA, USA). Digested protein 
samples in 20 mm HEPES and 5 mm CaCl2 were separated 
using an Phenomenex Hydro-RP column (3.0 × 50 mm, 
4 μm packing) and were eluted with a gradient of 2%–50% 
solvent B over 10 min using a flow rate of 0.425 ml/min 
(solvent A: water, solvent B: acetonitrile, both with 0.3% 
formic acid). The mass spectrometer was equipped with 
a multimode source operated in the electrospray mode. 
Mass spectra were recorded from a mass of 70–2,000 Da. 
Capillary voltage was set to 1700 V and the source/desolva-
tion gas temperatures were 120°C/350°C, respectively. The 
ion abundance values for product ions at m/z 819.5, 942.5, 
1638, and 1886 were monitored by generating extracted ion 
chromatograms using a 0.5-Da mass window and integrating 
the peaks of interest. These ions had retention time values of 
5.09, 6.86, 5.09, and 6.86 min, respectively.

2.2  |  NMR spectroscopy and structure 
determination
NMR spectra of the SrtA:inhibitor complex were acquired 
at 298 K on Bruker Avance 500-, 600-, and 800-MHz spec-
trometers equipped with triple resonance cryogenic probes. 
NMR spectra were processed using NMRPipe[21] and ana-
lyzed using the pipp[22] and cara (version 1.8.4)[23] soft-
ware packages. Chemical shift assignments (1H, 13C, 15N) 
of SrtA were obtained by analyzing the following experi-
ments: HNCA, HNCACB, CBCA(CO)NH, HNCO, HN(CA)
CO, 15N-edited TOCSY, HNHA, HNHB, HBHA(CO)NH, 
HCCH-TOCSY, HCCH-COSY, (HB)CB(CGCDCE)HE, 
and (HB)CB(CGCD)HD (reviewed in[24,25]). Chemical shift 
assignments for the inhibitor were obtained by analyzing a 
two-dimensional (F2) 13C-filtered NOESY spectrum. The 
majority of ϕ and ψ dihedral angle restraints were obtained 
using the program TALOS+.[26] Additional backbone ϕ 
angle restraints were obtained by analyzing HNHA spec-
tra.[27] Intramolecular protein distance restraints were ob-
tained from three-dimensional 15N- and 13C-edited NOESY 
spectra. Intermolecular distance restraints were obtained by 
analyzing two-dimensional (F2) 13C-filtered NOESY and 
13C-edited NOESY-HSQC spectra of the complex.

NOE assignments were initially obtained automati-
cally using the programs ATNOS/CANDID controlled by 
UNIO[28,29] utilizing XPLOR-NIH (version 2.23).[30] NOE 
assignments were then verified manually for the active site 
residues (Val161-Asp175 [β6/β7 loop], Thr183-Lys196 [β7/β8 
loop], and side chains of Leu97, Ser116, His120, Thr180, Ile182, 
and Val201) by inspecting the NOESY data. During inspection 
of the NOESY data, additional NOE restraints involving ac-
tive site residues were identified and included in subsequent 
structure calculations. Final structures were calculated using 
XPLOR-NIH based on the lowest energy conformer of the 
previously solved apo-SrtA NMR structure (PDB 1IJA).[20] 
During the course of the structure calculations, backbone and 
side chain atoms of active site residues Val161-Asp175 (β6/β7 
loop) and Thr183-Lys196 (β7/β8 loop), as well as side chain 
atoms of Leu97, Ser116, His120, Thr180, Ile182, Arg197, Ile199, 
and Val201, were allowed to move while all other SrtA atoms 
were held fixed in space. Residues within the β6/β7 and β7/
β8 loops were allowed to move because they form the surface 
surrounding the presumed inhibitor binding site, and previ-
ous crystal and NMR structural studies of apo- and substrate 
(LPAT*)-bound SrtA reveal these loops adopt distinct con-
formations as a result of substrate binding.[20,31,32] Mobility 
of other active site residues was restricted to their side chains 
because while they make contacts with the sorting signal 
substrate in the SrtA:LPAT* structure, they do not demon-
strate significant backbone rearrangement. Non-active site 
residues were kept rigid because they show little difference 
(RMSD = 0.8 Å) between the apo- and substrate-bound SrtA 
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structures, and such structural information is of little value 
for structure-based drug design of a competitive inhibitor. In 
the final set of calculations, a thiol group within the inhibi-
tor was attached to Cys184 through a disulfide bond. A sin-
gle hydrogen bond between the backbone carbonyl of Gly167 
and the backbone amide of Asp170 was also used to stabilize 
the 310-helix within the β6/β7 loop, and was substantiated by 
characteristic NOE patterns from Gly167-Asp170. A total of 50 
structures were calculated, of which 46 had no NOE, dihedral 
angle, or scalar coupling violations greater than 0.5 Å, 5°, 
or 2 Hz, respectively. Of these, 20 structures with the low-
est overall energy were chosen to represent the structure of 
the SrtA–inhibitor complex. The programs molmol[33] and 
PyMOL[34] were used to generate figures.

2.3  |  In silico screening of 
pyridazinone analogues
Ligand preparation, receptor preparation, grid generation, 
and docking were all conducted with Schrödinger Suite 
2011 (Schrödinger LLC, New York, NY, USA). Derivatives 
of 4-ethoxy-5-mercapto-2-phenylpyridazin-3(2H)-one for 
docking experiments were generated with the CombiGlide 
application. In CombiGlide, 5-mercapto-2-phenylpyridazin-
3(2H)-one was defined as the core, and 225, 104, 104, 104, 
32, 32, and 22 substituents were created at R2, R3, R4, R5, 
R6, R7, and R8 sites, respectively (see Figure 4 for defini-
tion of the R sites). Substituents were chosen based on the 
NMR structure of the complex (e.g., polar substituents were 
added to sites on the inhibitor scaffold that projected into 
the solvent). The substituents at the R2 site included various 
polar and non-polar groups of different sizes, as well as a 
series of substituents with the general formula –O(CH2)nX, 
where n = 1–4 and X is a polar group. The substituents at R3, 
R4, and R5 are predominantly polar or positively charged. 
R6, R7, and R8 contained mostly small hydrophobic sub-
stituents. The receptor was processed using the Protein 
Preparation Wizard, which employs a restrained, partial 
energy minimization.[35] The disulfide bond between SrtA 
and the inhibitor, and the side chain atoms of Cys187 were 
removed to prevent steric clashes during docking. Grids 
were generated by Glide with the grid box set around the 
inhibitor using default settings. The inhibitor was excluded 
in the grid calculations. A docking restraint was set up such 
that the position of the 5-mercapto sulfur atom of the in-
hibitor derivatives was restricted within 1 Å of the inhibitor 
sulfur atom in the NMR structure. Docking was carried out 
with Glide using XP settings.[36–38] Initially, a total of 623 li-
gands were docked onto the NMR structure of the protein in 
the SrtA:inhibitor complex (the co-ordinates of 2-salt were 
removed prior to docking). After the first round of dock-
ing, the best substituents at each site were selected based on 
two criteria: 1) their docking score was at least one standard 

deviation above the mean docking score of the control com-
pound 4-ethoxy-5-mercapto-2-phenylpyridazin-3(2H)-one, 
and 2) the substituent made a specific interaction with the 
protein (e.g., a hydrogen bond). This reduced the number 
of substituents at R2, R3, R4, R5, R6, R7, and R8 to 19, 
8, 12, 7, 4, 1 (hydrogen), and 4, respectively. CombiGlide 
was then used to generate 2,688 compounds with all possi-
ble combinations of substituents at R3, R4, R5, R6, and R7, 
with R2 restricted to ethoxy and R8 restricted to hydrogen. 
These 2,688 compounds were docked to the NMR structure, 
and the best substituents were selected as described above. 
This reduced the number of substituents at R2, R3, R4, R5, 
R6, R7, and R8 to 19, 3, 3, 1 (hydrogen), 4, 1 (hydrogen), 
and 4, respectively. CombiGlide was then used again to 
generate 2,736 compounds with all possible combinations 
of substituents, and the compounds were again docked to 
the NMR structure of the protein. Using the same selection 
criteria, 12, 3, 3, 1 (hydrogen), 4, 1 (hydrogen), and 1 (hy-
drogen) substituents were chosen at R2, R3, R4, R5, R6, R7, 
and R8, respectively. Finally, CombiGlide was then used to 
generate 432 compounds that contained all possible combi-
nations of the substituents.

The top 432 molecules were docked to the enzyme using 
a procedure that accounts for SrtA mobility. In this proce-
dure, protein motion was first simulated using molecular 
dynamics (MD) calculations. Bond, angle, and torsion pa-
rameters for the inhibitor were derived from the generalized 
Amber force field (GAFF), using the Antechamber program 
in Amber.[39,40] Atomic partial charges were derived from 
RESP[41] fitting of Gaussian 09[42] calculated electrostatic 
potentials at the Hartree-Fock/6-31G* level. The proce-
dures of MD simulations and clustering were the same as 
those described in.[43] Briefly, a 100-ns conventional MD 
simulation was performed on the SrtA:inhibitor complex 
using the AMBER99SB-ILDN force field with the simu-
lation package NAMD.[44,45] Eight hundred frames at regu-
larly spaced intervals were extracted from the last 80 ns of 
the MD simulation. These frames were aligned by the pro-
tein Cα atoms in the active site and clustered by root mean 
square deviation (RMSD) conformational clustering using 
the gromos algorithm as implemented in gromacs 4.5.[46] 
With an RMSD cutoff of 1.40 Å, 25 clusters were obtained, 
and the centroid member of each cluster was selected to rep-
resent each cluster. Subsequently, the top 432 compounds 
were docked to each of the 25 representative centroid struc-
tures, as well as the NMR structure. Procedures used for 
receptor preparation, grid generation, and docking are the 
same as those described above. To evaluate the docking re-
sults, compounds were ranked by the best docking score 
they obtained from any of the docking calculations to the 
NMR or 25 centroid conformers. The top 43 compounds 
were selected as candidates for synthesis and experimental 
testing.
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2.4  |  FRET-based enzymatic assay
The ability of the compounds to inhibit the activity of SrtA 
was determined using an established Förster resonance en-
ergy transfer (FRET) assay.[19,20] The catalytic domains of 
SrtA (residues Gln60-Lys206) and Ba-SrtA (residues Asp57-
Lys210) were prepared as described previously.[20,47] Briefly, 
in the IC50 assay, 20 μl of Sa-SrtA (final assay concentra-
tion of 1 μm in FRET buffer: 20 mm HEPES, 5 mm CaCl2, 
0.05% v/v Tween-20, pH 7.5) was incubated with 1 μl of test 
compound solution (dissolved in 100% DMSO, final assay 
concentration of 0.08–400 μm) for 1 hr at room temperature. 
Subsequently, 30 μl of substrate solution, which consists 
of the self-quenched fluorogenic peptide Abz-LPETG-
Dap(Dnp)-NH2 (32 μm final assay concentration) (Peptide 
2.0 Inc., Chantilly, VA, USA) dissolved in FRET buffer, was 
added to the mixture. Fluorescence was read immediately 
using an Infinite® M1000 PRO (Tecan US Inc., Morrisville, 
NC, USA) plate reader with the excitation and emission 
wavelengths set at 335 and 420 nm, respectively. The IC50 
assay used to test Ba-SrtA inhibition was similar with the 
following adjustments: Final assay concentration of Ba-SrtA 
was 10 μm, final assay concentration of substrate was 100 μm, 
and the FRET buffer was composed of 20 mm HEPES, 0.05% 
v/v Tween-20, pH 7.5. IC50 values were calculated by fitting 
three independent sets of data to Equation 1 using SigmaPlot 
6.0 (SPSS, Inc., Chicago, IL, USA):

where vi and v0 are initial velocity of the reaction in the pres-
ence and absence of inhibitor at concentration [I], respec-
tively. The term h is Hill’s coefficient.[48]

For inhibitors that displayed IC50 values lower than half 
of the enzyme concentration used, data were fit to Morrison’s 
quadratic equation (Equation 2) to calculate the apparent dis-
sociation constant (Kapp

i
):

where vi and v0 are initial velocity of the reaction in the pres-
ence and absence of inhibitor at concentration [I], respec-
tively. [E]T is the total active enzyme concentration, and Kapp

i
 

is the apparent dissociation constant for the enzyme–inhibitor 
complex.[48]

To determine the rate of inhibition of SrtA by compounds 
2–17, 2–54, and 2–62, the FRET assay we used for IC50 or 
K

app

i
 determination was modified such that the Abz-LPETG-

Dap(Dnp)-NH2 substrate and inhibitor of various concen-
trations (final concentration 2.5–14 μm) were added to the 

enzyme at the same time. Fluorescence was read every 8 s 
for a total of 30 min. The reaction progress curve was fit to 
Equation 3 to determine kobs, the rate constant for conversion 
from the initial velocity phase to full inhibition:

where P is the baseline-corrected fluorescence value, vi is 
the initial velocity, and t is time.[48] These kobs measurements 
were then plotted against inhibitor concentration and fit to 
Equation 4 to obtain kinact and KI values.

where kobs is the observed rate constant of inhibition at in-
hibitor concentration [I], kinact is the maximum rate of inhibi-
tion given an infinite concentration of inhibitor, and KI is the 
concentration of inhibitor that yields a half-maximum rate of 
inhibition.[48]

2.5  |  Cell wall surface Protein A 
display assay
Protocol for the cell-based assay was adapted from Zhang 
et. al.[49] Overnight cultures of S. aureus were diluted 
1:100 into tryptic soy broth (TSB) with or without inhibi-
tor supplement and grown at 37°C with rotation to an A600 
of 0.5. Molecules 2–62 and 2–17 inhibited bacterial growth 
at 100 μm, and therefore, these cultures were only diluted 
back 1:10 into TSB; data are normalized to account for 
background; 600 μl aliquots were removed, and S. aureus 
were sedimented by centrifugation (12,000×g for 5 min). 
Bacteria were suspended in 600 μl PBS, 2 μl FITC-labeled 
IgG (Sigma, St. Louis, MO, USA) was added, and samples 
were incubated at room temperature for 1 hr. The cells were 
again sedimented by centrifugation (12,000×g for 5 min) 
and washed twice with PBS. Bacterial fluorescence intensity 
was monitored using the Flex Station (Molecular Devices, 
Sunnyvale, CA, USA) at 495-nm excitation and 520-nm 
emission. Sample aliquots were spread on TSB agar plates, 
and CFU were determined to derive relative fluorescence 
units per A600 unit. Triplicate measurements were taken for 
each trial, and mean and standard deviation were calculated.

2.6  |  Cytotoxicity test
The cytotoxicity CC50 of each compound was determined 
using Promega CellTiter-Glo Luminescent Cell Viability 
Assay kit (Promega Corp., Madison, WI, USA) by measur-
ing the total ATP levels to quantify the number of metaboli-
cally active cells upon drug treatment as described[50] Briefly, 
the compounds were diluted in 384 plates (20 μl/well) in 

(1)

vi

v0

=
1

1+
(

[I]

IC50

)h

(2)

vi

v0

=1−

(

[E]T +[I]+K
app

i

)

−

√

(

[E]T +[I]+K
app

i

)2
−4[E]T [I]

2[E]T

(3)P=
vi

kobs

[

1−exp
(

−kobst
)]

(4)kobs =

kinact[I]

KI+ [I]
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triplicate by a 10-point titration (195 nm to 100 μm) followed 
by the addition of 30 μl HeLa cells (2500 cells/well). The 
plates were incubated at 37°C. Three days later, 50 μl of 
CellTiter-Glo reagent was added to each well followed by 
a 2-min shaking and a 10-min incubation to lyse the cells. 
The relative luminescent intensity units (RLU) of each well 
were measured using an Infinite® M1000 PRO (Tecan US 
Inc., Morrisville, NC, USA) with its green filter and 1 s inte-
gration time. CC50 values were calculated by fitting the three 
independent sets of data to Equation 1 using SigmaPlot 6.0 
(SPSS, Inc., Chicago, IL, USA), by replacing IC50 with CC50.

3  |   RESULTS
3.1  |  NMR structure of SrtA bound to a 
soluble pyridazinone analogue
Using high-throughput screening methods, we previously 
discovered that pyridazinone-based molecules effectively 
inhibit SrtA.[19] One of the most potent molecules that 
was discovered was 4-ethoxy-5-mercapto-2-phenylpyri
dazin-3(2H)-one (hereafter referred as compound 2–10) 
(Figure 1a), which inhibits SrtA’s in vitro activity with an 
IC50 of 13 ± 1 μm. However, 2–10 and other pyridazinone-
based molecules produced from the screen are poorly soluble 
in aqueous solvent, and thus could not be optimized using 
structure-based methods. To overcome this problem, we 
synthesized a sodium thiolate analogue of 2–10, 5-ethoxy-
6-oxo-1-phenyl-1,6-dihydropyridazine-4-thiolate (2–salt) 
(Figure 1b). 2-salt exhibits substantially improved solubility 
(up to 75 mm in aqueous buffer) and inhibits the enzyme with 
an IC50 of 35 ± 7.4 μm. Importantly, its increased solubility 
enables the productive formation of a SrtA:2-salt complex 

in which the inhibitor is bound to the catalytic domain of 
sortase (residues Gln60-Lys206 of SrtA). The NMR spectra 
of the complex are well resolved and differ substantially 
from apo-form of SrtA (Figure 1c). Triple resonance meth-
ods were used to assign the protein’s 1H, 13C, and 15N reso-
nances in the SrtA:2-salt complex. A comparison with the 
previously published chemical shift assignments of apo-SrtA 
reveals large inhibitor-dependent chemical shift changes in 
atoms that are located within the enzyme’s active site, and 
only small shift changes for atoms located elsewhere in the 
protein (Figure 1c). A comparison of the NOESY spectra of 
the complex and apo-SrtA reveals that residues located distal 

F I G U R E   1   NMR spectra of SrtA:2-salt complex. (a) 
Structure of compound 2–10 (4-ethoxy-5-mercapto-2-phenyl-3(2H)-
pyridazinone), a previously discovered Sa-SrtA inhibitor with IC50 of 
13 or 1.5 μm when dimerized through disulfide bond. (b) Structure of 
the sodium thiolate version of 2–10 (2-salt) used in NMR and LC-MS 
studies. (c) 1H-15N HSQC of apo (red)- and inhibitor-bound (blue) 
SrtA after 24 hr of incubation. Peaks that had significant chemical shift 
changes (Δδ) upon binding of the inhibitor are labeled. Significant 
chemical shift changes are defined as greater than the average 
Δδ + one standard deviation, where Δδ=

√

(Δδ
H

)2 + (Δδ
N
∕6.49)2,  

and ΔδH and ΔδN are the chemical shift changes in Hz for amide 
proton and amide nitrogen, respectively. (d) Selected panels showing 
intermolecular NOEs between SrtA and 2-salt. Identity and chemical 
shifts for each inhibitor proton are shown at the top and bottom of 
each panel, respectively. Each assigned cross-peak is labeled with the 
corresponding proximal SrtA proton. Each assignment was verified 
in a 3D 13C-edited NOESY by identifying a corresponding inhibitor 
cross-peak. Not all cross-peaks could be identified due to chemical 
shift ambiguities, including all NOESY cross-peaks from the inhibitor 
Hβ protons
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to the active site exhibit similar NOE cross-peak patterns. 
We conclude from these data that the inhibitor binds to the 
enzyme’s active site where it causes only localized structural 
changes.

NMR spectroscopy was used to define the structure of 
the SrtA:2-salt complex. Near-complete chemical shift as-
signments were obtained for both the protein and bound in-
hibitor. Because the inhibitor causes only localized changes 
in the structure of the enzyme, we employed a hybrid ap-
proach to determine the structure of the complex. NMR data 
were used to define the molecular basis of inhibitor binding 
in the SrtA:2-salt complex (see Section 2). A total of 229 
experimental restraints define the structure of the enzyme’s 
active site, including 156 intramolecular protein–protein 
distance, 20 intermolecular inhibitor–protein NOE distance, 
43 ϕ and ψ dihedral angle, and 10 3JHN-Hα coupling constant 
restraints. An ensemble containing 20 conformers repre-
senting the structure of the complex exhibit good covalent 
geometries and have no NOE, dihedral angle, or scalar cou-
pling violations greater than 0.5 Å, 5°, or 2 Hz, respectively. 
Enzyme interactions with the inhibitor are well defined by 

the NMR data, as the co-ordinates of the backbone and 
heavy atoms within the active site, as well as the inhibi-
tor molecule have a root mean square deviation (RMSD) 
to the mean structure of 0.20 ± 0.07 and 0.69 ± 0.06 Å, 
respectively. Complete structure and restraint statistics are 
presented in Table 1.

The structure of the complex reveals that the pyridazi-
none inhibitor binds to a groove adjacent to the enzyme’s 
active site (Figure 2a–d). The base of the group was formed 
by residues in strands β4 and β7, while residues located in 
the β2/H1, β3/β4, β6/β7, and β7/β8 loops form the sides of 
the groove and partially shield the inhibitor from solvent. 
Numerous hydrophobic contacts are made to the 2-phenyl 
group of the inhibitor from the side chains of Val166, Val168, 
and Leu169 within the β6/β7 loop, Val193 within the β7/β8 
loop, and Ile182 on strand β6 (Figure 2c). These interactions 
are supported by intermolecular NOEs between the Val166 
Hα, Val166 Hγ, Val168 Hγ, Leu169 Hδ, and Val193 Hγ protons 
of the enzyme, and the Hε and Hδ protons of the inhibitor 
(Figure 1d). Interestingly, an NOE was identified between 
the Hδ proton of Ile182 and the Hδ proton of the inhibitor, 

T A B L E   1   Statistics for the NMR modeled structure of SrtA bound to a pyridazinone inhibitor 2-salt

SAa
SA

a

RMS deviations from NOE interproton distance restraints (Å)

  Intramolecularb (156) 0.075 ± 0.003 0.087

  Intermolecular (20) 0.104 ± 0.007 0.121

RMS deviations from dihedral angle restraints (°)c (43) 0.824 ± 0.068 0.715

RMS deviations from 3JHN
α coupling constants (Hz)c (10) 0.451 ± 0.027 0.772

Deviations from idealized covalent geometry

  Bonds (Å) 0.0040 ± 0.0000 0.00574

  Angles (°) 1.048 ± 0.002 1.0697

  Impropers (°) 1.545 ± 0.026 1.5550

PROCHECK-NMRd

  Most favorable region (%) 66.5 ± 2.9 66.7

  Additionally allowed region (%) 29.3 ± 3.2 28.6

  Generously allowed region (%) 4.3 ± 1.5 4.8

  Disallowed region (%) 0.0 ± 0.0 0

Co-ordinate precisione

  Protein backbone (Å) 0.20 ± 0.07

  Protein heavy atoms (Å) 0.69 ± 0.06
aThe notation of the NMR structures is as follows: SA represent an ensemble of 20 best structures calculated by simulated annealing. SA is the average energy-minimized 
structure. The number of terms for each restraint is given in parentheses. None of the structures exhibited distance violations greater than 0.5 Å, dihedral angle violations 
greater than 5°, or coupling constant violations greater than 2 Hz.
bIntramolecular NOE distance restraints include any NOE signals from any residue in the Sa-SrtA enzyme to residues Val166–Lys175, Thr183–Lys196, and the side chains 
from residues Leu97, Ser116, His120, Thr180, Ile182, Arg197, Ile199, and Val201.
cExperimental backbone dihedral angle restraints comprised 21 ϕ and 22 ψ angles within residues Val166–Lys175 and Thr183–Lys196.
dPROCHECK-NMR data includes residues Val166–Lys175 and Thr183–Lys196 of the Sa-SrtA:inhibitor complex.
eThe co-ordinate precision is defined as the average atomic RMS deviation of the 20 individual simulated annealing structures and their mean co-ordinates. The reported 
values are for residues Val166–Lys175 and Thr183–Lys196 of the Sa-SrtA:inhibitor complex for the protein backbone RMS deviation. In addition, residues Leu97, Ser116, 
His120, Thr180, Ile182, Arg197, Ile199, and Val201 were included for calculating protein heavy atom RMS deviation.
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whereas no NOEs were observed to the inhibitor’s Hε pro-
ton. This is consistent with the structure complex, as the 
2-phenyl group is only partially buried within a hydrophobic 
pocket; it is sandwiched between the side chains of Val193 
on the β7/β8 loop and Leu169 on the β6/β7 loop. The posi-
tioning of the central pyridazinone ring of the inhibitor is 
also well defined by the NMR data as NOEs between its 
Hγ atom and the Thr183 Hα (strand β7), Cys184 Hα (strand 
β7), Trp194 Hβ (β7/β8 loop), Ile182 Hγ1 (strand β7), Ile182 
Hδ (strand β7), and Val193 Hγ (β7/β8 loop) protons are ob-
served (Figure 1d). This orients the central ring such that 
the carbonyl group is directed toward the solvent, while the 
Hγ atom faces strand β7. The indole ring of Trp194 on the 
β7/β8 loop closes the inhibitor recognition groove, shield-
ing the disulfide bond between the inhibitor and Cys184 from 
the solvent. This is evidenced by NOEs between the Hε1, 
Hζ2, and Hζ3 atoms of the indole ring of Trp194, and the Hδ 
methyl protons on Leu97 within helix H1. This demonstrates 
the β7/β8 loop of the 2-salt bound enzyme is positioned in a 
manner more similar to the apo-SrtA enzyme with the loop 
pressed against H1, and differs from the substrate-bound 

form of the enzyme, as these elements are separated by ~13 
Å (see Section 4).[20,32] The precise location of 4-ethoxy 
moiety is not well defined by the NMR data, as only a single 
NOE defines its positioning (between Trp194 Hδ1 and Hα 
methyl of the inhibitor). However, in nearly all conformers 
within the ensemble it is positioned within a narrow groove 
formed between the β7/β8 and β2/H1 loops.

In the structure of the complex, the sulphydryl group of 
the active site cysteine residue (Cys184) is positioned adja-
cent to the 5-mercapto group of the inhibitor, suggesting that 
they may be joined via a disulfide bond. Although the mech-
anism of inhibition by the pyridazinone-based compounds 
is not known, the most potent pyridazinone molecules also 
contain 5-mercapto group consistent with them also cova-
lently modifying the enzyme. To determine the mechanism 
of inhibition, we incubated 10-fold molar excess of 2-salt 
with SrtA, unbound 2-salt was then removed by dialysis 
and the 2-salt:SrtA complex was digested with trypsin. 
The digestion products were then analyzed using LC-MS 
before and after adding DTT. In the absence of DTT, a peak 
eluting at 6.86 min has a mass-to-charge ratio consistent 

F I G U R E   2   NMR solution structure of the SrtA:2-salt complex. (a) Cross-eyed stereo image showing the ensemble of 20 lowest energy 
structures of the SrtA:2-salt complex. The bound compound 2-salt is shown in orange, and protein backbone atoms allowed to move during 
molecular dynamics simulations are shown in red (Val161-Lys175 and Thr183-Lys196). The bundle is aligned using all of the protein backbone 
heavy atoms and the heavy atoms from the inhibitor. (b) Ribbon structure of the SrtA:2-salt complex. The covalently bound inhibitor is shown 
in stick representation and colored orange. (c) Expanded view of the SrtA active site with the inhibitor bound. Side chains of residues exhibiting 
intermolecular NOEs to the inhibitor are shown in cyan sticks. A hydrophobic pocket formed by Val166, Val168, Leu169, and Ile182 bind the 2-phenyl 
group of the inhibitor, while the remainder of the inhibitor is positioned over the β7 and β8 strands. (d) Expanded view of the SrtA active site 
with the protein represented by its solvent accessible surface. The surface is colored by its electrostatic properties from acidic (red) to basic (blue)

(a)

(c) (d)

(b)
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with it being a disulfide-linked QLTLITCDDYNEK:2-
salt peptide, compatible with cysteine modification 
(Figure 3a,b). Moreover, when DTT is added this complex 
disappears and a new peak corresponding to the unmodi-
fied QLTLITCDDYNEK elutes at 5.09 min (Figure 3a,c). 
Similar LC-MS results were obtained when the parent com-
pound 2–10 was reacted with the enzyme (data not shown). 
These data indicate pyridazinone-containing inhibitors 
such as 2-salt and 2–10 inactivate SrtA by forming disul-
fide bond to Cys184.

3.2  |  Structure-based inhibitor optimization
Using the atomic co-ordinates of the SrtA:2-salt complex, 
computational approaches were used to quantitatively predict 

inhibitor modifications that could increase binding affinity 
and selectivity. In this procedure, analogues of the 2–10 pyri-
dazinone compound were constructed in silico using the 
program CombiGlide and their binding poses and energies 
evaluated using the molecular docking program Glide. Briefly, 
the 5-mercapto-2-phenylpyridazin-3(2H)-one moiety of 2–10 
was defined as the core in CombiGlide, and substituents de-
rived from the program’s fragment library were then system-
atically added to eight sites (Figure 4, sites named R2 to R8). 
The substituents were chosen based on their degree of solvent 
exposure, and for buried substituents, the accessible volume 
available to them within the enzyme’s subsite. In particular, 
sites on the small molecule that are solvent exposed (R2–R5) 
were modeled with predominantly polar groups of various 
sizes, while sites located on the protein-facing side of the mol-
ecule (R6–R8) were modeled to contain mostly small hydro-
phobic groups (see Section 2). Initially, 6,047 analogues of 
2–10 were computationally evaluated, which included 623 
analogues containing a single alteration, and 5,424 analogues 
containing two alterations at sites R2 to R8 (Figure 4). Each 
analogue was then docked to the NMR structure and ranked 
based on their docking score. Analogues containing single-
site modifications at R2, R3, R4, and R6 exhibited the largest 

F I G U R E   3   LC-MS traces of the SrtA:2-salt complex. (a) 
Overlay of the total ion traces of trypsin-digested 1:1 mixture of 
SrtA and 2-salt before (blue) and after (red) addition of 5 mm DTT. 
Major differences occur at retention times 5.09 min and 6.86 min. 
(b) Chromatogram of trypsin-digested sample without addition of 
DTT. Only the traces of ions with m/z of 819.5 (red) and 942.5 (blue) 
are shown, which correspond to the [M + 2H]2+ ions of the unmodified 
Cys184-containing peptide and 2-salt modified version of the peptide, 
respectively. (c) Similar to (b), but the chromatogram shown is the 
trypsin-digested sample with the addition of DTT

F I G U R E   4   Overview of the molecular docking and 
experimental testing process. Description of the docking, substituents 
selection, and experimental testing processes are shown on the right. 
The structure of the core of the pyridazinone compound is shown 
on the left. The number of substituents at each site is indicated in 
parentheses

http://wileyonlinelibrary.com
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improvements in binding (12, 3, 3, and 4 analogues contain-
ing unique substituents at these sites resulted in improved 
binding, respectively). Next, to discover small molecules with 
even greater binding affinity, docking experiments were per-
formed for 432 analogues that each contained four alterations. 
The small molecules contained substituent changes at their R2, 
R3, R4, and R6 sites, which were chosen based on the afore-
mentioned single-site docking studies. During this phase of 
the work, the docking calculations made use of the relaxed 
complex scheme approach to account for protein flexibility in 
the enzymes active site as previously described.[43,51,52] After 
completing the computational docking experiment, a total of 
43 compounds were analyzed further, as their docking scores 
ranked in top 10% of the 432 analogues that were tested. These 
“top” molecules had docking scores ranging from -8.9 to -10.0, 
which is a significant improvement as compared to the 2–10 
lead molecule (−4.08). An inspection of their chemical struc-
tures reveals that modification at sites R2, R4, and R6 are most 
beneficial (R2, (–O(CH2)2OH, –O(CH2)3OH, –OCH2COOH, 
–O(CH2)2COOH, –OCH2CONH2, and –O(CH2)2CONH2); 

R4, –C(=NH)NH2 (hereafter referred as amidine); R6,  
(–CH3, –F, and –OCH3).

Several promising pyridazinone analogues based on the 
docking analysis were synthesized and their inhibitory ac-
tivity determined experimentally using a FRET-based assay 
(Table 2). Representative dose–response curves are shown 
in Fig. S1. Analogues were chosen for further study based 
on their synthetic feasibility and in order to maximize the 
chemical diversity of the molecular scaffolds that were 
tested. Initially, ten analogues of 2–10 were synthesized that 
contained single-site changes (2–51 to 2–60). As 2–10 ox-
idizes readily to form a more potent and stable symmetric 
disulfide dimer (2–17), all of the analogues were tested in 
their oxidized form and their potency compared to 2–17. 
Improvements of twofold to 10-fold were obtained by making 
single-site alterations. In particular, non-polar modifications 
at site R6 are beneficial, presumably increasing van der Waals 
contacts to residues in the β6/β7 loop of the enzyme that form 
a hydrophobic pocket (Figure 2c,d). In agreement with the 
structure, the R4 site on the opposite side of the benzene 

T A B L E   2   SrtA inhibition of the pyridazinone compound derivatives

Compound R1 R2 R4 R6
Sa-SrtA IC50 
(μm)a

Ba-SrtA IC50 
(μm)b CC50 (μm) cLogP

2–10 SH OCH2CH3 H H 13 ± 1d 3.2 ± 1.7d n.d.e 3.03

2–17 S-SRc OCH2CH3 H H 1.5 ± 0.4d 1.2 ± 0.4d ~100 4.37

2–51 S-SRc OCH2CH3 H F 0.16 ± 0.04 1.34 ± 0.62 ~100 4.55

2–52 S-SRc OCH2CH3 H CH3 1.40 ± 0.30 0.49 ± 0.11 n.d.e 4.58

2–53 S-SRc OCH2CH3 H OCH3 0.62 ± 0.18 0.15 ± 0.05 ~100 4.46

2–54 S-SRc OCH2CH3 C(=NH)NH2 H 0.54 ± 0.14 2.08 ± 0.55 >100 2.72

2–55 S-SRc O(CH2)2OH H H 0.22 ± 0.04 0.33 ± 0.14 >100 2.35

2–56 S-SRc O(CH2)3OH H H 0.84 ± 0.06 1.86 ± 0.59 ~100 2.80

2–57 S-SRc OCH2COOH H H 2.20 ± 0.20 0.49 ± 0.19 n.d.e 2.02

2–58 S-SRc O(CH2)2COOH H H 6.10 ± 0.50 9.98 ± 0.37 >100 2.32

2–59 S-SRc OCH2CONH2 H H 22 ± 2 94 ± 23 n.d.e 2.11

2–60 S-SRc O(CH2)2CONH2 H H 3.25 ± 0.34 11.90 ± 0.70 >100 2.06

2–61 S-SRc O(CH2)2OH H F 0.41 ± 0.12 0.60 ± 0.23 >100 2.83

2–62 S-SRc O(CH2)3OH H F 0.02 ± 0.01 0.45 ± 0.29 ~100 3.43
aOr Ki

app for values that are lower than 0.5 μm as determined by Morrison’s equation.
bOr Ki

app for values that are lower than 5 μm as determined by Morrison’s equation.
cS-SR indicates that the compound is a disulfide-bonded dimer.
dValues taken from reference.19

en.d., no data.
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ring is also a good site for the addition of a polar amidine 
group, which presumably enables contacts to Glu105 located 
in the β3/β4 loop. Altering the length and polar character of 
the substituent attached to the R2 site is also advantageous, 
presumably because it enables the formation of additional 
hydrogen bonds to the residues located within the β7/β8 loop 
(e.g., Tyr187, Gly192, and Trp194). Two analogues, 2–61 and 
2–62, were synthesized that simultaneously alter substitu-
ents at sites R2 and R6. Compound 2–61 combines favorable 
O(CH2)2OH (R2) and F (R6) modifications, but surprisingly 
did not show a substantial improvement in activity. In con-
trast, significant improvements in activity are observed in 
compound 2–62 that combines O(CH2)3OH (R2) and F (R6) 
alterations (IC50 value of 0.02 ± 0.01 μm). A more complete 
description of the structure–activity relationship analysis is 
provided in Section 4.

In order to determine whether the compounds had broad-
spectrum activity against sortase enzymes, we tested their 
ability to inhibit the Bacillus anthracis class A sortase en-
zyme (Ba-SrtA), which similar to S. aureus SrtA (Sa-SrtA) 
anchors proteins to the cell wall that contain an LPXTG 
sorting signal. In general, all of the analogues had good 
inhibitory activity against Ba-SrtA, with IC50 values in the 
low micromolar to high nanomolar range. However, distinct 
species-specific trends in inhibitory activity are apparent. 
For example, the most effective SrtA inhibitor (2–62) is 
20-fold less active against Ba-SrtA (IC50 = 0.45 ± 0.29 μm 
against Ba-SrtA as compared to IC50 = 0.02 ± 0.01 μm 
against Sa-SrtA), whereas the best Ba-SrtA inhibitor com-
pound 2–53 containing a methoxy group at the R3 site is 
fourfold more active against Ba-SrtA as compared to 
SrtA (Ba-SrtA IC50 = 0.15 ± 0.05 μm versus Sa-SrtA 
IC50 = 0.62 ± 0.18 μm). These subtle differences in po-
tency likely arise from structural differences between the 
active sites of each enzyme, but nevertheless indicate that 
pyridazinone-based inhibitors are capable of inhibiting class 
A type sortases that recognize LPXTG sorting signals.

3.3  |  Inhibitor inactivation kinetics and 
effect on protein display in intact cells
For the parent compound (2–17), positively charged com-
pound (2–54), and the most potent compound based on its IC50 
value (2–62), we determined the rate at which they inactivate 
SrtA. The substrate and inhibitor were simultaneously added 
to SrtA and the observed rate constant of inhibition (kobs) 
was determined by fitting the progress curve to Equation 3 
(see Section 2). Measurement of kobs at different inhibitor 
concentrations yields kinact, the rate constant describing in-
hibitor covalent modification of the enzyme, and KI, which 
carries the same intrinsic kinetic significance as Km and ap-
proximates the dissociation constant of the non-covalent E–I 
complex. The overall inactivation efficiency is a function 

of covalent modification rate and binding affinity (kinact/KI). 
Figure 5a shows a representative plot of kobs measured as 
a function of inhibitor (2–62) concentration, which yields 
kinact of 0.034 ± 0.007 s−1, KI of 12 ± 5 μm and kinact/KI of 
0.003 ± 0.001 μm−1s−1. Complete results are summarized in 
Table 3. Consistent with the IC50 results, inactivation efficiency 
is significantly higher for 2–62 (0.003 ± 0.001 μm−1s−1), 

FIGURE 5  Inhibitor inactivation kinetics and effect on protein 
display. (a) The rate of SrtA inhibition by compound 2–62 was 
determined by calculating kobs for each inhibitor concentration using 
Equation 3 and subsequently calculating kinact and KI using Equation 4 
listed in Section 2. This graph shows a representative curve of fitting 
the kobs data with Equation 4. (b) The abundance of surface protein A 
displayed on S. aureus cell wall in the absence (control) or presence of 
pyridazinone inhibitor was quantified with a FITC-labeled IgG binding 
assay. Statistical significance (*p < .0007) was determined using 
the unpaired, two-tailed Student’s t test (n = 3, shown with standard 
deviation)

T A B L E   3   Inactivation kinetics of pyridazinone compound 
derivatives

Compound kinact (s
−1) KI (μm)

kinact/KI 
(μm−1s−1)

2–17 0.004 ± 0.001 5 ± 3 0.0008 ± 0.0005

2–54 0.015 ± 0.003 24 ± 9 0.0006 ± 0.0003

2–62 0.034 ± 0.007 12 ± 5 0.003 ± 0.001
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as compared to 2–54 (0.0006 ± 0.0003 μm−1s−1) or 2–17 
(0.0008 ± 0.0005 μm−1s−1).

The ability of the most promising inhibitors to disrupt 
sortase-mediated protein display in intact S. aureus cells was 
determined. In Newman strain of S. aureus, SrtA anchors 19 
different surface proteins in the bacterial envelope,[53] includ-
ing SpA, a molecule that binds the Fcγ and Fab domains of 
host immunoglobulins.[54] The abundance of Ig binding to 
SpA in the bacterial cell wall envelope is therefore dependent 
upon the activity of S. aureus SrtA, enabling the effects if 
the pyridazinone molecules on SpA display to be measured. 
In the assay, cells are cultured with varying amounts of in-
hibitor and the amount of displayed SpA then quantified by 
adding fluorescein isothiocyanate (FITC)-labeled IgG. As 
expected, a ΔsrtA control strain displays significantly less 
SpA on its surface; protein display is reduced by ~80% in 
ΔsrtA as compared to WT S. aureus (Figure 5b). The addition 
of compounds 2–17, 2–54, or 2–62 to WT S. aureus cultures 
caused statistically significant reductions in SpA display. The 
largest effects are observed when 2–54 is added, which shows 
a dose-dependent decrease in SpA display. When 100 μm is 
present in the cell culture, display levels are reduced to 35% 
of WT, approaching levels observed for the ΔsrtA strain.

To gain insight into the therapeutic window at which 
the pyridazinone inhibitors could be dosed to treat S. au-
reus infections, their cytotoxicity against human cells was 
determined. In general, all of the compounds tested exhibit 
minimal cytotoxicity against human HeLa cells, as they have 
CC50 values in excess of 100 μm (Table 2). Notably, the most 
potent inhibitor, 2–62, has a CC50 to IC50 ratio as large as 
5,000. Interestingly, an analysis of the data reveals that the 
CC50 values of the compounds are inversely correlated to 
their predicted octanol–water partition coefficients (cLogP), 
with molecules that have smaller (more negative) cLogP val-
ues exhibiting some of the highest CC50 values. This is not 
surprising, as a more negative cLogP value indicates that a 
compound is more soluble in water, and therefore less likely 
to be capable of crossing the cellular membrane where it 
could cause off-target effects that lead to cell death. As SrtA 
is located on the extracellular membrane of S. aureus, addi-
tional modification of the pyridazinone analogues to increase 
their solubility in water may further reduce off-target cellular 
toxicity.

4  |   DISCUSSION

The emergence of methicillin-resistant S. aureus (MRSA) 
and other multidrug-resistant bacterial pathogens has cre-
ated an urgent need for new antibiotics. The S. aureus SrtA 
enzyme is an attractive drug target as it covalently attaches 
virulence factors to the microbial surface that have impor-
tant functions in the infection process, including mediating 

bacterial adhesion to host tissues, nutrient acquisition, and 
the suppression and evasion of the immune system. SrtA’s 
importance has been validated in animal models of infection 
that demonstrate that S. aureus srtA− mutants have attenu-
ated virulence. To date, several synthetic, peptide-based, and 
natural product inhibitors of SrtA have been reported,[55] but 
only a few investigators have been able to rationally opti-
mize these molecules using structural biology approaches. 
This is because it has been problematic to study the enzyme 
using X-ray crystallography, as its active site exhibits a high 
degree of conformational disorder that hinders crystalliza-
tion. Moreover, the conformational disorder makes accurate 
computational modeling of enzyme–inhibitor interactions 
challenging. To overcome these problems, we employed a 
novel soluble pyridazinone analogue that enabled the NMR 
structure of enzyme pyridazinone to be determined. Using 
the structure of the complex, we rationally optimized sev-
eral pyridazinone-based inhibitors of SrtA, leading to new 
second-generation molecules that have improved inhibitory 
activity and lower cellular toxicity.

Our structural studies of the water soluble pyridazinone 
inhibitor, 2-salt, reveal that it causes a disordered to ordered 
structural change in the enzyme’s active site that is reminis-
cent of the previously documented changes caused by bind-
ing the sorting signal substrate. Our previous NMR studies 
of SrtA in its apo-state have revealed that it contains a large 
active site loop that connects strands β6 to β7 (the β6/β7 
loop). In the absence of the substrate, the loop is structurally 
disordered and undergoes motions on the micro- to millisec-
ond timescale.[20] However, upon binding the LPXTG sort-
ing signal, motions in the loop are quenched, as a result of 
a disordered to ordered conformational change that enables 
it to partially encapsulate the leucine side chain within the 
bound peptide.[32] Interestingly, in the structure of the SrtA:2-
salt complex, the inhibitor binds to the same site on SrtA 
as the LPXTG sorting signal, and similar to the substrate, 
it alters the structure and dynamics of the β6/β7 active site 
loop (Figure 6). In the SrtA-sorting signal substrate complex, 
residues Val166-Leu169 the β6/β7 loop form a 310-helix that 
facilitates closure over the substrate by forming a non-polar 
surface that contacts the leucine side chain. In the SrtA:2-
salt complex, the 2-phenyl group in the inhibitor mimics 
the leucyl side chain, as contacts to it drive loop closure and 
formation of a 310-helix. However, as compared to the sub-
strate complex, the residues in the newly formed 310-helix 
are shifted by one amino acid in the primary sequence; in the 
SrtA:2-salt and SrtA–substrate complexes, the newly formed 
active site helix is comprised of residues Gly167-Asp170 and 
residues Val166-Leu169, respectively. This subtle shift is pre-
sumably caused by inhibitor contacts originating from side 
chains of Val166 and Leu169, which in the SrtA:2-salt com-
plex pack against the 2-phenyl group of the inhibitor neces-
sitating that the backbone atoms of Val166adopt an extended 
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conformation (Figure 6d). In contrast, in the SrtA:substrate 
complex, Val166 adopts a helical conformation such that its 
side chain is rotated away from the active site so as to accom-
modate the leucine side chain of the sorting signal substrate 
(Figure 6e).

The pyridazinone inhibitor does not fully mimic the sort-
ing signal substrate as its binding only partially closes the 
β6/β7 loop and it fails to substantially reposition the β7/β8 
loop active site loop. In our previously reported structure of 
the SrtA–substrate complex, in addition to inducing a 310-
helix formation within the β6/β7 loop, substrate binding also 
caused a disordered to ordered transition in residues that im-
mediately preceded the helix in the primary sequence. These 
changes fully closed the loop, and presumably constructed 
a catalytically competent active site in which the side chain 
guanidino group of Arg197 is positioned to stabilize high-
energy anionic reaction intermediates. However, in the struc-
ture of the inhibitor complex, the active site does not fully 
form as this region of the β6/β7 loop remains flexible and 
disordered. This is evidenced by the absence of NMR reso-
nances for residues Thr156-Asp165 in the β6/β7 loop in both 
the apo- and inhibitor-bound forms of the enzyme, which are 

presumably broadened beyond detection because of motions 
on micro- to millisecond timescale (Figure 6c). This notion 
is also substantiated by the absence of signals for residues 
Arg197-Phe200 in strand β8 in both forms of the enzyme, 
which are presumably rigid, but broadened beyond detection 
because their magnetic environments fluctuate as a result of 
motions in the in proximal β6/β7 loop. A comparison of the 
substrate- and inhibitor-bound forms of the enzyme also re-
veals other key differences. Previously, we have shown that 
upon binding the signal analogue the β7/β8 loop in SrtA is 
displaced by ~13 Å. This rearrangement results in the for-
mation of a new groove between the β7/β8 loop and helix 
H1, which has been hypothesized to form the binding site 
of the secondary substrate, the Gly5 cross-bridge of lipid 
II. Interestingly, binding of the inhibitor displaces the loop 
by only ~3.5 Å, such that the groove is not exposed. This is 
substantiated by the presence of NOEs in the spectra of the 
inhibitor complex between Hε1, Hζ2, and Hζ3 of the indole 
ring of Trp194 located in the β7/β8 loop and Hδ methyl pro-
tons on Leu97 within helix H1 (similar NOEs are present in 
the NMR spectra of the apo-form of the enzyme, but absent 
in the SrtA–substrate complex). Thus, although the inhibitor 

F I G U R E   6   Comparison of the SrtA:2-salt structure with apo- and holo-SrtA structures. SrtA:2-salt complex (green) superimposed with (a) 
apo-SrtA (blue, PDB code 1IJA) and (b) SrtA:LPAT* complex with the substrate analogue LPAT* removed (pink, PDB code 2KID). In apo-SrtA, 
residues Ser157-Lys175 are unstructured in the β6/β7 loop. In inhibitor complex, a portion of this loop is immobilized. The β6/β7 loop in the SrtA:2-
salt complex is unstructured from residues Thr156-Asp165, similar to apo-SrtA, and adopts a single conformation from residues Val166-Lys175, as 
seen in the SrtA:LPAT* structure. The β7/β8 loop adopts a conformation more closely resembling the apo-SrtA structure. (c) Non-proline amide 
cross-peaks that were not detected in the 1H-15N HSQC spectra are shown in gray spheres. These residues include Met59-Gln60, Thr121-Asp124, 
Lys137, Thr156-Val166, and Lys196-Phe200. (d) Expanded view of the β6/β7 loop 310-helix in the SrtA:2-salt complex with 2-salt represented as orange 
sticks. (e), expanded view of the β6/β7 loop and 310-helix in the SrtA:LPAT* complex with LPAT* represented as yellow sticks

http://wileyonlinelibrary.com
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triggers partial closure of the β6/β7 loop and the 310-helix 
formation similar to the sorting signal substrate, the changes 
are less substantial and the conformation and dynamics of 
residues in the β6/β7 loop nearest the active site, as well as 
the β7/β8 loop, are not significantly affected by inhibitor 
binding.

The structure of the SrtA:2-salt complex is the first high-
resolution structure of a SrtA-type enzyme bound to a small-
molecule inhibitor. Previously, Zhulenkovs and colleagues 
solved the NMR structure of S. aureus SrtA in complex with 
a benzisothiazolinone-based inhibitor.[16] However, the co-
ordinates of the inhibitor were not well defined, as only nine in-
termolecular enzyme–inhibitor NOEs defined its positioning. 
The authors speculated that both the β6/β7 and β7/β8 loops in 
the SrtA–benzisothiazolinone complex are partially disordered 
such that the bound inhibitor can adopt different conforma-
tions. This is distinct from pyridazinone-based molecules, as 
in the SrtA:2-salt complex a portion of the β6/β7 loop near 
the inhibitor becomes structurally ordered and the β7/β8 loop 
is structurally ordered and adopts a closed conformation that 
is similar to its conformation in the apo-form of the protein. 
Nevertheless, their binding mechanisms share two common 
features. First, both pyridazinone and benzisothiazolinone in-
hibitors covalently modify SrtA by forming a disulfide bond 
with Cys184. Second, despite the flexibility of the benzisothi-
azolinone compound and the partially disordered active site 
loops, in both inhibitor complexes the side chains of Val166, 
Val168, and Leu169 in the β6/β7 loop and Trp194 in the β7/β8 loop 
consistently interact with the bound inhibitor. Structures of the 
SrtB sortase have also been determined in complex with small-
molecule inhibitors. To aid development of aryl (β-amino)ethyl 
ketone (AAEK)-based inhibitors, Maresso and colleagues 
solved the crystal structures of B. anthracis SrtB bound to 
two different AAEK compounds.[17] Similar to 2-salt and the 
benzisothiazolinone compound, AAEK covalently modifies 
the active site cysteine residue (Cys233 in SrtB). Interestingly, 
while AAEK does not make specific contacts with residues 
within the active site loops, the compound nevertheless induces 
ordering of the β7/β8 loop and partial disordering of the β6/
α5 loop (SrtB equivalent of the β6/β7 loop). Combined, struc-
tural studies of sortase–inhibitor complexes reveal that sortase 
inhibitors could modulate the active site loops dynamics, and 
high-affinity binding might be achieved by maximizing con-
tacts with the residues within the active site loops.

Rational approaches were employed to identify pyr-
idazinone analogues with improved inhibitory activity. 
Concurrently, we also sought to increase the aqueous solu-
bility of the inhibitors by adding polar substituents to sites on 
the inhibitor that based on the structure of the complex are 
surface-exposed. This was done to diminish the capacity of 
the inhibitor to cross the host cell membrane where it could 
cause undesirable off-target effects. As described in the sec-
tion 3, analogues of 2–10 containing a single alteration at site 

R2 to R6 were computationally evaluated for their ability to 
bind SrtA using the structure of the complex as a template. 
This identified substituents at each site that improved binding 
affinity, which were then tested in combination using dock-
ing calculations that employed the relaxed complex scheme 
approach to account for protein flexibility. Analogues that 
scored the highest in this analysis were then synthesized and 
experimentally tested. This led to a total of seven new ana-
logues that have improved inhibitory activity against SrtA. 
Modification of the ortho-positions of the 2-phenyl ring have 
a large impact on activity and solubility. Based on the struc-
ture of the complex, substituents at these sites either project 
into the solvent (R4) or contact hydrophobic residues in the 
active site loop (R6). Compounds 2–51 to 2–53 selectively 
modify position R6 on the scaffold, and show improved ac-
tivity when bulkier fluoro (2–51) or O-methyl groups (2–53) 
are added, resulting in nine- and twofold improvements in 
inhibitory activity, respectively. Based on the structure, these 
modifications fill a hydrophobic pocket on the enzyme that is 
formed by non-polar side chains originating from the β6/β7 
loop (Val166, Val168, and Leu169), the β7/β8 loop (Val193), and 
the underlying beta sheet (Ile182 in strand β7). Interestingly, 
only small improvements are observed for 2–52, presumably 
because this analogue adds a methyl group at site R6 that 
may be too small to adequately fill the pocket. In contrast, 
while a fluoro group is slightly smaller than a methyl group, 
it is capable of forming multipolar contacts with the protein 
in addition to hydrophobic interactions,[56] which might ex-
plain the bigger improvement in activity of 2–51 over 2–52. 
Similar to site R6, the R4 site is in an ortho-position, but it 
is located on the opposite side of the phenyl ring where it 
is surface-exposed and projected toward an anionic patch on 
the enzyme that is formed by the side chains of Glu105 and 
Asp170. The positioning of the R4 substituent in the structure 
of the complex is compatible with the inhibitory properties 
of compound 2–54, which exhibits a ~threefold reduction in 
its IC50 relative to the lead molecule. This is because this an-
alogue contains an amidine substituent at site R4 which can 
presumably form favorable electrostatic interactions. Notably, 
the addition of a polar amidine substituent at this site substan-
tially decreases the cLogP score as compared to the parent 
molecule, suggesting that polar substituent addition to site R4 
is a viable strategy for improving inhibitor solubility.

Based on the docking studies, a total of 12 analogues 
containing alterations at site R2 were synthesized and tested 
experimentally. Based on the structure of the complex, R2 
substituents rest on a surface-exposed groove that is located in 
between the β7/β8 and β2/H1 loops. The addition of hydroxyl 
bearing 2-hydroxyethoxy (2–55) and 3-hydroxypropoxy 
(2–56) at site R2 led to 6.8- and 1.8-fold improved activity, 
respectively. Although the co-ordinates of the R2 substituent 
(4-ethoxy) are poorly defined in the structure of SrtA:2-salt, 
the improved binding of these molecules may result from 
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their ability to form additional hydrogen bonds via their hy-
droxyl group to residues within the β2/H1 or β7/β8 loops. 
Interestingly, this poorly defined subsite on SrtA does not ac-
commodate large carboxylic acid and amide substituents at site 
R2, as analogues containing these modifications (2–57 to 2–
60) have increased IC50 values. In addition to S. aureus SrtA, 
we also tested each compound’s ability to inhibit the activity of 
the SrtA sortase enzyme from B. anthracis (Ba-SrtA), another 
important human pathogen that causes anthrax disease.[57] 
SrtA and Ba-SrtA recognize related LPXTG sorting signals 
and their active sites adopt similar, but non-identical atomic 
structures.[47] As with SrtA, modifications at sites R2 and R6 
in the lead molecule led to improved inhibitory activity. The 
greatest gains in activity occur when the R6 site is modified 
with a methoxy group (2–53) (eightfold improved activity as 
compared to the lead molecule). However, distinct trends in 
the SAR data for SrtA and Ba-SrtA are evident. For example, 
in contrast to SrtA, modifying the R4 site with amidine led to 
an increase in IC50. This is presumably because the bacillus 
enzyme lacks the aforementioned acidic residues that are pre-
sumed to stabilize binding to SrtA. Combined, experimental 
testing of the computationally optimized analogues of 2–10 
substantiates the importance of three sites on the pyridazinone 
scaffold (R2, R4 and R6), which when changed individually 
improve inhibitory activity against SrtA up to ninefold.

Modifying two sites on the pyridazinone scaffold yielded 
the most potent sortase inhibitor, compound 2–62 (2-(3-flu
orophenyl)-4-(3-hydroxypropoxy)-5-mercaptopyridazin-3(2
H)-one). It is 70 times more active than the lead compound 
(IC50 of 21 nm) and contains 3-hydroxypropoxy and fluoro 
groups at sites R2 and R6, respectively. Its activity indicates 
that modification of sites R2 and R6 can have an additive ef-
fect, as individually these alterations are predicted to improve 

binding 63-fold (6.8-fold for site R2 and ninefold for site R6). 
The docking pose of 2–62 suggests that its improved binding 
can be attributed to an increase in the van der Waals con-
tact surface with the enzyme afforded by addition of a flu-
oro group at position R6 (~10 Å2 increase in buried surface 
area) (Figure 7a,c). In addition, binding may be aided by new 
favorable interactions to the β7/β8 loop formed from the ter-
minal hydroxyl on the O(CH2)3OH group, as it is positioned 
to donate and accept a hydrogen bond from the backbone 
carbonyl oxygen of Gly192 and side chain hydroxyl group 
of Tyr187, respectively. Moreover, in the 2–62 docking pose 
the oxygen at the R2 site closest to the pyridazinone ring is 
positioned to accept a hydrogen bond from the εNH group 
in the indole ring of Trp194. Interestingly, a close analogue 
of 2–62 that contains O(CH2)2OH at position R2 instead of 
O(CH2)3OH (compound 2–61) is ~20 times less potent than 
2–62. Insight into its reduced potency is provided by its dock-
ing pose, which reveals that its shorter R2 side chain does 
not favorably hydrogen bond with Tyr187 and Gly192, but in-
stead forms a single hydrogen bond to the backbone oxygen 
of Ala92 located in the β2/H1 loop (Figure 7b,d).

Because the pyridazinone molecules covalently inacti-
vate sortase, the IC50 values reported in Table 2 may not 
accurately define each inhibitor’s potency, as this parameter 
does not reveal the rate at which the small molecules mod-
ify and inactivate the enzyme. We therefore measured the 
kinact and KI parameters for 2–17, 2–54, and 2–62, which 
were also tested using the cellular assay. As reported in 
Table 3, 2-62 has the highest inactivation efficiency (kin-

act/KI = 0.003 μm−1s−1), which is consistent with it having 
the lowest measured IC50 value when it is pre-incubated 
with the enzyme for 1 hr (Table 2). Although 2–10 was not 
tested due to its tendency to oxidize into 2–17, presumably 

F I G U R E   7   Docking poses of 
compounds 2–61 and 2–62. Expanded 
view of the active site showing interactions 
between the protein and compound 2–62 
(a, c) and compound 2–61 (b, d). In (a) and 
(b), residues that contact the compound are 
shown as cyan sticks. Hydrogen bonds are 
indicated by yellow dotted lines. In (c) and 
(d), the protein solvent accessible surface 
is shown and colored by its electrostatic 
properties from acidic (red) to basic 
(blue)

(a) (b)

(c) (d)

http://wileyonlinelibrary.com


16  |      CHAN et al.

the ~10-fold lower IC50 of 2–17 as compared to 2–10 is 
caused by a difference in their kinact values. This is because 
it is expected that 2–17 will have a higher kinact value as 
it inactivates sortase’s Cys184 residue via a thiol-disulfide 
exchange mechanism, whereas 2–10 inactivates sortase 
via a slower thiol–thiol oxidation process. Notably, 2–62 
inactivates SrtA significantly more efficiently than previ-
ously reported diazoketone or chloromethylketone con-
taining peptidomimics, which exhibited kinact/KI values of 
0.0004 μm−1s−1 and 0.0009 μm−1s−1, respectively.[58] This 
is presumably a result of the higher reactivity of the sulphy-
dryl group, which we have shown modifies the active site 
cysteine residue (Figure 3). Importantly, the SrtA inhibitors 
are capable of reducing protein display in intact S. aureus 
cells, as incubating analogues 2–17, 2–54, and 2–62 with 
bacterial cell cultures dramatically reduces SpA reporter 
protein display (Figure 5b). Interestingly, although 2–62 
is the most potent compound in vitro based on its kinact/KI 
and IC50 values, 2–54 is nonetheless more effective than 
2–17 or 2–62 at inhibiting SpA display in intact cells. This 
could be due to the positive charge on the amidine group 
in 2–54, which may better allow it to traverse the cell wall 
as compared to the less polar 2–17 and 2–62 molecules. 
This idea is consistent with the finding that 2–17 and 2–62 
do not exhibit dose-dependent activity in the cellular assay 
when their concentration is increased from 50 to 100 μm. 
Presumably, their higher cLogP values as compared to 2–54 
cause them to be less soluble in the growth media used in 
cellular assay, thereby limiting the effective inhibitor con-
centration that can be achieved at the cell surface. In gen-
eral, our inhibitors are less active in the cellular assay as 
compared to the in vitro assay. It is conceivable that their 
effective concentration in the cellular assay is reduced be-
cause they non-specifically interact with the bacterial cell 
wall, or because they interact with components that are 
uniquely present in the growth media (e.g., secreted pro-
teins). In particular, the presence of low molecular weight 
thiol-containing compounds in the media (e.g., glutathione 
or coenzyme A) could inactivate the inhibitors by cova-
lently modifying their thiol group. Importantly, although 
complete disruption of display was not achieved at 100 μm, 
the in vitro and cellular potencies of our compounds are 
similar to, or better than, recently described SrtA inhibi-
tors that are efficacious in treating S. aureus infections in a 
mouse model.[49]

5  |   CONCLUSIONS

In summary, using NMR spectroscopy, mass spectrometry 
and a designed soluble analogue, we have determined the 
mechanism through which pyridazinone-based small mol-
ecules inhibit the S. aureus SrtA enzyme. We demonstrate 

that these inhibitors partially mimic SrtA’s natural sub-
strate by partially inducing a disordered to ordered con-
formational change in the β6/β7 active site loop. Using 
computational and synthetic chemistry approaches, sev-
eral second-generation inhibitors have been produced that 
have increased inhibitory activity, both in vitro and on the 
bacterial cell surface. At present, two SrtA inhibitors have 
now been reported that are efficacious in treating poten-
tially lethal S. aureus infections in animal models. These 
molecules include, (Z)-3-(2,5-dimethoxyphenyl)-2-(4-
methoxyphenyl) acrylonitrile (DMMA) and 3-(4-pyridinyl)- 
6-(2-sodiumsulfonatephenyl)[1,2,4]triazolo[3,4-b][1,3,4]
thiadiazole (triazolothiadiazole), which were efficacious 
when dosed at 20 and 40 mg of compound per kg of ani-
mal, respectively.[49,59] The 2–62 pyridazinone compound 
reported in this paper has a lower IC50 than these mole-
cules; 2–62 has an IC50 = 0.02 μm, versus IC50 values of 9.2 
and 9.3 μm for DMMA and triazolothiadiazol, respectively. 
This suggests that 2–62 and related pyridazinone molecules 
are potential candidates for further development into anti-
infective agents. Such new therapeutics are needed, as 
many microbial pathogens are increasingly becoming re-
sistant to current antibiotic therapies.
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