Electronic Supplementary Material (ESI) for Chemical Communications.
This journal is © The Royal Society of Chemistry 2015

Supporting Information for:

Molecular Basis of Streptococcus mutans Sortase A Inhibition by the
Flavonoid Natural Product trans-Chalcone

Daynea J. Wallock-Richards#, Jon Marles-Wright3#, David J. Clarke!, Amarnath
Maitra ¥, Michael Dodds?*, Bryan Hanley¥ and Dominic Campopiano®*

1School of Chemistry, The University of Edinburgh, Edinburgh, Scotland, EHg 3JJ, United Kingdom

SInstitute of Structural and Molecular Biology, The University of Edinburgh, Edinburgh, Scotland, EHg
3J], United Kingdom

TWm. WRIGLEY Jr. Company, 1132 W. Blackhawk Street, Chicago, IL 60642
¥ The Knowledge Transfer Network, The Roslin Institute, Easter Bush, Roslin, EH25 gRG



(A) Thioesterification

Enz-H
G . g
. .G T)J\ PN
~LPXT ( N G LPXT/S)\ N LPX S” Cysigs
+
s© \ NH,
( Cys1gs -
Cys1gs
Cleavage of amide bond Oxoanion Formation of a thioacyl
between threonine and intermediate which intermediate and loss of
glycine residues of is stabilsed by C-terminus of protein
target protein by active arginine residue substrate
site cysteine residue (Arg197).
(Cys184)
(B) Transpeptidation
o 'g'p'd” o Lipidil o  Lipidi
)OL I N 'Y e N o
PN -9l —— -Llysg— -Glys
- .
Glys-NH, Cy[184 H-Enz HS
s Cys1g4 j
Lipidll Cys
184
Nucleophilic attack of the Formati(_)n of a CoIIapT]e cc;f tlhe C-terminal Iinkgge of the
thioacyl intermediate by the free transient i;?:zrr?n: di:;e sutrfalce protein tobt_hde
amino group of the pentaglycine .tetrehed‘ral pentaglycine crossbridge
side chain of lipid Il intermediate of the lipid Il

S1. Proposed reaction mechanism of sortase A. The numbering of residues is based on the S. aureus
SrtA sequence. The catalytic cycle is a two-step reaction which involves a (A) amide bond cleavage at
the conserved LPXTG motif and thioesterification of Cys184 followed by (B) transpeptidation and
amide bond formation between the protein target and lipid II.
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S2. Multiple amino acid sequence alignment of sortase ezymes (SrtA, SrtB and SrtC) with
structures determined. Identical residues are highlighted in red, similar residues are coloured in red
and highlighted with a blue box. Catalytic triad identified in srtA are indicated with a blue triangle. The
PDB code for the sequences of the sortase enzymes are as follows: Streptococcus mutans sortase A
(SmSrtA) 4TQX; Streptococcus pyogenes sortase A (SpSrtA), 3FNS; Staphylococcus aureus sortase A
(SaSrtA), 1T2P; Staphylococcus aureus sortase B (SaSrtB), INGS; Bacillus anthracis sortase B
(BaSrtB), 20QW; Streptococcus pnemoniae sortase C-1 (SpnSrtC), 2W1J; Streptococcus agalactiae
sortase C-1 (SagSrtC), 300P; Streptococcus suis sortase C-1 (SsSrtC), 3RE9; Actinomyces oris sortase
C-1 (AoSrtC), 2XWG. The alignment was ran by Clustal Omega of EMBL-EBI and ESPript 3.x.



S3. Gene Cloning and Mutagenesis. The gene sequence for S. mutans sortase A (SmSrtA WT) was
downloaded from the GeneBank database (accession number AB089932) and used as a template for
designing a synthetic gene (GenScript, cloned in pUC57), with the DNA sequence modified to remove
the first membrane targeting sequence of 120 bp/40 amino acids (we refer to internally as SmSrtAAyyo)
and insert the restriction endonuclease sites Ncol(5”) and Xho1(3’).

This allowed for the cloning of the synthetic gene into a pET28a expression plasmid. Overexpression
of pET28a/SmSrtA produced an untagged recombinant SrtA protein of 206 amino acids with an N-
terminal truncation of the first 40 amino acids. This clone was then used to prepare the SrtA H139A
mutant using the Liu mutagenesis protocol! with the following primers:

5’-gctagegcetcatgtttttggtatgaccg-3° (Forward)
5’-aaaacatgagcgctagcaagagcataa-3’ (Reverse)

The bases mutated are shown in bold. DNA sequencing was used to verify the SrtA H139A mutant.
Mass spectrometry analysis showed that both wild-type and mutant SrtA were expressed with the N-
terminal methionine removed.

S4. Expression and Purification of SrtA and H139A Mutant. A single colony of pET28a/SmSrtA
BL21 (DE3) (or pET28a/SmSrtA H139A mutant) was picked into 500 mL of LB broth supplemented
with kanamycin (30 pg/mL) and grown overnight at 37 °C. The overnight culture was used to inoculate
fresh LB and the cells were grown to an ODgy of 0.6 before induction with isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM. The cultures were incubated for a
further 5 hours at 20 °C, 200 rpm. The cells were harvested by centrifugation at 5000 xg for 15 minutes.
The cell pellet was resuspended in buffer A (20 mM MES.NaOH, pH 6.0, 20 % glycerol) and lysed by
sonication (Soniprep 150, 15 min cycles with 30 s intervals). The resulting crude lysate was centrifuged
at 60076 x g for 30 min at 4 °C. The cell free extract was loaded onto MonoS 5/50 cation exchange
column (GE Healthcare) and eluted with increasing concentration of buffer B (20 mm MES.NaOH,
pH6.0, 20% glycerol, 2M NaCl). Fractions containing the protein of interest were pooled and further
purified by size exclusion chromatography using a Superdex S200 column 16/60 (GE Healthcare)
equilibrated with 20 mM MES.NaOH, pH 6.0, 150 mM NaCl. Further oligomeric analysis was carried
out by SDS PAGE and mass spectrometry.
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S5. Mass spectrum of recombinant S. mutans Sortase A (SrtA). LC-MS experiments were performed
using a Synapt G2 (Waters) instrument equipped with an Acquity UPLC and an electrospray source.
Separation was achieved using a reverse phase C4 Aeris Widepore 50 x 2.1 mm HPLC column
(Phenomenex) and a gradient of 5-95% MeOH (0.1% Formic Acid) over 10 minutes. The main figure
shows the charge state distribution obtained for SmSrtA. This corresponds to a deconvoluted molecular
mass of 22767 Da, ((M+H]") see insert, which was consistent with the predicted theoretical mass based

m/z

1600 2000

on the amino acid sequence of the protein (theoretical [M+H]*, 22767 Da).
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S6. Determination of K, and V,,, for S. mutans SrtA. SrtA activity was measured using a previously
published method that uses a fluorometric assay to monitor the hydrolysis of a fluorogenic peptide.?
The peptide substrate 4-(4-dimethylaminophenylazo)benzoicacid(Dabcyl)-QALPETGEE-5-[(2-
aminoethyl) amino]naphthalene-1-sulfonic acid (Edans) (Dabcyl-QALPETGEE-Edans) was dissolved
in dimethyl sulfoxide (DMSO) to prepare a stock concentration of 3.39 mM. This was then diluted with
sterile distilled water so that the final concentration of DMSO in the reaction was kept below 5%. The
assay was carried out at 37 °C (in triplicate) in reaction buffer (20 mM MES.NaOH, 125 mM NaCl, 2
mM DTT and 5 mM triglycine, pH 6.5). Wells contained 5 pM purified enzyme and varying
concentrations of peptide substrate (0.8 -212 uM) in a final volume of 200 ul. Assays were performed
in a 96-well plate and peptide cleavage was monitored as an increase of fluorescence using a Biotek
Synergy HT plate reader. The increase in fluorescence intensity was recorded as a function of time
using an excitation wavelength at 360 nm and recording emission at 485 nm. Changes in fluorescence
were converted to molar velocities using a calibration curve of an equimolar mixture of free dabcyl and
edans which had a gain of 23 F.U./umol upon conversion of substrate to product. The initial velocities
for substrate cleavage were determined from the progress curves at various substrate concentrations and
fitted to the Michaelis-Menten equation to determine the kinetic parameters K, and V., of the first
step (peptide cleavage) using GraphPad Prism 6 software. All reactions were performed in triplicates
and the mean values reported.



S7. Inhibition studies of S. mutans SrtA with trans-chalcone. The inhibitory activity of SrtA by
trans-chalcone (IUPAC Name: (E)-1,3-diphenylprop-2-en-1-one) was determined by measuring the
rate at which the synthetic fluorescent peptide substrate Dabcyl-QALPETGEE-Edans was cleaved
using the fluorescent assay described previously.? The reactions were performed on a 200 pL scale
containing reaction buffer (20 mM MES.NaOH, pH 6.5 and 125 mM NaCl), triglycine (5 mM), peptide
substrate (25 uM), 5 uM recombinant SrtA and varying concentrations of trans-chalcone (1-100 uM).
trans-chalcone was dissolved in DMSO and added to reaction mixture so that the final concentration of
DSMO was >1%. Appropriate blanks containing all of the above reagents except for trans-chalcone
were used as a negative control and morin and curcumin (known natural product sortase A inhibitors)
were used as a positive controls. All reactions were done in triplicates. The inhibitory activity was
defined as the concentration that resulted in 50% inhibition of enzyme activity relative to 1% DMSO.



100+

A 1 [(MiCHL,0) + 2aH]2
°
0 o T T T T T 1
250 500 750 1000 1250 1500 1750
100-
CID 12V
<
0 H o I' 1 I .
250 500 750 1000 1250 1500 1750

m/z

/AWNTNR]Y Q V SIN|V K D I)E|H|N]K])A A H|S| 2

C = X S0l s 26T %}L1‘*‘A‘Q¥§1;32‘3%§‘;1
..;‘Ltl'YIGALGTMKlNlDQlVMLGE k‘L‘[ALASHH;-‘:‘.‘
01 VEFGMT GJS S L l l
I;:LTDKNKVY{Y' LFiEELETvlﬁglgl‘]ktL
ILDkN}RLPL QLNLE lT L v T TlD PLG ATAR TLI

-‘;_‘ VLHLG ':'.:' ;]LFLG E TLD FLNlK LTLSLK K KLKLALFLR Q S zoo

1Y NQ

O +C,H,,0 (208.09 Da) ] ECD cion LECD zion
1 cbbion LciDyion

15-
D [ o y 5+ y 6+
42 o0 Y43
o 101 "
=3 S
(o]
5.
o] o]
(]
0 LM . .0 i W : .
984 985 986 987 8370 8375 8380 8385 8390
mz m/z
Yaz Va2
tI‘L@TDAGATARTI?‘
Y GETDFNKTSKKIKKAFRQS“"

HGT
NQIS

S8. Mapping the location of the chalcone modification in SrtA by top down mass spectrometry.
(A) Typical mass spectrum of a single isolated charge state of chalcone-modified SrtA. Here the
24+ charge state is shown. Inset, Isotope distribution of the 24+ species. The ion has an isotope pattern
consistent with Michael addition of chalcone (+C;sH;,0). The simulated isotope pattern is displayed in
orange ([Ci023H1634N2760311S71*4).

(B) Typical top-down mass spectrum. Here the CID spectrum of the 24+ species is shown.



© Combined top down fragment map showing all of the assigned product ions from all
fragmentation experiments. Fragments resulting from CID are displayed in red, fragments resulting
from ECD are displayed in blue. Fragmentation allowed the assignment of S. mutans SrtA Cys205 as
the residue modified by chalcone.

(D) The iSOtOpiC distributions of the y425+ ([C207H333N60064S1(C15H120)]5+) and y436+
([C311H341N61066S1(C15H,0)]%) fragment ions which allow the assignment the site of modification as
Cys205. The simulated isotope patterns are shown as scatterplots in green.
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S9. Proposed mechanism for the formation of the SrtA-frans-chalcone adduct.
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S10. LC ESI-MS analysis and inhibition of SrtA incubated with trans-chalcone and
dihydrochalcone. SrtA (5 pM) was incubated with (i) trans-chalcone (100 uM), (ii) dihydrochalcone
(100 uM) and (iii) mixture of trans-chalcone (100 pM) and dihydrochalcone (100 M) for 16h.

(A) Mass spectrometry analysis of reactions (i) to (iii) by LC-MS. A SrtA adduct was observed with
trans-chalcone but not the dihydrochalcone.

(B) Enzyme assay data obtained from SrtA incubated with trams-chalcone (100 pM) and
dihydrochalcone (100 uM) for 16h and analysed by FRET assay. The dihydrochalcone displayed no
detectable activity.
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S11. Effect of trans-chalcone on biofilm formation by S. mutans. S. mutans biofilm was grown using
the ACTA Active Attachment (AAA) model.* In this model 24 glass slides are assembled on to a steel
lid by plastic pegs. The steel lid assembly can fits into a standard Corning 24-well plate. The glass slides
are used for biofilm attachment of S. mutans cells and the subsequent growth of biofilm.

S. mutans culture was grown overnight in BHI (10 mL) with #rans-chalcone (0-500 uM) at 37 °C. The
AAA apparatus i.e. glass slides suspended from a steel lid was incubated with sterile 50-fold diluted
saliva (1.5 mL) in a 24-well Corning plate for 2h at 37 °C. The glass slides were then incubated in BHI
(1.5 mL) containing 0.2% sucrose, trans-chalcone (0-500 uM), and the overnight S. mutans inoculum
diluted to a final ODg for 2.5 h with moderate shaking (100 rpm) using a 24-well plate format. After
inoculation of the glass slides, they were placed in fresh BHI media (supplemented with 0.2 %sucrose
and trans-chalcone) for biofilm growth for a period of 16-18h.

After 18h of biofilm growth, the glass slides with attached S. mutans biofilm were stained with 0.05%
crystal violet solution (1.5 mL) for 10 mins. Excess stain was removed by washing with phosphate-
buffered saline (PBS). The glass slides were allowed to air dry and then destained in 95% ethanol (2
mL). The absorbance of each well solution (which contained crystal violet stain dissolved in 95% EtOH)
was then measured at 600 nm. The absorbance of the well solution is assumed to be directly proportional
to biomass/biofilm formation on each glass slide. See below.
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(A) Photograph of crystal violet stain dissolved in EtOH after destaining of S. mutans biofilms grown
on saliva-coated glass slides in the presence of trans-chalcone using the AAA model. Cells were grown
in BHI media containing frans-chalcone (5-500 pM). A stronger purple colour indicates that more
biomass was present/stuck on the glass slide before destaining as is seen in the wells containing the
DMSO control. 25 uM and 5 uM trans-chalcone.

(B) Quantification of biofilm mass. The optical density of crystal violet stain dissolved in EtOH after
destaining was read at 600 nm. The values represent the average experiments performed in triplicate.
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DMSO was used as the negative control and the known S. mutans biofilm inhibitor morin (50 pM) as
the positive control.

(C) Inhibition of biofilm formation in the presence of trans-chalcone. Biofilm formation was reduced
in the presence of trans-chalcone in a concentration dependent manner up to 250 uM, with efficacy
tailing off at higher concentrations. % values are relative to the DMSO control.

13
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S12. SDS-PAGE analysis of recombinant S. mutans SrtA and SrtA H139A after purification by
size exclusion chromatography. (A) Wild-type SrtA is unstable and undergoes auto proteolysis upon
purification. Lane 1: low molecular weight marker; lanes 2-7: Fractions of purified protein from gel
filtration on Superdex S200 16/60 (GE Healthcare) 20 mM MES.NaOH, 250 mM NaCl, pH 6.5. (B)
The SrtA HI39A mutant is more stable. Lane 1: low molecular weight marker, lanes 2-4: Fractions of
purified protein from gel filtration on Superdex S200 16/60 (GE Healthcare) in 20 mM MES.NaOH,
250 mM NaCl, pH 6.

14
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S13. Mass spectra of SrtA H139A mutant before and after incubation with #rans-chalcone.

(A) Purified SrtA H139A (5 pM) was analysed by LC ESI-MS and found to give a mass which
corresponds to the predicted monomeric mass of 22705 Da.

(B) SrtA H139A (5 uM) was incubated overnight with trans-chalcone (100 uM), followed my LC-MS
analysis. A peak at 22914 Da was observed which corresponds to the enzyme-chalcone adduct. MS-
MS analysis confirmed the site of modification was Cys205 (data not shown).
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S14. Protein crystallisation and data collection, structure solution and analysis. The stable SrtA
H139A mutant enzyme was used for structural studies. Purified SrtA H139A in 250 mM NacCl, 20 mM
MES.NaOH pH 6.5 was concentrated to 11 mg/ml using a 10 kDa MWCO centrifugal filter device
(Sartorius). Concentrated protein was crystallised by hanging drop vapour diffusion in drops of 2 pl
protein plus 2 pl crystallisation solution (30 % w/v PEG 4000, NaAc pH 4.6, 0.2 M (NH,4),SO,), over
1 ml of the latter. Crystals were obtained in 5 days; these were harvested from the well using a
LithoLoop (Molecular Dimensions Limited), transferred briefly to a cryoprotection solution containing
well solution supplemented with 20 % w/v PEG200, and the crystals were subsequently flash cooled in
liquid nitrogen. All crystallographic datasets were collected on beamlines 124 and 104 at Diamond Light
Source (Didcot, UK) at 100 K using Pilatus 6M detectors. Diffraction data were integrated and scaled
using XDS and symmetry related reflections were merged with Aimless.’ Data collection statistics are
shown in Table 1. The resolution cut off used for structure determination and refinement was
determined based on the CC,, criterion proposed by Karplus and Diederichs.®

The structure of SrtA H139A was determined by molecular replacement using PDBID: 3FNS57 as the
search model, this was modified to match the sequence of the target protein using Chainsaw. A single
solution comprising a monomer in the asymmetric unit was found using Phaser.® The initial model was
rebuilt using Phenix.autobuild® followed by cycles of refinement with Phenix.refine® and manual
rebuilding in coot.!” The final model was refined with anisotropic B-factors for the protein chain and
isotropic B-factors for ligands and water molecules. The model was validated using MolProbity.!!
Structural superimpositions were calculated using Coot.!? Crystallographic figures were generated with
PyMOL."? Refinement statistics are shown in Table 1.

16



Wavelength (A)
Resolution range (A)
Space group
Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean l/sigma(l)
Wilson B-factor
R-merge
R-meas
CC1/2
cc*
Reflections used for R-free
R-work
R-free
Number of non-hydrogen atoms
macromolecules
ligands
water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Clashscore
Average B-factor
macromolecules
ligands

solvent

Statistics for the highest-resolution shell are shown in parentheses.

SrtA H139A
0.92
47.44 -1.37 (1.419 - 1.37)
P 42212
82.822 82.822 57.87 90 90 90
1094198 (109542)
42782 (4216)
25.6 (26.0)
99.85 (99.98)
25.19 (1.12)
19.25
0.08007 (2.888)
0.08172
1(0.618)
1(0.874)
5%
0.1450 (0.2806)
0.1792 (0.3296)
1837
1585
22
230
201
0.009
1.22

98

1.24
27.50
25.80
49.60

37.30

S14. Data Collection and Refinement Statistics.

17



18



S15. Overlay of the crystal structures of sortase enzymes.

(A) Structure of SmSrtA H139A showing the secondary structural elements labelled from the N- to C-
terminus and highlighting the extended N-terminal domain (ot 1) that is unique to this structure.

(B) Stereo view of an overlay of four sortase structures showing the highly conserved core fold.
(SmSrtA, 4TQX, blue; SpSrtA, 3FNS, raspberry; SaSrtB, INGS, yellow; SpnSrtC, 2W1J, green). The
SmSrtA reported in our work has a unique N-terminal helix arrangement which is distinct to those seen
for the other sortase family enzymes, N-terminus of SmSrtA indicated with an ‘N’ and SaSrtB indicated
with an arrow.

(C) Stereo view of the active site residues of the four sortase structures as in (B), with residue numbers
labelled for the SmSrtA protein. The only significant difference in active residues is seen between the
SaSrtB active site cysteine and the other sortase family proteins, where it is shifted by approximately 4
A due to a loop movement (in yellow) in the active site.

19



S16. Modelling of the SrtA frans-chalcone Michael adduct. Both the R- and S- form of the trans-
chalcone cysteine Michael adduct were built and their geometry was optimized using Jligand.!4
Geometry description files were output as cif format files and Cys205 was modified in coot with both
forms of the trans-chalcone. The His139 residue was modeled to minimize steric clashes with other
side-chains and the ligand. The resulting models were minimized using refmac and figures produced
using Pymol."3
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