S
P University of

Central Lancashire
UCLan

Central Lancashire Online Knowledge (CLoK)

Title The Gelatinase Biosynthesis-Activating Pheromone binds and stabilizes the
FsrB membrane protein in Enterococcus faecalis guorum sensing

Type Article

URL https://clok.uclan.ac.uk/30251/

DOI https://doi.org/10.1002/1873-3468.13634

Date 2019

Citation Littlewood, Sean, Tattersall, Helena, Hughes, Charlotte Sarah, Hussain,
Rohanah, Ma, Pikyee, Harding, Stephen E., Nakayama, Jiro and Phillips-
Jones, Mary K. (2019) The Gelatinase Biosynthesis-Activating Pheromone
binds and stabilizes the FsrB membrane protein in Enterococcus faecalis
quorum sensing. FEBS Letters, 594 (3). pp. 553-563. ISSN 0014-5793
Creators | Littlewood, Sean, Tattersall, Helena, Hughes, Charlotte Sarah, Hussain,
Rohanah, Ma, Pikyee, Harding, Stephen E., Nakayama, Jiro and Phillips-
Jones, Mary K.

It is advisable to refer to the publisher’s version if you intend to cite from the work.
https://doi.org/10.1002/1873-3468.13634

For information about Research at UCLan please go to http://www.uclan.ac.uk/research/

All outputs in CLoK are protected by Intellectual Property Rights law, including Copyright law.
Copyright, IPR and Moral Rights for the works on this site are retained by the individual authors
and/or other copyright owners. Terms and conditions for use of this material are defined in the

http://clok.uclan.ac.uk/policies/


http://www.uclan.ac.uk/research/
http://clok.uclan.ac.uk/policies/

FEBS %2 FEBSPRESS
Letters @ ® science publishing by scientists

COMMUNICATION

The gelatinase biosynthesis-activating pheromone binds
and stabilises the FsrB membrane protein in
Enterococcus faecalis quorum sensing

Sean Littlewood", Helena Tattersall', Charlotte S. Hughes'?, Rohanah Hussain?, Pikyee Ma** (19,
Stephen E. Harding®, Jiro Nakayama® and Mary K. Phillips-Jones*

1 School of Pharmacy and Biomedical Sciences, University of Central Lancashire, Preston, UK

2 Diamond Light Source Ltd., Harwell Science and Innovation Campus, Didcot, UK

3 Astbury Centre for Structural Molecular Biology, University of Leeds, UK

4 National Centre for Macromolecular Hydrodynamics, School of Biosciences, University of Nottingham, Sutton Bonington, UK
5 Department of Bioscience and Biotechnology, Faculty of Agriculture, Graduate School, Kyushu University, Fukuoka, Japan

Correspondence

M. K. Phillips-Jones, National Centre for
Macromolecular Hydrodynamics, School of
Biosciences, University of Nottingham,
Sutton Bonington LE12 5RD, UK

Tel: +44 115 951 6156

E-mail: mary.phillips-jones@nottingham.ac.uk

*Present address
Paul Scherrer Institute, Villigen, Switzerland

(Received 5 August 2019, revised 27
September 2019, accepted 30 September
2019)

doi:10.1002/1873-3468.13634

Edited by Miguel De la Rosa

Quorum-sensing mechanisms regulate gene expression in response to changing
cell-population density detected through pheromones. In Enterococcus faecalis,
Fsr quorum sensing produces and responds to the gelatinase biosynthesis-acti-
vating pheromone (GBAP). Here we establish that the enterococcal FsrB
membrane protein has a direct role connected with GBAP by showing that
GBAP binds to purified FsrB. Far-UV CD measurements demonstrated a pre-
dominantly a-helical protein exhibiting a small level of conformational flexibil-
ity. Fivefold (400 pm) GBAP stabilised FsrB (80 pv) secondary structure.
FsrB thermal denaturation in the presence and absence of GBAP revealed
melting temperatures of 70.1 and 60.8 °C, respectively, demonstrating GBAP
interactions and increased thermal stability conferred by GBAP. Addition of
GBAP also resulted in tertiary structural changes, confirming GBAP binding.

Keywords: circular
sensing

dichroism;  Enterococcus faecalis; FsrB; quorum

The FsrB membrane protein is a component of the
Fsr quorum-sensing system of the
opportunistic infection agent Enterococcus faecalis [1].
The Fsr system comprises four components; in addi-
tion to FsrB (believed to process and transport the
Fsr peptide pheromone across the membrane), these
are FsrA (a response regulator), FsrD [a propeptide
cleaved
peptide pheromone known as gelatinase biosynthesis-
activating pheromone (GBAP)] and FsrC (a his-
tidine protein kinase; [2], encoded by the fsrABDC

which ultimately becomes

operon.

Abbreviations

In E. faecalis, the Fsr system upregulates expression
of gelatinase (GelE) and serine protease (SprE) viru-
lence factors in a cell density-dependent manner and in
this regard resembles the much-studied regulation of
toxin synthesis by the Staphylococcus aureus Agr quo-
rum-sensing system [3—10]. Indeed, the Fsr system is
the main activator of ge/E expression [11-13], but has
also been implicated in virulence independently of gelE
[11]. The peptide mediator of Fsr quorum sensing
(GBAP) is a peptide lactone encoded by fsrD located
just downstream of, and in frame with fsrB [14,15].
Mutations in either the Fsr system and/or in GelE

Gram-positive

to form the

DDM, n-dodecyl-B-o-maltoside; GBAP, gelatinase biosynthesis-activating pheromone; GelE, gelatinase; IPTG, isopropyl thiogalactoside; PCA,

Principal component analysis.
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production decrease the severity of disease in several
model systems including a rabbit endophthalmitis
model, Arabidopsis thaliana, Caenorhabditis elegans,
mouse and an endocarditis model [13,16-20]. A dele-
tion mutant of fsrB exhibited significantly reduced vir-
ulence in a rabbit endophthalmitis model, which was
restored by complementation using an intact fsrB gene
[16].

By analogy with the staphylococcal Agr quorum-
sensing system (and AgrB specifically), FsrB is pre-
dicted to serve both as a cysteine protease-like
enzyme responsible for post-translational processing
of the FsrD propeptide to give mature GBAP [15]
and also possibly as a membrane transporter respon-
sible for GBAP export across the cytoplasmic mem-
brane to the external environment [14,21]. Evidence
for a proteolytic role for FsrB towards GBAP comes
from the study of Nakayama et al. [22] in which the
GBAP propeptide (FsrD) disappeared in western blot
analysis when FsrB’ (a truncated version of FsrB
lacking the protein product of the in-frame fsrD
gene) was present, an activity that was inhibited by
addition of inhibitor ambuic acid [22]. Consistent
with its suggested transporter role, FsrB is predicted
to be a membrane protein possessing five putative
transmembrane segments (Fig. 1). There are three
regions of potential importance in a processing role,
based on their predicted nonmembrane locations: a
27-residue region (including fMet) at the intracellular
N terminus, a cytoplasmic loop of 25 residues (resi-
dues 123-148) between helices 4 and 5 also located
intracellularly and a 17-residue portion located extra-
cellularly (residues 172-189). More than one of these
may potentially be involved in processing and even in
transport functions.

However, with regard to FsrB role, there is no
experimental evidence to confirm these predictions
and findings. The present study was undertaken to
investigate whether FsrB is indeed linked with the
GBAP pheromone, as is the case for AgrB and the
AgrD pheromone in the equivalent Agr system [23].
If so, we would expect to see interactions between
the two molecules. Here, we utilise CD spectroscopy
to determine whether GBAP specifically interacts with
purified FsrB, which would be consistent with either
or both of the above roles. We confirm the binding
of GBAP to FsrB and further show that FsrB-GBAP
ligand binding results in stabilisation of FsrB struc-
tural conformation. GBAP binding stabilised and
exerted changes in both the secondary and tertiary
structural conformations of FsrB. These results con-
firm a role for FsrB in GBAP functioning during
quorum sensing.
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Materials and methods

Production of purified FsrB

The fsrB gene (EF1821) of E. faecalis V583 was cloned into
expression plasmid pTTQ18His [24] as described previously
[25,26]. Briefly, primers FsrB-F: 5-CCGGAATTCCC-
TAATCGATTGGATTCTAAAAAATATTATGG-3  and
FsrB-R: 5-AAAACTGCAGCTGCAAAAACACTTCCTT-
CAATTAAATTTTTTG-3 were used to amplify the fsrB
gene from E. faecalis V583 genomic DNA using polymerase
chain reaction. The fsrD gene encoding the GBAP pheromone
itself, which occurs in-frame with, and just downstream of
fsrB, was omitted from the cloning [15]. Following digestion
with EcoRI and Pstl restriction enzymes, the isolated ampli-
fied fragment was ligated into FEcoRI-, Pstl-digested
pTTQI18His to give pTTQI18His-FsrB in which fsrB is
expressed as a recombinant protein (FsrB-Hisgs, henceforth
referred to as FsrB), possessing a predicted MNSLID N-ter-
minal sequence (where M is the initiating fMet and NS are the
first two amino acid residues and derived from pTTQI8His),
and an additional AAGGRGSHHHHHH sequence at the C
terminus of the expressed protein for purification. Purified
plasmids were verified by DNA sequencing.

The plasmid pTTQI18His-FsrB was transformed into
Escherichia coli BL21 [DE3]. For preparation of purified
FsrB, 6 L volumes of E. coli BL21 [DE3]/pTTQ18His-FsrB
were cultured at 37 °C in Luria-Bertani broth containing
100 pg-mL~! carbenicillin as described previously [25,27,28].
Expression of fsrB was induced using 0.2 mm isopropyl thio-
galactoside (IPTG) and cultures were incubated at an opti-
mised postinduction temperature of 33 °C for a further 3 h
prior to harvesting. Following preparation of mixed mem-
branes by the methods described in Ma et al. [25], membrane
proteins were solubilised using 1% (w/v) n-dodecyl-p-p-mal-
toside (DDM). His-tagged FsrB was purified from solubilised
material by nickel affinity chromatography as described pre-
viously [25] using wash buffers containing 20 mm imidazole
and elute buffers containing 200 mm imidazole, both of
which contained 0.05% DDM detergent. Purified FsrB was
buffer exchanged into 10 mm HEPES pH 7.9 containing
10% glycerol, 100 mm NaCl and 0.05% DDM (HGSD buf-
fer) using Bio-Rad (Watford, Herts., UK) Econo-Pac 10DG
size exclusion desalting columns and concentrated.

Circular dichroism spectroscopy measurements

CD measurements were made using the nitrogen-flushed instru-
ment on the B23 Synchrotron Radiation CD Beamline at the
Diamond Light Source, Oxfordshire, UK, as described previ-
ously [2,26]. Purified FsrB was prepared in HGSD buffer.
GBAP or control solvent additions were accompanied by
20-min incubation at 20 °C prior to obtaining spectral data.
All measurements were made at 20 °C unless otherwise stated.
Far-UV (180-260 nm) measurements employed 80 pm
FsrB in HGSD buffer. GBAP dissolved in 30% acetonitrile

2 FEBS Letters (2019) ©2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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Fig. 1. Schematic representation of FsrB.
Transmembrane helices were predicted
using the TMHMM membrane protein
topology prediction method based on a
hidden Markov model (https://www.
expasy.org/proteomics). The predicted
molecular mass is 21 591 Da (189
residues).

was added to a final concentration of 400 um to give five-
fold excess of the pheromone (5 : 1 GBAP : FsrB). Equiva-
lent concentrations of acetonitrile were added in control
reactions; final concentrations of acetonitrile were 1.5%.
Four scans were acquired using an integration time of 1 s,
a path length of 0.2 mm and a slit width of 1.0 mm equiva-
lent to 1.2 nm bandwidth.

Secondary structural composition was determined by
analysis of the far-UV spectral data using the CONTINLL
algorithm of B23 beamline OLIS Globalworks software as
described previously [2].

For thermal denaturation studies, spectral data for FsrB
(80 uMm) in the presence or absence of fivefold GBAP were
collected at increasing temperatures from 20 to 95 °C, in
5 °C increments with 10-min equilibration time followed by
a return to 20 °C in one step of 30 (min) equilibration time.

Measurements in the near-UV region (250-340 nm) were
made in cells of 1 cm path length using 16 pm FsrB in
HGSD buffer at 20 °C. To investigate the effect of fivefold
molar excess GBAP, averaged data from 10 scans (integra-
tion time 1 s) were obtained for samples in the presence of
either fivefold (80 pum) GBAP plus a final concentration of
0.84% acetonitrile, or 0.84% acetonitrile. All spectra of rel-
evant background buffers, solvents, GBAP alone, etc., were
subtracted from the experimental data to give difference
spectra, which were then converted into mean residue ellip-
ticity as described previously [2].

The mean residue weight for recombinant FsrB was
taken to be 114. The cyclic GBAP pheromone (QN

FsrB-GBAP binding in enterococcal quorum sensing

(SPNIFGQWM) used in the present study was prepared
synthetically as described previously [14].

SDS/polyacrylamide gel electrophoresis and
western blotting

FsrB preparations were loaded onto SDS/polyacrylamide
gels (5% stacking/12.5% resolving acrylamide: bisacry-
lamide gels) [29]. Following electrophoretic separation, pro-
teins were either stained with Coomassie blue [29] or
transferred by electroblotting onto polyvinylidene fluoride
membrane for western blotting with INDIA™ HisProbe-
horseradish peroxidase for detection of histidine-tagged
proteins, as described previously [25].

Protein determination

FsrB concentrations were determined spectrophotometri-
cally as described previously using a molar extinction

coefficient, € (FsrB-Hisg), for recombinant FsrB of
41 410 v~ "em™'.
Results

Preparation of purified FsrB

Following verification of the fsrB gene in the expres-
sion plasmid pTTQI8His-FsrB by sequencing, the
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plasmid was transformed into the expression host
E. coli BL21 [DE3] which was cultured in selective
Luria—Bertani (LB) medium as described in Materials
and Methods and induced for FsrB production using
0.2 mm IPTG followed by 3-h incubation at 33 °C
prior to harvesting. IPTG induction resulted in an
almost immediate cessation in growth compared with
cultures lacking IPTG addition (Fig. 2), indicative of
successful FsrB expression due to FsrB insertion into
E. coli membranes resulting in deleterious effects on
E. coli growth, as commonly observed during mem-
brane protein expression [30,31].

Purification of FsrB via the hexa-Histidine tag engi-
neered at the C terminus of the protein was achieved
using well-established methods developed in our labo-
ratory for members of a range of membrane protein
classes [25-28]). Figure 3 summarises the successful
application of these methods for production of FsrB.
In SDS/polyacrylamide gels, the protein exhibits an
apparent molar mass of ~ 22 kDa (Fig. 3A), which is
in good agreement with the calculated mass of
23.2 kDa for the His-tagged protein. The additional
minor band of apparent mass ~ 35 kDa corresponds
to a multimeric form of FsrB, as commonly observed
for other purified membrane proteins during SDS/

S. Littlewood et al.

PAGE analysis [32]. Both 22- and 35-kDa bands gave
positive signals in the western blot confirming the pres-
ence of the hexa-Histidine tag (Fig. 3B).

Investigations of FsrB secondary structural
conformation with and without GBAP

Retention of secondary structural integrity of the FsrB
protein postpurification was investigated by CD spec-
troscopy measurements in the far-UV region (185-
260 nm). Purified FsrB produced spectra with negative
minima at 210 and 224 nm and a strong positive spec-
tral peak at 193 nm characteristic of a prevailing ao-he-
lical structure [33,34] and thus confirming the integrity
of the heterologously produced protein. Interestingly,
despite the presence of DDM detergent at a concentra-
tion of 0.05% which is well above the CMC value of
this detergent (~ 0.17 mm, 0.0087%) [35], and which
stabilises other membrane proteins such as FsrC in
DDM micelles with regard to obtaining reliable and
reproducible CD spectra [2], FsrB alone produced dif-
ference spectra of increasingly shallow characteristics
over a 60-min period, indicative of a small but detect-
able lack of stability in the secondary structural con-
formation of FsrB (Fig. 4A). By contrast, in the

A 10
37 DC /
NS
<
3
<)
0]
0 50 100 150 200 250 300 350 400
Time (min)
B C D
10 10 10
33 °C 28°C 15°C
3 L o 3 [ e et
< < = E < ==
£ £ % :
H 5 o 4 ;
O o1 O o1 O o1 =
T\/ — 7
T_D’
001 001 001
4 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 4 50 100 150 200 250 300 350 400
Time (min) Time (min) Time (min)

Fig. 2. Optimisation of inducer and temperature conditions for culturing E. coli BL21 [DE3]/pTTQ18His-FsrB in LB medium containing
100 pg-mL~" carbenicillin. (A) Effect of IPTG concentrations on growth (absorbance at 600 nm, Agoo): no IPTG (solid black line, 4); 0.2 mm
IPTG (grey line, O), 0.5 mm IPTG (dashed line, A); and 1.0 mm IPTG (dotted line, ). Growth was at 37 °C; the arrow indicates point of
IPTG addition. Panels (B-D) show growth at postinduction temperatures of 33, 28 and 15 °C, respectively, following culturing at 37 °C in LB
selective broth and addition of 0.2 mm IPTG indicated by the arrows. No IPTG addition (solid black line, #); 0.2 mm IPTG, (dashed line, O).
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-36 kDa

A 1 23 23ug M
..... » -
-29
-24
FsrB— -

B M 1
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kDa
75-

Fig. 3. Production and confirmation of purified His-tagged E. faecalis FsrB. (A) SDS/polyacrylamide gel (6% stacking and 12.5% resolving
gel) of purified intact FsrB (1, 2.3 and 23 pg) (predicted molar mass 23.2 kDa) visualised using Coomassie blue staining. M, molecular mass
markers; and (B) western blot using 1 and 2.3 pug purified FsrB with an INDIA His probe to detect the presence of the C-terminal
hexahistidine tag. Arrows denote the positions of the monomeric (solid arrow) and minor levels of multimeric (dashed arrow) intact protein.

presence of fivefold GBAP, difference spectra were
transiently more intense (more positive at 193 nm and
more negative at 210 and 214 nm) at time 0, indicative
of higher secondary structural composition in the ini-
tial presence of the pheromone, followed by shallower
but stable overlayable spectra indicative of stable sec-
ondary structure conformation (Fig. 4A). All these
effects were reproducible, and Fig. 4B shows an exam-
ple of a repeat experiment, this time over a 175-min
period in which the same trend was observed
(Fig. 4B).

Analysis of the secondary structural composition
using the CONTINLL algorithm reveal a significantly
higher proportion of a-helical content initially upon
addition of GBAP [increased from 61.0 (£1.8) to 75.1
(£2.2)% total o-helix], accompanied by lower %
B-strand and unordered content [6.3-16.7 (£9.0) to
2.2-59 (£3.0) % B-strand; and 17.7-26.8 (£9.0) to
14.4-22.9 (£3.0) % unordered structure] (Table 1).
With time, shallowing of difference spectra was again
observed (Fig. 4), but unlike the spectra of FsrB alone,
the presence of GBAP resulted in difference spectra
that were stable and could be reliably overlaid within
40 min suggesting that GBAP may have a stabilising
effect on FsrB (and therefore possibly indicative of
GBAP binding to FsrB). The data in Table 1 suggest
that after 2 h, there remain small but statistically non-
significant differences in the o-helical and pB-strand
contents of the protein in the presence and absence
of the GBAP ligand, with values of 61.3-64.3 + 9.0%
a-helix and 4.4-6.3 + 9.0% B-strand (Table 1).

To investigate further the possibility that the pres-
ence of GBAP results in a more stable FsrB conforma-
tion, thermal denaturation experiments were
undertaken in which CD spectra were acquired during
temperature ramping of FsrB (in the presence or
absence of GBAP), in 5 °C successive increases from

20 to 95 °C, before being returned to 20 °C once
more. Four replicate spectra were obtained at each
temperature. The changes in ellipticity (at 222 nm)
measured as a function of temperature are shown in
Fig. 5. Melting temperatures of 60.8 + 4.2 °C for
FsrB, and the higher value of 70.1 + 3.4 °C for FsrB
in the presence of GBAP were obtained, demonstrat-
ing that the presence of GBAP does indeed result in a
marked increased stability of FsrB. Principal compo-
nent analysis (PCA) undertaken as described previ-
ously [36] for the thermal melt of FsrB alone and in
the presence of GBAP reveals a transition at 50 °C
into two distinct species (components) in both cases
representing 75.7% variance (Fig. S1). From the PCA
loading graph, the route of transition taken by the
proteins in the two conditions is not too dissimilar, as
demonstrated by the grouping of the variances at each
temperature for both conditions.

Upon return to 20 °C, there was no significant fur-
ther change in the spectrum at 222 nm, suggesting that
the temperature-induced denaturation/changes in FsrB
conformation were irreversible under these conditions,
whether GBAP is present or not (data not shown).

Investigations of FsrB tertiary structural
conformation with and without GBAP

To determine whether GBAP binding affects the ter-
tiary structural conformation of FsrB and/or GBAP
itself, CD measurements were undertaken in the
near-UV region which reports changes due to ligand
binding in the environments of the Phe (broadly,
250-270 nm), Tyr (270-290 nm), Trp (280-300 nm)
residues and any disulphide bonds (broad weak sig-
nals across the near-UV spectrum) [37]. FsrB is pre-
dicted to possess 5 Trp, 9 Tyr, 10 Phe and 4 Cys
residues.

FEBS Letters (2019) ©2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 5
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Fig. 4. Far-UV difference spectra of FsrB (80 pum) in the presence and absence of fivefold (400 um) GBAP, and suspended in 10 mm HEPES
pH 7.9, 10% glycerol, 100 mm NaCl and 0.05% DDM. Contributions by buffer and acetonitrile (used to dissolve GBAP) were removed by
subtracting the relevant control spectra. Acetonitrile concentrations did not exceed 1.5%. Data are average of four scans. Increment 1 nm,
path length 0.2 mm and slit width 1 mm, using loading volumes of 5 uL. Spectra were obtained 20 min after GBAP or acetonitrile addition
(time 0, shown by the solid black lines and at (A) 10-, 50- and 60-min intervals thereafter for FsrB (long dashed line, dashed line and dotted
line, respectively) and at 40-, 50- and 60-min intervals thereafter for FsrB + GBAP (long dashed line, dashed line and dotted lines,
respectively); and (B) in a repeat experiment at 39, 78 and 130 min thereafter for FsrB (long dashed line, dashed line and dotted line,
respectively) or at 35, 110 and 175 min thereafter for FsrB + GBAP (long dashed line, dashed line and dotted line, respectively in both

cases).

Figure 6 shows the near-UV difference spectra for
FsrB in the presence and absence of fivefold GBAP,
corrected for any contributions arising from GBAP
itself, buffer, detergent or acetonitrile solvent. Any
changes observed in the spectra in the presence of
GBAP could be due to changes in FsrB and/or in
GBAP itself upon interaction. There is no obvious evi-
dence of any disulphides present [in principle both ace-
tonitrile and GBAP (the latter possessing a lactone

link joining Ser3 and Metll in this cyclic molecule),
are oxidising molecules], as the spectra overall overlay
reasonably well.

The FsrB spectrum reveals a strong region of Phe
residues peaking at ~ 259 and 268 nm (Fig. 6). The
corresponding region for the FsrB + GBAP spectrum
reveals one discrete larger positive spectral peak in the
250-270 nm Phe region, thus possibly suggesting
changes in the environments of some Phe residues in

6 FEBS Letters (2019) ©2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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Table 1. Secondary structure composition of FsrB in DDM micelles using the mean values derived from the CONTINLL algorithm. Data
derived using the SMP50 and SP37 + 13 membrane protein datasets. Average of four replicates. GBAP was added at a five-fold excess

H1: Alpha  H2: Distorted  Alpha helix S1: Beta  S2: Distorted  Beta strand Standard

Scan helix alpha helix (both types)  strand beta strand (both types)  T: Turns  U: Unordered  deviation
FsrB

0 min 421 18.8 61.0 4.7 3.8 8.6 12.8 17.7 1.8

39 min 44.4 18.9 63.3 5.1 3.0 8.1 9.3 19.3 1.5

78 min 34.1 14.8 48.9 11.2 5.4 16.7 7.7 26.8 4.3

130 min  40.4 20.9 61.3 45 1.9 6.3 8.3 24.3 9.0
FsrB + GBAP

0 min 53.8 21.2 75.1 0.8 1.4 2.2 8.3 14.4 2.2

35 min 41.0 18.7 59.8 2.9 3.1 5.9 1.4 22.9 1.7

110 min 42.0 18.4 60.4 1.4 3.5 5.0 12.2 22.4 1.7

175 min 45,5 18.8 64.3 2.2 2.2 4.4 9.9 21.3 3.0

the presence of the ligand. The FsrB spectrum also
exhibits a distinct trough in the 270-285 nm region
corresponding to Tyr and Trp residues, with a spectral
peak occurring at ~ 292 nm which might correspond
more to Trp than Tyr residues at this longer wave-
length. The corresponding region of the FsrB + GBAP
spectrum exhibits three strongly positive spectral peaks
with maxima at approximately 280, 289 and 297 nm,
indicative of GBAP interactions affecting the environ-
ments of Trp and Tyr residues in FsrB and/or GBAP
(Fig. 6).

Importantly, taken together these data show that
GBAP binds to purified recombinant FsrB and also

A  FsrB

124

10

——T,,60.8°C+4.2°C }

ACD,,, . (mdeg)

Temperature (°C)

that as a result of binding by this ligand, the sec-
ondary structural conformation of FsrB acquires
increased stability (Figs 4 and 5; Table 1) and the ter-
tiary structure of FsrB and/or GBAP is changed, evi-
denced by the changed spectra in the 270-297 nm Tyr/
Trp region and in the 250-270 nm region of Phe resi-
dues (Fig. 6).

Discussion

In the present study, FsrB was successfully expressed
and purified from E. coli membranes as a Histidine-
tagged protein. Induction of expression in the E. coli

B FsrB + GBAP

—T1,70.1°C£34°C

ACD,,,., (mdeg)

T
10 20 30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 5. Thermal denaturation of FsrB (80 puwm) in the (A) absence and (B) presence of fivefold (400 uv) GBAP. FsrB protein was incubated at
20 °C for 20 min. The temperature was then increased in 5 °C increments to 95 °C and maintained at each temperature for 5 min prior to
acquiring spectral data in the 180-260 nm range. Amdeg changes at 222 nm were plotted against temperature and curves fitted to a
sigmoidal function using CDApps. Calculated melting temperatures are shown. Circled markers indicate the Amdeg following a return to

20 °C after the temperature ramp. Data are the average of four scans.
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BL21 [DE3] host was accompanied by an almost
immediate cessation of exponential growth (Fig. 2), as
observed during the expression of many membrane
proteins, presumably because packing of the overex-
pressed heterologous protein into E. coli membranes is
deleterious to growth. Following successfully solubili-
sation from E. coli membranes and purification of the
protein into detergent micelles, FsrB was shown here
to retain structural integrity as demonstrated by the
presence of secondary structure in CD measurements
made in the far-UV region (Fig. 4). From these mea-
surements, it is also clear that the protein exhibits flex-
ibility though small as depicted by CD spectroscopy as
a function of time (Fig. 4A). Under the detergent con-
ditions used here [using concentrations (0.05%) well
above that of the CMC value], it is unlikely that insta-
bilities of FsrB conformation would arise as a result of
insufficient detergent as we have observed previously
for FsrC when lower (0.025%) detergent levels were
used [2]. It is possible that the protein requires native
membrane to minimise flexibility; however, we have
shown in the present study that the presence of the
membrane environment is not required to observe
GBAP binding to FsrB, which results in consistent
spectra and increased stability of FsrB secondary
structure upon GBAP addition (following an initial
transient increase in secondary structural composition).
It is also possible that some UV denaturation of FsrB
occurs as spectra are acquired accounting for the flexi-
bility/instability observed, or even migration of the
protein within the detergent micelle; if so, these expla-
nations nonetheless remain consistent with the idea
that GBAP binding reduces any such effects. The

presence of GBAP resulted in an increase of almost
10 °C in the Ty value for FsrB and significant changes
in tertiary structural conformation upon GBAP bind-
ing (Figs. 5 and 6). All these data therefore clearly
demonstrate that FsrB binds GBAP and therefore that
FsrB is likely to have a role in GBAP functioning dur-
ing quorum sensing.

It is well established that ligand binding to proteins
can increase or decrease protein thermal and/or confor-
mational stability, and therefore, it seems reasonable to
conclude from these results that GBAP binding is an
example of a ligand that increases both such stabilities
in FsrB. However, it is also possible that purified FsrB
acquires a small degree of disorder postpurification,
possibly through lack of the membrane environment,
and that the disorder particularly at the tertiary struc-
tural level is relieved upon ligand binding [38].

Further studies are required to determine the precise
role(s) of FsrB in the quorum-sensing process. Now
that it has been shown that GBAP binds to FsrB
(through CD spectroscopy), it seems probable that
such roles could involve direct FsrB-GBAP interac-
tions such as post-translational processing of the newly
synthesised GBAP and/or export of GBAP across the
enterococcal membrane to the cell exterior, as sug-
gested by others previously. Indeed, proteolytic activity
towards FsrD (pro-GBAP) has been observed [22].
The corresponding staphylococcal quorum-sensing
protein AgrB is also believed to be involved in similar
processes [3,21,39], and again proteolytic processing of
the equivalent AgrD cyclic pheromone has been
demonstrated [40]. In the case of both FsrB and AgrB,
possible additional roles for these proteins in peptide

8 FEBS Letters (2019) ©2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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pheromone export across the membrane have yet to be
investigated. PSI-BLAST searches of each of the non-
membrane spanning regions predicted for FsrB reveal
(not unexpectedly) similarity with many protein
domain types but it is interesting that residues 123-148
exhibits 69% identity (75% similarity) in 16 residues
to several ABC transporter substrate-binding proteins,
whilst residues 172-189 exhibit 65% identity (70%
similarity) in 17 residues to eukaryotic K(+) efflux
antiporter 3 proteins. Future in vitro mutagenesis stud-
ies of key residues may resolve whether these similari-
ties are indeed of significance, and future studies of
ligand binding strengths may also be informative.
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