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ABSTRACT: Quorum sensing is a cell density dependent phenomenon that utilizes
small molecule inducers like γ-butyrolactones (GBLs) and their receptor proteins for
adaptation to the environment. The cognate GBLs that bind to several of this GBL
receptor family of proteins remain elusive. Here, using CprB protein from Streptomyces
coelicolor A3(2) as a model system, we devise a method suited for ligand screening that
would be applicable to the entire family of GBL receptors. Docking studies were
performed to confirm the identity of the ligand binding pocket, and it was ascertained
that the common γ-butyrolactone moiety interacts with the conserved tryptophan residue
(W127) residing in the ligand binding pocket. The presence of W127 in the cavity was
exploited to monitor its fluorescence quenching on the addition of two chemically
synthesized GBLs. Analysis of the data with both the native and W185L mutant versions of the protein confirmed that the
compounds used as quenchers reside in the ligand binding pocket. Furthermore, fluorescence lifetime and potassium iodide (KI)
quenching studies established that the quenching is static in nature and that the tryptophan residue is buried and inaccessible to
surface quenchers. Additionally, a combination of concentration dependent fluorescence quenching and dynamic light scattering
experiments revealed that the binding properties of the protein are concentration dependent and it was concluded that the most
efficient binding of the ligand is evoked by working at the lowest concentration of protein, providing a sufficient signal, where the
aggregation effects are negligible.

■ INTRODUCTION

Bacteria employ a response mechanism termed quorum sensing
to regulate certain transcription and gene expression processes
that in several instances lead to activation of secondary
metabolic pathways.1−3 Quorum sensing involves small signal-
ing molecules called autoinducers, exuded by the bacteria,
which trigger a response at a threshold concentration by
binding to their receptor proteins.4 The response is therefore
cell density dependent and is elicited as a consequence of the
protein−autoinducer complex formation. Extensive work on
such systems has unearthed numerous classes of these signaling
molecules like the N-acylhomoserine lactones (AHLs),3,5,6 4-
hydroxy-2-alkyl quinolines (HAQs),7,8 γ-butyrolactones
(GBLs),9,10 cyclic and linear oligopeptides,11,12 etc. A GBL
from Streptomyces griseus named A-factor (2-isocaprylolyl-3R-
hydroxymethyl-butyrolactone) was first among the butanolides
that have been identified.13 It was established in 1994 by
Horinouchi and co-workers that A-factor effectively triggers
morphological differentiation and streptomycin production in
this species by binding to its receptor protein ArpA.14−17

Subsequently, other GBLs and the transcription factors they
regulate have been identified in several species of Streptomy-
ces.18−21

There is, however, a paucity of X-ray structural information
available in the GBL receptor family of proteins. CprB from S.
coelicolor A3(2),22 predicted to be a homologue of ArpA, is the
only member for which the structure has been elucidated in the

apo form (Figure 1).23,24 The structure confirmed the presence
of two domains: an N-terminal DNA binding domain, similar
to the tetracycline receptor family of antibiotic resistance
proteins,25 and a divergent C-terminal ligand binding domain
(the regulatory domain) that is proposed to bind the cognate
quorum sensing molecule. The protein exists in a dimeric state
with the two units being related by a pseudo-2-fold axis.24 The
regulatory domain which is of the most interest for our study is
composed of an antiparallel bundle of five helices (α5−α10)
with helix α6 forming the base of the cavity. The large cavity
thus created that has a depth of approximately 20 Å and a
diameter of 5 Å is lined by hydrophobic residues.
Comparison of GBL binding proteins showed that most of

the residues in the pocket although hydrophobic in nature are
not strictly conserved. Interestingly, the pocket contains a
tryptophan residue at the 127 position (Figure 1) which is
conserved among all the members of this family.15 Mutation of
the corresponding tryptophan residue W119 in ArpA (W127
for CprB) abolished the A-factor binding properties of the
protein completely, thereby signifying its importance in GBL
binding.15 This also indicated that, apart from the few
conserved residues within the pocket, the rest have been fine-
tuned in each member of the family of proteins to recognize
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their specific butanolides.24 Additionally, CprB contains a
second tryptophan residue at position 185 in the sequence,
which is less conserved and not a part of the pocket described
earlier.
The primary motive of this work was to confirm the entry of

the ligand in the pocket of the regulatory domain and also
monitor the ligand binding ability of the protein CprB. Since
CprB was essentially identified as a GBL receptor, our ligand
binding studies were performed with two chemically synthe-
sized GBLs. Changes in the fluorescence emission character-
istics of the conserved tryptophan (W127) were employed to
assess the ligand binding in both the native and W185L mutant
(single tryptophan system) forms of the protein. Furthermore,
to confirm whether quenching is static or dynamic in nature
and to gauge the surface accessibility of the tryptophan
residues, fluorescence lifetime and potassium iodide (KI)
quenching studies were performed, respectively. Additionally,
using a combination of concentration dependent fluorescence
quenching and dynamic light scattering experiments, the
aggregation state of the protein was also probed.

■ EXPERIMENTAL METHODS
Docking Studies. The most probable active site in a

protein for a ligand molecule can be determined using the blind
docking method. The same approach was used for the present
study to identify the ligand binding pocket in the protein as
well as screen a set of nine different ligands. The 2.4 Å X-ray
structure of CprB (PDB ID: 1UI5) was downloaded from the
RCSB protein data bank, and its monomeric unit was used for
docking calculations. 250 docking runs were conducted by
using AutoDock version 4.2,26 and the Darwinian genetic
algorithm (GA) was used as the docking algorithm against
ligands Cp1 and Cp2 (Figure 2a) for the rigid blind docking.
The grid box in which the interaction was analyzed
encapsulated a single monomeric unit of CprB. Except for
the number of GA runs, all the default parameters were kept
the same for the molecular docking.
Cloning of W185L CprB. The clone of the native protein

CprB in the pET26b(+) expression vector was kindly provided
to us by Ryo Natsume (Japan Biological Informatics

Consortium (JBIC), Tokyo, Japan). A mutant of the original
clone was produced by site directed mutagenesis of the Trp-
185 to Leu-185, using the primers 5′-CCGGATCAGGAT-
GTACAACATCTCCGCGAGGC-3′ and 5′-GCCTC-
GCGGAGATGTTGTACATCCTGATCCGG-3′ (primers
from IDT, USA) by polymerase chain reaction using the
polymerase KAPA HiFi (Kapabiosystems).

Purification of Native CprB and Mutant W185L CprB.
Plasmids were transformed in BL21(DE3)LysS cells after which
the culture was grown in Luria−Bertani broth (Himedia, India)
with the antibiotics chloramphenicol and kanamycin at
concentrations of 30 and 35 μg/mL, respectively, at 37 °C
and 250 rpm. Expression of the protein was induced by the
addition of IPTG (isopropyl β-D-1-thiogalactopyranoside from
MP Biomedicals, LLC, France) at a concentration of 1 mM
when an O.D. of ∼0.6 was attained. The induced cells were
cultured for about 3 h at 37 °C and another 3 h at 25 °C before
harvesting. The harvested cells were resuspended in a buffer
containing 50 mM sodium phosphate, pH 7 (buffer A),
followed by homogenization by sonication. Cell debris was
removed by centrifugation at 20 000 rpm at 4 °C, and the
supernatant was added to SP-sepharose beads (GE Healthcare,
WI, US) that had been equilibrated in buffer A. It was then
gently stirred on a rocker for 1.5 h. The beads were
subsequently separated by centrifugation at 1200 rpm and
mounted on a column followed by a slow wash for 6−8 h with
buffer A. The protein was further washed with buffers
containing 50 mM sodium phosphate and an increasing
concentration of NaCl (0.1−0.3 M) and finally eluted with
buffer containing NaCl at 0.4 M. The eluted protein was
desalted using desalting columns (Econo-Pac10DG columns,
Bio-Rad) into a buffer containing 50 mM sodium phosphate
pH 7 and 100 mM NaCl and used for fluorescence studies.

Preparation of Ligands Cp1 and Cp2. The detailed
discussion for the preparation of the ligands and the scheme
followed (Scheme S1) have been provided in the Supporting
Information.27−29

Fluorescence Measurements. Steady State Fluores-
cence Measurements. Fluorescence measurements were
carried out in a Varian Cary Eclipse spectrofluorimeter in a 1
cm path length quartz cuvette at 24 °C. Emission spectra were
recorded for wavelength ranging from 305 to 450 nm, for the
excitation of the samples at 295 nm. For all the experiments,
the protein solution was taken in the cuvette and titrated
against the solution of the compounds in a buffer of 50 mM
phosphate (pH 7), 100 mM NaCl, and 2% DMSO. Each time,

Figure 1. Structure of the dimeric protein CprB (PDB ID: 1UI5) with
the monomeric units represented in pink and light blue; rings of W127
and W185 are shown in green and cyan, respectively.

Figure 2. (a) γ-Butyrolactones Cp1 and Cp2 used as quenchers for
tryptophan fluorescence quenching studies in CprB. (b) Interactions
observed from docking studies of CprB with ligands Cp1 and Cp2.
The H-bonding interaction has been circled in black. The distances
shown in the figures are in Å.
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a 5 μL addition of the compound was made to 1 mL of solution
of the protein. The samples were incubated for 4−5 min after
the addition and mixing of the compound, before recording the
emission spectra. All experiments have been repeated at least
three times.
Time Resolved Fluorescence Measurements. Time resolved

fluorescence experiments were performed on an IBH Horiba-JY
fluorocube. The excitation of the 5 μM CprB (in the same
buffer system as above) taken in a 1 cm path length quartz
cuvette was done at 295 nm by a NanoLED 295 nm (fwhm =
700 ps). The decays were recorded at a magic angle of 54.7°.
The data obtained were fitted to the biexponential model by
the global reconvolution fitting technique using the software
FluoFit (Global Fluorescence Decay Data Analysis Software,
Pico Quant, Model no. FluoFit Pro (local)).
Circular Dichroism (CD) Spectroscopy. CD spectra were

recorded on a Jasco J-815 CD spectrometer using 3.75 μM
protein in phosphate buffer (buffer same as used in
fluorescence experiments). Scans were performed at 20 °C
using 0.1 cm path length quartz cuvettes with 8 s differential
integration time at a scan rate of 50 nm min−1.
Dynamic Light Scattering (DLS) Method. The DLS

experiment was performed on a DynaPro-MS800 dynamic light
scattering instrument (Protein Solutions Inc., VA) with an
inbuilt laser at 820 nm, by monitoring the scattered light at 90°
with respect to irradiation direction. The buffer used was the
same as that used in the fluorescence experiments. Buffer
solutions were filtered to remove dust particles. The protein
samples were centrifuged at 6000 rpm before being analyzed to
remove any particulate matter that might be present.

■ RESULTS AND DISCUSSION
Docking Studies of CprB with Ligand Cp1 and Cp2.

To date, most of the studies reported with this class of proteins
are in vivo, performed to ascertain the pathways regulated by
these butanolides.9,17,19 There are also electrophoretic mobility
shift assays that have been reported with purified protein to
study the effect of the presence and absence of these
compounds on DNA binding.15,19 However, there are no
experimental studies confirming the binding of ligands to the
pocket situated in the regulatory domain. The X-ray structure
of the monomer of CprB in the apo form was used for docking
studies to narrow down the plausible ligand binding site and to
get insights into the mode of ligand binding. CprB was docked
with a spectrum of GBLs containing the basic butyrolactone
moiety and those with an appended aliphatic chain at the C2
position varying in length from 5 to 12 carbon atoms. It was
observed that chain lengths consisting of more than nine
carbon atoms showed a drop in ligand occupancy inside the
predicted binding pocket (Table S1, Supporting Information).
Compounds with chain lengths of 5−9 carbon atoms were
found to be optimal for occupying the cavity.
Figure 2a shows two different GBLs, one with the basic

butyrolactone moiety and the other with eight carbon aliphatic
chains appended to it. In both cases, the low energy structures
showed a similar mode of binding, with the tryptophan residue
(W127) interacting with the GBLs via the invariant γ-
butyrolactone ring in the proposed regulatory domain. Both
ligands exhibited a key hydrogen bonding contact of their
respective primary hydroxyl group with the carbonyl oxygen
atom of W127 (Figure 2b). This interaction clamps the ligands
in an orientation such that the five-membered butyrolactone
ring is in close proximity to the W127 residue enabling further

interactions with the other residues in the pocket. A large
contribution toward the stabilization of the complex is also
from the numerous hydrophobic interactions between the
ligand and the residues lining the cavity.

Design and Preparation of Ligands. For experimental
validation of the results obtained from docking studies, two
GBLs were synthesized. The compounds 3-hydroxymethyl-
butanolide and 2-(1′-hydroxyoctyl)-3-hydroxymethylbutanolide
(Cp1 and Cp2, respectively) consist of a common butyr-
olactone moiety (Figure 2a). Cp1 was designed to estimate the
ability of the protein to recognize the basic GBL moiety. The
compound Cp2 was designed mimicking the already known
GBLs, with an eight-carbon-length aliphatic chain at the C-2
position of the basic Cp1 unit.10 This compound was
synthesized to gauge the requirement of the aliphatic
appendage and a secondary hydroxyl group toward selectivity
of CprB binding. The synthesis was performed on the basis of
the strategy followed earlier for the synthesis of butanolides,
and the synthetic scheme followed is described in Scheme S1
(Supporting Information).27−29

Ligand Binding Studies. The binding of Cp1 and Cp2 to
CprB was investigated by monitoring the tryptophan
fluorescence of the protein. The conserved tryptophan residue
W127 in the proposed binding pocket, previously shown to be
critical for binding,15 was exploited to sense and report the
binding through changes in its fluorescence characteristics. The
fluorescence spectra were recorded in the presence of varying
concentrations of the ligands, following excitation at 295 nm as
depicted in Figure 3a.

The choice of 295 nm for excitation was to minimize the
contributions from the five tyrosine and five phenylalanine
residues to the emission spectrum. The emission maxima were
observed at ∼328 nm, as expected for buried tryptophan
residues.30 The protein concentration used for this study was
3.75 μM. Addition of the compound resulted in fluorescence
quenching without any spectral shift. This indicates that the

Figure 3. (a) Steady state emission spectra of native CprB protein
(3.75 μM) in the presence of varying concentration of Cp2 ligand. (b)
Stern−Volmer plot for the native CprB protein and mutant W185L for
quenching by the compound Cp2.
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local environment of the tryptophan residue is not altered upon
interaction with the ligand. The fluorescence data collected was
analyzed with the Stern−Volmer (SV) equation, using the
fluorescence intensity at spectral maxima (Figure 3b).31−34

Analysis of quenching data for both Cp1 and Cp2 resulted in
almost identical KSV values (Table 1).

The KSV values, which represent the binding affinity between
the quencher and fluorophore, indicate that, in terms of
specificity of binding, both Cp1 and Cp2 show significant
similarity. This is in agreement with the docking studies
mentioned earlier in this article, which clearly showed that the
mode of binding of the two compounds was similar. Hence, it
can be concluded that the major contribution to the
fluorescence quenching is due to the interaction of the
butyrolactone ring, common in both compounds with the
tryptophan residing in the pocket.
The quenching experiments were repeated with the mutant

W185L, in which the tryptophan away from the binding pocket
was mutated to the nonfluorescent leucine residue. This was
done to delineate the contribution toward fluorescence
quenching of this tryptophan residue (W185) from the
tryptophan residue of interest (W127). The Stern−Volmer
plot for the mutant was linear for lower concentrations of Cp2
but exhibited a distinct saturation at concentrations above 3.5
μM, which is approximately the same concentration as the
protein (Figure 3b). The slope (KSV) in the linear region is
similar to that of the native protein, indicating that Cp2 binds
equally well to the cavity (Table 1), resulting in quenching of
tryptophan fluorescence. This observation reconfirms the
docking results and proves that only W127 is affected by the
ligand binding to CprB. The deviation from linearity at higher
ligand concentration possibly arises due to the changes in
protein structure in the presence of excess ligand or an increase
in nonspecific binding with the ligand. A deviation from the
linear Stern−Volmer plot was also observed in the native
protein though at a much higher ligand concentration (Figures
S1 and S2, Supporting Information). Additionally, it was
observed during purification that W185L was more prone to
proteolysis than the wild type protein. This observation further
rationalizes the nonlinear behavior observed at a lower
concentration in the case of the mutant protein, as its
secondary structure appears to be more prone to perturbation.
The removal of the tryptophan residue has possibly introduced
instability in the protein, an effect which has been previously
observed in other systems as well.35

Time resolved fluorescence studies were carried out to
ascertain whether the observed quenching is static/dynamic in
nature. The time-resolved fluorescence decay curves were
recorded for CprB in the absence and presence of Cp2 ligand
with increasing concentrations (Figure 4). All the fluorescence
decay curves were fitted by global analysis, and the results are
listed in Table 2.

All the fluorescence decay curves could be fitted to a
biexponential function. The presence of two lifetimes can be
attributed to slightly different environments experienced by the
two tryptophan residues and/or by the existence of multiple
conformations of each tryptophan.36−39 Assuming that the
tryptophan residues are structurally rigid, the individual
lifetimes will reflect the local environment.40 Structural analysis
shows that both of the tryptophan residues are surrounded by
hydrophobic residues. W185, which is in a densely packed
environment and closer to the surface, most likely has the
shorter lifetime τ2, whereas W127 that resides in a deep pocket
plausibly possesses the longer lifetime τ1. More importantly, it
was observed that the tryptophan fluorescence lifetimes do not
change with the addition of Cp2, which clearly signifies static
quenching. The X-ray structure reveals that W185 is completely
surrounded by other amino acid residues with no space for
either of the GBLs to come in close proximity to interact with
it. Hence, on account of the facts that there is no change in

Table 1. Stern−Volmer Constants (KSV) for Quenching
Titrations of Native CprB and W185L Mutant Protein with
Ligands Cp1 and Cp2, at Various Concentrations of Protein

protein [protein] (μM) compound KSV (105 M−1)

CprB 1.50 Cp1 3.44 ± 0.56
CprB 3.75 Cp1 1.37 ± 0.26
CprB 7.50 Cp1 0.47 ± 0.06
CprB 1.50 Cp2 2.95 ± 0.37
CprB 3.75 Cp2 1.13 ± 0.18
CprB 7.50 Cp2 0.31 ± 0.04
W185L CprB 3.75 Cp1 0.75 ± 0.04
W185L CprB 7.50 Cp1 0.34 ± 0.04
W185L CprB 3.75 Cp2 1.03 ± 0.08
W185L CprB 7.50 Cp2 0.31 ± 0.05

Figure 4. Time resolved fluorescence decay curve for native CprB (5
μM) and complexes with Cp2 (4 and 8 μM). The respective residual
plots for the fitting are represented below.

Table 2. Time Resolved Fluorescence Measurement Data of
Native CprB Protein (5 μM) in the Presence of Varying Cp2
Concentrations

[Cp2] (μM) α1 α2 τ1 (ns) τ2 (ns) mean τ (ns) χ2

0 0.69 0.31 4.76 2.56 4.08 1.04
1.0 0.69 0.31 4.76 2.56 4.08 1.07
2.0 0.65 0.35 4.76 2.56 3.99 1.05
4.0 0.65 0.35 4.76 2.56 3.99 1.03
6.0 0.65 0.35 4.76 2.56 3.99 1.02
8.0 0.68 0.32 4.76 2.56 4.06 1.05
10.0 0.66 0.34 4.76 2.56 4.01 1.07
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lifetime of the W185 and that both the native and W185L
mutant versions of the proteins exhibit similar KSV values, we
can conclude that W185 does not contribute toward ligand
binding.
In order to ascertain the extent of exposure of the tryptophan

moieties to the surface, fluorescence quenching experiments
were carried out using KI.41−44 It was observed that only 12%
of the CprB (1.5 μM) fluorescence was quenched by 20 μM KI
(Figure 5).

These results clearly confirm that both of the tryptophan
residues are buried and not accessible to the surface quencher
KI. KSV for quenching by KI (3.43 × 103 M−1) is approximately
2 orders below that for the ligand quenching (Table 1),
indicating the higher accessibility of the tryptophan residues to
the ligands as compared to KI.
To investigate the changes in the secondary structure of the

protein upon addition of ligand Cp2, circular dichroism (CD)
spectroscopy was performed at the far UV region. The CD
spectrum of CprB shows the characteristic bands of α-helix at
208 and 222 nm for the native protein, which is consistent with
the crystal structure of CprB (Figure 6).45 The spectrum of the
protein shows marginal changes in the presence of nearly
equivalent ligand concentrations. This indicates that the

integrity of the protein structure is not destroyed upon
addition of ligand in the 1:1 ratio. However, a 3-fold increase in
the ligand concentration leads to a discernible change in the
intensity, though the nature of the spectrum remains
unchanged.
This suggests that, in the presence of 10 μM Cp2, CprB

maintains the helix pattern similar to that observed for the
native protein. The partial loss of helical structure is attributed
to the presence of excess ligand. Since under physiological
conditions these GBLs are effective at low concentrations, our
studies in the lower micromolar range of concentration should
suffice to deduce information pertaining to the ligand binding.

Concentration Dependence of KSV. The tryptophan
quenching experiments were performed for three different
concentrations of the native protein, 1.5, 3.75, and 7.5 μM in
the ratio 2:5:10 for both the compounds Cp1 and Cp2 (plots of
tryptophan emission quenching in individual experiments and
their extended Stern−Volmer plots are provided in the
Supporting Information, Figures S1 and S2). A comparison
between the slopes of the Stern−Volmer plots at different
protein concentrations showed a distinct dependence on
concentration (Figure 7).

With the increase in concentration of the protein, there was a
significant drop in the value of the binding constant KSV. For
the compound Cp1, the value of the Stern−Volmer constant
decreases by 60% for a 2.5-fold increase in protein
concentration (1.5 to 3.75 μM) and an additional 66% decrease
for a further 2-fold increase (3.75 to 7.5 μM). For Cp2, the
same trend was prevalent with the initial fall of 62% for the 2.5-
fold increase in protein concentration and a decrease by 72%
for the 2-fold increase (Table 1). A similar concentration
dependence of KSV was also observed in the W185L mutant for

Figure 5. Stern−Volmer plot for KI quenching of CprB (1.5 μM).

Figure 6. CD spectra for CprB protein at a concentration of 3.75 μM
and with compound Cp2 at concentrations of 2.5 and 10 μM.

Figure 7. Stern−Volmer plots for the native CprB at concentrations of
1.50, 3.75, and 7.50 μM with compounds Cp1 (a) and Cp2 (b) with
average standard deviations of 4.6 and 3.4%, respectively, of F0/F.
Figure S5 (Supporting Information) is a duplicate figure showing the
individual error bars.
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both compounds (Table 1; Figures S3 and S4, Supporting
Information). The cause of this trend could be attributed to the
tendency of the protein to oligomerize.23 The property of
oligomerization, which is known to be a concentration
dependent effect, could be the reason behind the inefficient
binding of the compounds with the increased protein
concentration, thereby resulting in a decreased binding
constant as depicted in Figure 7.
To confirm the oligmerization tendency, dynamic light

scattering (DLS) experiments were performed with the protein
at various concentrations. The lowest possible concentration
that can be used to obtain a sufficient signal was 3.75 μM. An
increase in the hydrodynamic radius from 2.69 to 3.24 nm was
observed as the concentration increased from 3.75 to 25 μM
(Figure 8).

Though the increase in hydrodynamic radius is not indicative
of large scale oligomerization, there is a definite indication for
protein forming multimers in the solution as a function of
protein concentration. The hydrodynamic radius is known to
increase as the cube root of the aggregation for nearly spherical
aggregates. The percentage increase in the hydrodynamic radius
is thus approximately equivalent to doubling of the size of the
protein. This oligomerization, therefore, can cause a hindrance
to the ligand binding in the buried cavity, as indicated by the
drop in KSV values. These results pertaining to concentration
dependent changes in binding provide important insights into
the choice of optimal concentrations for GBL screening. It can
be concluded that effective measurements of ligand binding are
best when performed at lower protein concentrations where
protein aggregation is less, thereby providing a better
accessibility to the ligand.

■ CONCLUSIONS
CprB is the only protein among the various known GBL-
binding receptors of the Streptomyces species whose structure
has been solved. As reported, CprB possesses two functional
domains, the regulatory and the DNA binding domain. Our
interest has lied in the regulatory domain where the structure
specifically shows a pocket for ligand binding. Since the specific
ligand for the protein has not yet been identified, attempts have
been made to narrow down the ligand structure and the
method to monitor such a process. The presence of a
conserved tryptophan residue in the pocket enabled the
monitoring of the ligand binding through fluorescence

quenching. The binding of two synthetic GBLs was investigated
for the native protein and its W185L mutant. The binding of
the GBLs leads to fluorescence quenching in both the native
protein and its W185L mutant. The fluorescence quenching
studies on the W185L mutant clearly establish the fact that
both of the GBLs (Cp1 and Cp2) bind in the ligand binding
pocket. Similar KSV values observed for both Cp1 and Cp2
ligands assisted in the conclusion that the γ-butyrolactone ring
is primarily contributing to quenching. Further, it was observed
that the binding of the γ-butyrolactones is dependent on the
protein concentration, which can be attributed to the
oligomerization tendency of the protein.
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Details of docking studies in terms of percentage occupancy of pocket by ligand have been 

provided. The scheme and synthetic details for ligand preparation and NMR of respective 

products have also been included. Additionally, Stern-Volmer plots for individual 

experiments showing slope of the initial linear stretch of the plot and their individual 

fluorescence quenching (inset) have been provided. Stern-Volmer plots of the main paper 

have also been shown here along with the error bars. 
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Results from docking studies of CprB and GBLs, with varying aliphatic 

chain length 

 

Table S1. Table showing the percentage of ligand occupancy within the proposed ligand 

binding pocket for the respective GBL with the specified length of aliphatic chain at C2, 

from docking studies. 

Carbon 

chain 

length 

Percentage 

occupancy outside 

ligand binding 

pocket 

5 10.8 

6 10 

7 0 

8 21.6 

9 21.2 

10 

11 

12 

37.2 

46.2 

62.8 
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Preparation of ligands Cp1 and Cp2 

The preparation of ligands Cp1 and Cp2 has been achieved using reported procedures1-3 as 

shown in Scheme S1. Diethyl succinate was subjected to formylation with ethyl formate and 

NaH in diethyl ether to yield aldehyde product 1 in 51.3% yield.1,2 NaBH4 reduction of 

aldehydic group in 1 followed by condensation and hydrolysis resulted in Cp1 in 13.9% 

yield.1,2 TMS protection of the hydroxyl group in Cp1 followed by acylation with heptanoyl 

chloride gave the corresponding keto compound.1,2 TMS deprotection followed by NaBH4  

reduction of keto group gave Cp2 in 21.4% yield.2,3 

 

 

Scheme S1. Preparation of ligands Cp1 and Cp2. Reaction conditions: (i) NaH, HCOOEt, 

Et2O, RT, 15 h; (ii) a. NaBH4 with ice cooling, EtOH, RT, 3 h. b. K2CO3, MeOH and water, 

reflux, 3 h; (iii) a. TMSCl, HMDS, pyridine, RT, 2 h. b. LDA, THF, ‒78°C, heptanoyl 

chloride, 3 h. c. EtOH-H2O, reflux. d. NaBH4, MeOH, 0°C, 2h. 

 

General notes 

All chemicals and dry solvents (THF) were commercially obtained and used without any 

further purification. Pyridine was dried over calcium hydride. 
1
H NMR and 

13
C NMR were 

recorded in Bruker Avance III 400 spectrometer. The chemical shifts (δ) are reported in parts 

per million (ppm) relative to CDCl3 7.26 ppm and 77.23 ppm for 
1
H NMR and 

13
C NMR 

spectra respectively. Multiplicities of 
1
H NMR spin couplings are reported as singlet (s), 

doublet (d), triplet (t), quartet (q), doublet of doublet (dd), quartet of doublet (qd) and 

multiplet (m). The coupling constants (J) are reported in Hz. Silica gel plates precoated with 

fluorescent indicator were used for performing thin layer chromatography (TLC). Silica gel 

(100-200 mesh) was used for carrying out purification by column chromatography. MS-

ESI(+) was performed with Q-TOF analyzer. 
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Experimental details 

Diethyl formyl succinate (1) 

To a stirred solution of NaH (2.75 g, 114 mmol) in 75 mL of diethyl ether, a mixture of 

diethyl succinate (20 g, 114 mmol), ethyl formate (10.2 g, 138 mmol) and 20 mL ethanol was 

added at room temperature and stirring was continued for 5 h. The resulting reaction mixture 

was left overnight. Then, 50 mL water was added to the reaction mixture and the aqueous 

phase was acidified using 2 M HCl followed by washing with brine solution and subsequent 

extraction with diethyl ether (3 × 150 mL). The ether extract was then dried over Na2SO4, 

filtered and concentrated. The remaining liquid was distilled under vacuum (bp 76 °C/6 

mbar), resulting in a colorless oil (12 g, 51.3%) to yield compound 1. Rƒ = 0.3 (33% ethyl 

acetate in hexane); 
1
H NMR (400 MHz, CDCl3), : 11.52 (d, J = 12.6 Hz, 1H), 7.08 (d, J = 

12.7 Hz, 1H), 4.29-4.20 (m, 4H), 2.89 (qd, J = 14.7, 6.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 6H); 

MS-ESI(+): Calculated for C9H15O5 [M+H]
+
 203.09; found 203.09. 

 

3-hydroxymethylbutanolide (Cp1) 

NaBH4 (1.01 g, 26 mmol) was added stepwise to an ice cold solution of 1 (5 g, 24 mmol) in 

20 mL ethanol under stirring. Then the reaction mixture was stirred for 3 h at room 

temperature. 4 M aqueous HCl solution was added and the solution was stirred further for 1 

h. The precipitate formed was filtered off. The filtrate was concentrated and the residue was 

extracted with ethyl acetate. The organic solution was washed with brine, dried over Na2SO4 

and concentrated to give 2 g of yellowish oil. The oil was dissolved in a mixture of 12 mL 

methanol and 4 mL water and then K2CO3 (1.5 g) was added to it in small portions. The 

mixture was then refluxed for 3 h followed by acidification with 4 M HCl and concentrated. 

The residue was extracted with ethyl acetate (3 × 125 mL) and the organic solution was 

washed with brine, dried over Na2SO4 and concentrated. The product was purified by column 

chromatography (10% DCM in methanol) resulting in the pure lactone Cp2 (0.4 g, 21%). Rƒ 

= 0.53 (5% ethanol in ethyl acetate); 
1
H NMR (400 MHz, CDCl3), δ: 4.41 (dd, J = 9.3, 7.5 

Hz, 1H), 4.22 (dd, J = 9.3, 5.3 Hz, 1H), 3.71-3.62 (m, 2H), 2.80-2.73 (m, 1H), 2.61 (dd, J = 

17.7, 8.9 Hz, 1H), 2.39 (dd, J = 17.7, 5.9 Hz, 1H); 
13

C-NMR (100 MHz; CDCl3), δ: 177.8, 

70.9, 63.1, 37.2, 31.1; MS-ESI(+): Calculated for C5H9O3 [M+H]
+
 117.0547; found 

117.0552. 
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2-(1'-hydroxyoctyl)-3-hydroxymethylbutanolide (Cp2) 

Hexamethyldisilazane (0.09 mL, 0.40 mmol) and trimethylsilyl chloride (0.08 mL, 0.62 

mmol) were added to an ice-cooled solution of Cp1 (60 mg, 0.52 mmol) in 2 mL pyridine, 

and the reaction mixture was and stirred for 2 h at room temperature under a nitrogen 

atmosphere resulting in the formation of white precipitate. Then, 5 mL of benzene/hexane 

(1:1 v/v) was added to the reaction mixture and the precipitate was removed by filtration. The 

filtrate was concentrated and the crude material subjected to column chromatography (33% 

ethyl acetate in hexane) to produce a yellowish oily product (78 mg).  

The oily compound was dissolved in 3 mL of THF and added to LDA solution [prepared by 

using N,N-diisopropylamine (0.145 mL, 1.06 mmol) and n-butyl lithium (0.65 mL, 1.06 

mmol, 1.6 M in hexane) at –78 °C followed by stirring for 15 min]. To this mixture heptanoyl 

chloride (60 mg, 0.41 mmol), was added and the reaction was stirred for another 1.5 h, at  –78 

°C. The reaction mixture was allowed to warm up to 0 °C followed by the addition of 10 mL 

ice-cold water with 1.5 mL acetic acid. The product formed was subsequently extracted with 

dichloromethane (3 × 100 mL) and concentrated. The residue was dissolved in 200 mL 

dichloromethane, washed with 100 mL saturated aq. NaHCO3 and brine. After removal of the 

solvents, the silyl protected compound was obtained as yellowish oil. The trimethylsilyl 

group was removed by refluxing with 10 mL of ethanol and 4 mL of water for 30 min. After 

concentrating, the resulting mixture was purified by column chromatography (20-33% ethyl 

acetate in hexane) to yield 2-(octanoyl)-3-hydroxymethylbutanolide (50 mg, 0.2 mmol) as an 

oily liquid.  

The compound was dissolved in 8 mL of ethanol and NaBH4 (10.5 mg, 0.3 mol) was added at 

0 °C with stirring for 3 h followed by the addition of 3 M aqueous HCl solution. The 

precipitate formed was removed by filtration and the aqueous solution was extracted with 

ethyl acetate (3 × 50 mL) and the organic extract was dried over Na2SO4. The compound was 

purified by HPLC to obtain Cp2 in 21.4% yield (27.73 mg). Rƒ = 0.32 (33% ethyl acetate in 

hexane); 
1
H NMR (400 MHz, CDCl3), δ: 4.23-4.13 (m, 2H), 3.96-3.91 (m, 1H), 3.70 (dd, J = 

11.4, 4.0 Hz, 1H), 3.60 (dd, J = 11.5, 5.7 Hz, 1H), 3.19-3.11 (m, 1H), 2.35 (t, J = 7.6 Hz, 

1H), 1.67 (m), 1.25 (m), 0.88 (t, J = 6.8 Hz, 3H); 
13

C-NMR (100 MHz; CDCl3), δ: 70.5, 65.4, 

63.6, 34.4, 32.2, 29.67, 29.58, 29.47, 29.35, 25.1, 22.9, 14.3; MS-ESI(+): Calculated for 

C13H25O4 [M+H]
+
 245.1753; found 245.1754. 
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Stern-Volmer plots of individual experiments with fluorescence intensity 

quenching spectra provided inset. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. (a), (b) and (c) represent the fluorescence quenching and Stern-Volmer plots for 

CprB protein at concentrations 1.50 µM, 3.75 µM and 7.50 µM respectively, with the 

quencher Cp1.  
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Figure S2.  (a), (b) and (c) represent the fluorescence quenching and Stern-Volmer plots for 

CprB protein at concentrations 1.50 µM, 3.75 µM and 7.50 µM respectively, with the 

quencher Cp2. 
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Figure S3. (a) and (b) represent the fluorescence quenching and Stern-Volmer plots for 

mutant W185L at concentrations 3.75 µM and 7.50 µM respectively, with the quencher Cp1. 
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Figure S4.  (a) and (b) represent the fluorescence quenching and Stern-Volmer plots for 

mutant W185L at concentrations 3.75 µM and 7.50 µM respectively, with the quencher Cp2. 
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Figure S5. The Stern-Volmer plots for the native CprB at concentrations 1.50 µM, 3.75 µM 

and 7.50 µM with compounds Cp1 (a) and Cp2 (b). (Figure 7 of main paper with error bars 

included). 
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NMR Spectra for compounds Cp1 and Cp2 

For all NMR spectra, peaks for grease have been marked as G. 
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