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Abstract—During the solution structure determination of the Escherichia coli quorum-sensing protein SdiA in the presence of N-
octanoyl-L-homoserine lactone (HSL), NMR signals were detected in '*C-filter—'*C-filter spectra for the bound HSL molecule.
An additional set of coupled signals, independent of those of HSL, were also detected, indicating the presence of another unlabeled
molecule, also bound to the labeled SdiA. Analysis of the NMR spectrum of this ligand and of the mass spectrum of the dissociated
components indicates that the ligand is most likely xylose. Further analysis of xylose-bound SdiA defines a site close to the C ter-
minus, remote from the HSL binding site. These observations provide an example of the sensitivity of high-resolution NMR exper-
iments and their ability to detect, identify, and map the adventitious binding of a small organic molecule to a protein.

© 2007 Elsevier Ltd. All rights reserved.

The Escherichia coli protein SdiA shows a marked
sequence homology to well-known quorum-sensing pro-
teins, such as LuxR of the luminescent bacterium Vibrio
fischeri and TraR of the crown gall bacterium Agrobacte-
rium tumefaciens." These proteins detect the production
of small molecules, termed autoinducers, produced by
other members of the same species. The detection mech-
anism for the Tral/TraR system includes a ‘folding
switch’,2 where TraR is unfolded in the absence of the
autoinducer, but folds in its presence, thereby enabling
it to perform its function in the activation of genes.

The sequence homology of SdiA from E. coli and other
intestinal bacteria to these highly specific quorum-sens-
ing proteins is intriguing, since the E. coli genome does
not contain a gene for the production of an endogenous
autoinducer.! It is thought that the function of SdiA in
these bacteria may be as a sensor for autoinducers pro-
duced by other species of bacteria.’ Recent NMR stud-
ies on SdiA confirmed that it too shows the ‘folding
switch’ behavior, but with a wide variety of autoinducer
molecules.* The structure of SdiA is very similar to that
of TraR, but the bound autoinducer molecule is rela-
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tively disordered, consistent with the postulated role of
SdiA in the detection of autoinducers from other organ-
isms.* Herein, we describe an additional site on this pro-
tein which binds the monosaccharide xylose and
speculate as to the origin of this compound.

The solution structure of SdiA was calculated* in the
presence of the autoinducer molecule N-octanoyl-L-
homoserine lactone (HSL). In order to define the bound
conformation of HSL, *C-filter—'*C-filter TOCSY and
NOESY spectra® were acquired for unlabeled HSL
bound to °N,"*C-labeled SdiA. Analysis of these spec-
tra showed that the NMR signals of the acyl chain of
the bound HSL increased in linewidth from the 8-CHj
group to the 3-CH,, with those of the 2-CH, apparently
broadened beyond detection. This observation is consis-
tent with the presence of disorder in the acyl chain.
However, a very clear set of coupled signals was also
observed in the region 3-4.5 ppm (Fig. 1). These signals
were initially assigned to the lactone ring of HSL, but
the chemical shifts and coupling patterns were quite
inconsistent with those of the unbound HSL. In partic-
ular, there was clear evidence for the presence of six cou-
pled protons, where only five are expected for the
lactone moiety. As well, these signals are relatively
sharp, where following the trend of the acyl chain, one
would expect that the lactone signals should be broad.
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Figure 1. Portions of the '*C-filter—'*C-filter NOESY and TOCSY spectra of SdiA showing the resonances of a bound, unlabeled molecule other

than HSL.

We considered the possibility that the lactone had
been chemically modified during the expression and
purification process. However, this was ruled out by
mass spectrometry of the bound HSL dissociated from
the protein. A sample of HSL labeled with '*C in the
lactone moiety was examined in the presence of unla-
beled SdiA; this gave rise to very broad but identifiable
cross peaks in the '*C-'"H HSQC spectrum,* none of
which corresponded to the mystery peaks. On the basis
of this data, we concluded that these peaks must arise
from a different molecule, also bound to SdiA.

Several characteristics of the unknown bound molecule
can be immediately observed: firstly, it must be bound
relatively tightly to the protein, since it was retained
through a purification procedure that included two chro-
matography columns®; secondly, since it gives NMR sig-
nals in the filter—filter spectrum, it is not '*C-labeled. It
cannot therefore have been synthesized by the bacteria
from labeled '*C-glucose as the SdiA protein was, but
must have been derived from some other source. Indeed,
the NMR spectra shown in Figure 1 are consistent with a
monosaccharide moiety, with the resonances and their
coupling pattern corresponding almost exactly to the
published spectrum of B-xylopyranose.’

As independent confirmation of this assignment, the
additional bound ligand was also analyzed by GC/MS.
Identification was performed by a computer search algo-
rithm comparing the fragmentation pattern of eluting
sample peaks with the fragmentation patterns of known
compounds within the NIST mass spectral library. In

addition, validation of the unknown compound as
xylose also was given by comparison of retention time
and mass spectral fragmentation pattern with an
authentic xylose sample.

Despite the fact that xylose must have significant affinity
for SdiA to remain bound throughout expression and
purification, addition of D- or L-xylose to a solution of
the refolded protein produced no change in the NMR
spectrum, possibly indicating that it binds to the
unfolded or partly folded protein during expression in
the context of the bacterial cell. Since the in vitro refolding
of the protein is done by dialysis from a high concentra-
tion of denaturant, in the presence of the autoinducer
molecule, our inability to observe binding of xylose
may simply be due to the solution conditions necessary
for the folding reaction to occur in vitro. The >N HSQC
spectra of the HSL complex of SdiA derived from the
soluble fraction of the expression medium and from the
refolded material are virtually identical, but there are
some small, specific differences (Fig. 2a). If these differ-
ences are mapped to the solution structure of SdiA, they
delineate a possible binding site near the C terminus of
the molecule (Fig. 2b).

The source of a significant amount of xylose in the cul-
ture medium is a mystery. The yield of pure SdiA from
the soluble fraction is approximately 5 mg/L of medium,
translating to a final concentration in the bacterial med-
ium of at least 0.23 uM, not counting losses during puri-
fication. Thus, the minimum amount of xylose required
to bind to the amount of soluble SdiA in 1 L of medium
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Figure 2. (a) ""N-'H HSQC spectra of SdiA, refolded in the presence
of HSL (black) and purified from the soluble fraction of the bacterial
expression system (red). (b) Positions of the shifted HSQC cross peaks
of Fig. 3 on the structure of SdiA.

would be 0.23 pM (~42 mg), assuming 1:1 stoichiometry
of binding. For reference, the carbon-containing compo-
nents of the medium, together with their concentrations at
the beginning of bacterial growth, are shown in Table 1. It
is unlikely that such a significant amount of xylose
would be present as a contaminant in any of these
reagents, which are of the highest grade and purity.
Furthermore, the solvent water is triple distilled and

Table 1. Carbon-containing compounds in the bacterial expression
medium

Component Concentration (LM)
Carbenicillin 250
Kanamycin 60
Glucose (*Cg) 22,000
D-Biotin 4.1
Choline chloride 7.2
Folic acid 0.2
Myo-inositol 11
Niacinamide 8.2
Dp-Pantothenic acid 4.2
Pyridoxine HCI1 4.9
Riboflavin 0.27
Thiamine HCI 3.0
HSL 400
IPTG 500

deionized. A contaminant in the purification columns
can be ruled out, since the bound xylose appears only
in the soluble fraction of the expressed protein and is
absent from the refolded protein, which is purified on
identical columns. Thus, we must consider that the
xylose arises through chemical or biochemical transfor-
mation of a component of the culture medium. Only
carbon-containing compounds need be considered, and
of these, the glucose can be dismissed, since it is 13C-la-
beled, and the xylose bound to SdiA is unlabeled. The
remaining compounds include two antibiotics, kanamy-
cin and carbenicillin, the components of the added
vitamin mixture, and the additional components, HSL,
added to promote the formation of soluble SdiA, and
isopropyl-thiogalactopyranoside (IPTG), added to acti-
vate the lac promoter for the expression of SdiA from
the plasmid-borne gene.

As stated, the absolute minimum concentration of
xylose in the expression medium is 0.23 uM. All of the
carbon-containing compounds in Table 1 have compa-
rable or greater initial concentrations than this. How-
ever, the vitamins are present in concentrations that
are several orders of magnitude lower than those of
the four most likely components (e.g., carbenicillin,
kanamycin, HSL, and IPTG). In addition, the vitamins
are present from the beginning of the bacterial growth in
the expression medium, and would presumably be con-
siderably depleted, if not completely absent, by the time
that the expression of SdiA was initiated. The two anti-
biotics, HSL and IPTG, however, are present in much
higher concentrations in the stationary phase bacterial
expression medium as the protein is expressed. The anti-
biotics will be metabolized by the bacteria, since they
provide the selection method by which the plasmid con-
taining the gene of interest is forced to remain in the
bacteria. The HSL is also potentially capable of being
transformed by the bacteria, but this cannot proceed
to 100%, as HSL is present intact in the soluble SdiA.
IPTG, the inducer of expression, is present in the highest
concentration, and is added immediately before expres-
sion of the SdiA.

Bacteria, particularly enteric bacteria such as E. coli, can
subsist on many varieties of carbon-containing com-
pounds, including sugars, sugar phosphates, sugar alco-
hols and acids. However, each bacterial species has
preferred substrates, and in a mixture of possible nutri-
ents, will utilize the preferred substrates first, and will
subsequently use the less-preferred substrates when the
preferred ones are used up. This may result in the obser-
vation of two distinct growth curves, with a lag period in
between, depending upon whether additional genes for
transport and metabolism of the new substrate must
be activated. This was first described by Monod ® and
later reviewed by Roseman and Meadow.’

These ideas can be applied to our observations on the
SdiA expression system. By the time that expression of
SdiA is initiated by the addition of IPTG and HSL to
the medium, the bacterial cells have been grown to
late-log or stationary phase (ODggo~ 0.8) at 37 °C. In
order to maximize the production of soluble protein,
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Figure 3. Molecular structures of carbenicillin, kanamycin, HSL, and
IPTG. The structure of xylose is given for comparison.

these cells are left at 15 °C overnight,® during which the
13C-glucose in the medium is used by the bacteria to
make SdiA. At some stage, this substrate will be
depleted, and the bacteria is forced to utilize alternative
substrate to continue their metabolism. Four possible
alternate substrates were identified: kanamycin, carben-
icillin, HSL, and IPTG (Fig. 3). Carbenicillin contains a
classic B-lactam structure. Presumably this compound is
deactivated by hydrolysis of the lactam by the lactamase
enzyme whose gene is present on the expression plasmid.
However, it is very unlikely that carbenicillin is the pre-
cursor of the observed xylose, since, apart from the phe-
nyl group, there is no contiguous carbon chain longer
than 3 atoms. Kanamycin (3-D-glucosamine-2-deoxy-
streptamine-6-D-glucosamine) is a better prospect, as it
contains two 6-carbon amino-sugar moieties, which
could be decarboxylated and deaminated after an initial
hydrolysis step to give S5-carbon sugars. The plasmid-
borne kanamycin-resistance gene codes for an enzyme
that inactivates the antibiotic by phosphorylation, acet-
ylation or adenylation. The most common enzyme,
APH(3")II inactivates kanamycin by phosphorylation
of the 3’-OH of the glucosamine.!® Conversion of the
6-carbon amino-sugar moieties of the kanamycin to a
specific 5-carbon sugar, xylose, has not been reported.
However, enzymes that could catalyze individual steps
of a synthesis, including hydrolysis and decarboxylation,
are well known in bacteria.

Another possible unlabeled substrate that is present in
relatively large quantities in the culture medium is
IPTG. Like kanamycin, there is no reported breakdown
of this galactose derivative to xylose, but enzymes are
known that could, for example, perform an epimeriza-
tion of galactose to glucose, following a hydrolysis step
to remove the isopropylthiol group. Oxidation of the
UDP derivative of glucose to glucuronate by UDP glu-

cose dehydrogenase, followed by decarboxylation to
xylose by UDP glucuronate decarboxylase is a possi-
bility for the derivation of xylose from the added IPTG.

In conclusion, we have shown by filtered NMR spectra
that there is an unlabeled molecule bound to the labeled
SdiA protein expressed in E. coli and isolated from the
soluble fraction in the bacteria. This bound molecule
has been identified on the basis of its NMR spectrum
and GC-MS analysis to be xylose, and it appears to
be bound relatively tightly in a specific area of the SdiA
molecule. In the absence of an obvious source for a sig-
nificant amount of unlabeled xylose in the expression
medium, we conclude that this observation may be
related to utilization of alternative substrates by the
E. coli expression system as the '*C-labeled glucose is
depleted in the medium. However, the current experi-
mental data cannot mechanistically discern between de
novo synthesis and macromolecule degradation as the
route of xylose production.!" Although the physiologi-
cal significance of this observation is unclear, this work
provides an illustration of the sensitivity of NMR exper-
iments and their role in detecting molecular interactions
that would otherwise be totally overlooked.
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