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The protein product of an essential gene of unknown
function from Streptococcus pneumoniae was expressed
and purified for screening in the ThermoFluor® affinity
screening assay. This assay can detect ligand binding to
proteins of unknown function. The recombinant protein
was found to be in a dimeric, native-like folded state and
to unfold cooperatively. ThermoFluor was used to screen
the protein against a library of 3000 compounds that were
specifically selected to provide information about possi-
ble biological functions. The results of this screen identi-
fied pyridoxal phosphate and pyridoxamine phosphate as
equilibrium binding ligands (Kd � 50 pM, Kd � 2.5 �M,
respectively), consistent with an enzymatic cofactor func-
tion. Several nucleotides and nucleotide sugars were also
identified as ligands of this protein. Sequence comparison
with two enzymes of known structure but relatively low
overall sequence homology established that several key
residues directly involved in pyridoxal phosphate bind-
ing were strictly conserved. Screening a collection of ge-
neric drugs and natural products identified the anti-
fungal compound canescin A as an irreversible covalent
modifier of the enzyme. Our investigation of this protein
indicates that its probable biological role is that of a nu-
cleoside diphospho-keto-sugar aminotransferase, al-
though the preferred keto-sugar substrate remains un-
known. These experiments demonstrate the utility of a
generic affinity-based ligand binding technology in de-
crypting possible biological functions of a protein, an ap-
proach that is both independent of and complementary to
existing genomic and proteomic technologies.

It is estimated that 40–60% of prokaryotic and eukaryotic
genes have unknown or tentatively assigned biological func-
tions (1). The protein products encoded by these genes are
potentially valuable targets for therapeutic intervention. For
example, understanding the functions of previously uncharac-
terized bacterial proteins could lead to the development of new
classes of antibiotics (2). Such antibiotics are urgently needed
for treating the growing number of bacterial strains resistant
to currently available therapies. The advent of new tools for
proteomics and bioinformatics has facilitated the identification
of protein function, achieved through classification of func-
tional domains, patterns of expression, and binding partners.
These tools are essential for defining biological function in a
cellular context.

The majority of known microbial drug targets contain sites of
interaction with low-molecular weight ligands, for example,
cofactors and metabolites. Discovering and understanding
these “drug-able” sites on new proteins is of vital importance
(3). Sequence data alone is often insufficient to describe the
molecular functions of proteins and their sites of interaction
with small molecules. Even when tentative assignment of mo-
lecular function is possible, biochemical characterization of the
expressed protein product is essential to confirm and elaborate
function. High throughput biochemical methods have been de-
veloped to address this need and take full advantage of the vast
quantities of biochemical data in commercial data bases. For
example, chemically reactive probes have been used to study
multiple members of a family of enzymes (4). Affinity-based
screening of ligands immobilized in microarrays has been
employed to identify small molecule binding partners of pro-
teins (5). Other affinity-based technologies such as surface
plasmon resonance and capillary electrophoresis have also been
used to study small molecule binding when protein function is
unknown (6).

The utility of many methods is limited by their requirement
for covalent modification of the target protein and/or the use of
libraries of specialized molecules that may not be representa-
tive of the vast diversity of biochemical space. For screening
using any available sample of soluble expressed protein and
any commonly accessible chemical library, we have developed
an affinity-based screening technology, ThermoFluor® (7).
ThermoFluor measures the enhanced thermal stability con-
ferred by the binding of ligands to the native state of proteins
and is readily adaptable to high-throughput screening in 384-
well plates. No knowledge of substrates or binding partners is
required to detect binding in ThermoFluor, a feature that ren-
ders it ideal for characterizing the binding of biological ligands
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to proteins of unknown function. In this work, we have
screened CFE971 from Streptococcus pneumoniae (8), a protein
of unknown function, against a functional probe library com-
prising commercially available biomolecules.

In an earlier study, 113 genes were shown to be essential for
growth of S. pneumoniae using targeted gene disruption (8).
These genes were selected to have a significant level of homol-
ogy to related genes from at least two of four other bacterial
species (40% global amino acid sequence identity to genes
found in Bacillus subtilis, Enterococcus faecalis, Escherichia
coli, or Staphylococcus epidermis) (8)). A number of these genes
have unknown or poorly characterized functions. One of these
orphan proteins, CFE97, the protein product of gene sp1837
from S. pneumoniae, was cloned, expressed, purified, and
screened using ThermoFluor. Information obtained from the
screening hits enabled further biochemical characterization of
the target, as well as the design of biochemical assays tailored
to the putative function of CFE97. The results of these exper-
iments, in combination with comparative analyses of the pro-
tein sequence, provide a clearer picture of the possible biochem-
ical functions of CFE97.

EXPERIMENTAL PROCEDURES

Materials—All materials were of the highest available quality and
were purchased from Sigma unless otherwise specified. Canescin A was
obtained from Microsource (Gaylordsville, CT) and Dpx was obtained
from Molecular Probes (Eugene, OR).

Cloning, Expression, and Purification of Protein—The sp1837 gene
was inserted into a pET vector with a His6 tag as described previously
(8). The plasmid was transformed into the BL21(DE3) pLys-S expres-
sion strain of E. coli (Novagen) and 2 liters of culture were grown. The
cell paste was lysed using the Rannie homogenizer and the supernatant
from ultracentrifugation of the lysate was filtered through a 1.2-�m
filter. The filtrate was loaded onto an 80-ml Ni-MCC (Pharmacia Che-
lating Sepharose Fast Flow) column, and the protein was eluted with a
25–500 mM imidazole gradient. Fractions were pooled based upon pro-
tein amount and purity in SDS-PAGE. The final purification step was
an Amersham Biosciences Superdex-200 (26/60) size exclusion column
with a running buffer of 20 mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM

dithiothreitol. The final protein was �95% pure as judged by SDS-
PAGE using a 4–20% Tris glycine gel.

Description of the ThermoFluor Assay—The ThermoFluor assay was
performed as described previously (7) using instrumentation built at
3-Dimensional Pharmaceuticals.2 The protein (2 �l at 2 �M in 50 mM

HEPES, 100 mM NaCl, 100 �M Dpx) was dispensed into black Abgene
polypropylene ThermoFast-384 plates (Epsom, UK) containing an equal
volume of test compound in either water or 4% Me2SO. Wells contained
4 �l (protein � compound) and were overlaid with 1 �l of polydimeth-
ylsiloxane DC200 oil (Sigma) to prevent evaporation. For each plate, the
temperature was increased from 30 to 75 °C in 1 °C increments. At each
temperature the plates were equilibrated for 3 min and then rapidly
cooled to 25 °C, after which four images were recorded using a 12-bit,
cooled CCD camera (10 s exposure time). An average intensity per well
was calculated by integrating pixel intensities per well and averaging
the four exposures. Approximately 3000 compounds comprising the
functional probe library (contents described below) were screened
against CFE97, at a concentration between 10 �M and 1 mM (compound
dependent).

Analysis of Ligand Binding Using ThermoFluor—The analysis of
protein unfolding curves and the derivation of equilibrium binding
constants has been described in detail elsewhere (7, 9). Briefly, the
temperature dependence of the increase in fluorescence because of
protein denaturation, y(T), can be described by the following equation,

yT � yf �
yU � yf

1 � e
��uG�T�

RT

� yu �
yf � yU

1 � e
��uG�T�

RT

(Eq. 1)

where yf is fluorescence intensity when protein is folded (native), yu is
fluorescence intensity when protein is non-native, and the exponential
represents the probability of a protein with unfolding free energy �UG(T)

being folded. The midpoint of the unfolding is defined as the Tm. The
equilibrium constant for unfolding (Keq) is temperature-dependent, as
given by the following expression (10, 11),

Keq � e
��UGT

RT � e
���UHTr��UCp�T�Tr��T��USTr��UCpln

T
Tr
��

RT (Eq. 2)

where �UG(Tr)
, �UHTr

, and �USTr
are the Gibbs free energy, enthalpy,

and entropy of protein unfolding, respectively, at a reference tempera-
ture taken to be Tm. The thermal stability at any temperature, T, can be
calculated from the expected change of each thermodynamic parameter
relative to a reference temperature, Tr, using standard equations
(Equation 2) that include the heat capacity of protein unfolding, �UCp,
which is assumed to be temperature independent.

The equilibrium constant for ligand binding (Kb) at any temperature
can be calculated from its value at a reference temperature by a similar
function,

Kb � e
��bGT

RT � e
���bHT�T�bST�

RT � e
���bHT0��bCp�T�T0��T��bST0��bCpln

T
T0
��

RT

(Eq. 3)

where �bGT, �bHT, �bST, and �bCp are, respectively, Gibbs free energy,
enthalpy, entropy, and heat capacity of ligand binding at any temper-
ature, T, relative to that at a reference temperature, T0 (again, the heat
capacity is assumed to be temperature independent). For protein un-
folding, the reference temperature was set to the Tm in the absence of
added ligand; for ligand binding, the reference temperature was 37 °C.
All reported binding affinities were measured at Tm and then extrapo-
lated to 37 °C, assuming �bHT0�37 °C � �5 kcal mol�1 and �bCp � �250
cal mol�1 K�1. The accuracy of Tm as determined across 384 identical
melts was 	0.2 °C; ligand induced changes in thermal stability greater
than 0.4 °C were considered significant.

The above expressions for Keq and Kb can be combined to calculate
the effect of ligand concentration on the observed protein Tm using the
following equation,

Lt � �1 � Keq��Pt

2
�

1
KeqKb

� (Eq. 4)

where Lt is the total ligand concentration (free � bound), and Pt is the
total protein concentration (free � bound) (9).

Ligand binding affinity, Kb, was determined by measuring the effect
of varying ligand concentrations on protein Tm (9). Compound was
serially diluted in either aqueous buffer or Me2SO. These dilutions were
mixed with protein and dye in the assay buffer, and the Tm was
measured at each compound concentration, as described above. In cases
where ligand binding was found to be reversible, the plot of Tm versus
ligand concentration was simulated using Equation 4 by fitting unfold-
ing curves to Equation 1 to obtain an observed Tm and comparing these
values to curves simulated by inserting different values of Kb into
Equation 4.

Composition of the Functional Probe Library—The functional probe
library comprised a proprietary set of molecules selected from four
general classes of compounds: known bioactive molecules (substrates,
cofactors, and receptor ligands), generic drugs, natural products, and
compounds that are inhibitors or antagonists of biological reactions and
interactions. Portions of this library were purchased in plates from
vendors; the remainder consisted of compounds that were purchased
individually and assembled into plates based upon annotations in data
bases of biological ligands (e.g. BRENDA (12)). The assembled library
was dispensed into 384-well plates as concentrated stock solutions in
Me2SO or water, and the plates were stored at �80 °C.

Absorbance Measurements and Assays—A Hewlett Packard model
8453 diode-array spectrophotometer (Agilent Technologies, Inc.) was
use to record absorbance spectra using 100-�l quartz cuvettes (1-cm
path length). Protein was dialyzed exhaustively to remove excess cofac-
tor prior to the analyses shown in Fig. 6A. Initial velocities for the
half-reaction in which pyridoxal phosphate (PLP) is converted into
pyridoxamine phosphate (PMP) were calculated from the increase in
absorbance at 330 nm versus time using a Tecan Safire plate reader at

1 The abbreviations used are: CFE97, cloned for expression protein
97; Dpx, dapoxyl sulfuric acid; Me2SO, dimethyl sulfoxide; CCD, charge
coupled device; AHBA, 3-amino-5-hydroxybenzoic acid; PLP, pyridoxal
phosphate; PMP, pyridoxamine phosphate; PIPES, 1,4-piperazinedi-
ethanesulfonic acid.

2 The ThermoFluor assay was developed by 3-Dimensional Pharma-
ceuticals, Inc., which was merged into Johnson & Johnson Pharmaceu-
tical Research & Development, L.L.C. “ThermoFluor” is a registered
trademark in the United States and certain other countries.
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37 °C. Reactions (25 mM PIPES, 100 mM NaCl, 2.5 mM MgCl2, 250 �M

PLP plus 0–10 mM amino acid) were initiated by adding enzyme (to 5
�M) and the appearance of PMP was monitored for 90 min. Initial rates
were calculated during the linear portion of the assay, and kinetic
constants were determined using double-reciprocal plots.

Biophysical Characterization of CFE97—Purified CFE97 (20 mM

HEPES, 150 mM NaCl, pH 7.5) was characterized by several biophysical
techniques. Helicity of purified protein was estimated by circular di-
chroism (CD model 202, Aviv Biomedical, Lakewood, NJ), using protein
desalted into 25 mM PIPES, 100 mM NaCl, 2.5 mM MgCl2, pH 7.0. The
CD spectrum indicated that CFE97 contained a considerable amount of
�-helix as judged by minima near 208 and 222 nm. The temperature
dependence of the CD signal showed a marked decrease in ellipticity on
heating, with a Tm near 50 °C. Sedimentation equilibrium data were
measured on a Beckman XL-I analytical ultracentrifuge at 20 °C. Sam-
ples were centrifuged until equilibrium was attained, as judged by an
unchanging absorbance versus radial position profile. The data were
analyzed with either a single homogeneous species model or a mono-
mer-dimer model as described previously (13). Buffer density was
1.00499 g ml�1 and the partial specific volume was 0.7392 ml g�1. The
enthalpy of protein unfolding was measured using differential scanning
calorimetry (VP-DSC, MicroCal, L.L.C., Northampton, MA). Protein
was desalted into 25 mM PIPES, 100 mM NaCl, 2.5 mM MgCl2, pH 7.0,
using a PD-10 desalting column (Amersham Biosciences) equilibrated
with the same buffer. Degassed protein at 0.4 mg/ml was loaded into a
thoroughly washed, thermally conditioned calorimeter cell. Differential
excess enthalpy in the protein cell versus an exact buffer match in the
reference cell was monitored as the temperature was ramped (10 to
90 °C, at 1 °C/min).

Mass Spectrometry—Protein samples were incubated alone or with a
10-fold molar excess of PLP or canescin A. Following incubation, sam-
ples were dialyzed in PIPES buffer to remove excess compound, de-
salted into 70% acetonitrile/water (v/v), and injected onto a Micromass
Q-Tof® mass spectrometer. Mass was determined using electrospray
ionization in positive ion mode. Data were analyzed using the formula
((m/z) � z) � z � mass, where m/z is a mass to charge ratio given by the
instrument for a peak and z is an estimated charge. Given the correct
charge estimate, all peaks will arrive at the same mass 	 0.01%.

RESULTS AND DISCUSSION

Analysis of the Oligomeric State of CFE97—For orphan pro-
teins, by definition, there is no function-based standard by
which to evaluate the state of the protein in solution. It is
therefore important to determine whether the expressed pro-
tein is in a homogeneous state consistent with native, folded
protein. Equilibria between intermediates on a protein unfold-
ing pathway can complicate protein melting curves, and the
interpretation of ligand effects on stability. Thus it is standard
practice to undertake a thorough biophysical characterization
of the target protein prior to any ThermoFluor screening. In the
case of an unknown protein the biophysical data may also be
useful in decryption of function.

Although purified CFE97 showed significant �-helicity by
circular dichroism and no apparent light scattering, a discrep-
ancy in the native molecular weight was seen when comparing
results obtained with different measurements. Analytical size
exclusion chromatography of the purified CFE97 protein
yielded a homogeneous elution profile indicating an apparent
mass of 41 kDa when compared with a series of protein stand-
ards, consistent with a monomeric form of the protein (expected
molecular mass is 46.6 kDa, based on sequence). However,
dynamic light scattering analysis yielded an apparent mass of
93 kDa, suggesting CFE97 was present as a dimer. To resolve
this discrepancy, we conducted analytical ultracentrifugation
experiments.

Fig. 1 shows sedimentation equilibrium data for CFE97 con-
ducted at several rotor speeds. Global analysis of the data to a
single species model gave an average mass of 91 kDa, which
clearly demonstrated that CFE97 is predominantly a dimer at
micromolar concentrations. However, a slightly better global fit
was obtained to the multiple rotor speeds data with a mono-
mer-dimer model, yielding a dimerization equilibrium constant

of 300 nM. Sedimentation velocity experiments were also con-
ducted with CFE97 at 1.0, 0.3, and 0.1 mg/ml. At each of these
concentrations the protein sedimented as a single species with
a sedimentation coefficient of �4.5 S and no detectable aggre-
gate (data not shown).

The thermal stability of CFE97 was measured using differ-
ential scanning calorimetry in the presence and absence of
environmentally sensitive dyes used in ThermoFluor experi-
ments (Fig. 2). In the absence of hydrophobic dye, the thermo-
gram shows a single cooperative unfolding unit. Thermal sta-
bility decreased �1 °C in the presence of dye, consistent with
dye interacting specifically with non-native protein. DSC
curves could be simulated by a monomeric equilibrium unfold-
ing model; however, a better fit to the data was obtained
assuming a monomer-dimer equilibrium unfolding model (14),
where folded dimer is in equilibrium with unfolded monomer.
These latter fits are shown in Fig. 2, with fit thermodynamic
parameters listed in Table I. Thus, the results of several dis-
tinct analyses indicate that CFE97 exists as a dimer in solu-
tion. A �UHTm

of 80 kcal mol�1 and a �UCp of 3000 kcal mol�1

K�1 were used in Equations 2 and 4 to interpret the concen-
tration effect of ligands on Tm (below).

Functional Probe Library Screen—ThermoFluor conditions
were optimized for CFE97 unfolding measurements and the
effect of ligands in the functional probe library on protein
thermal stability was evaluated. Of �3000 compounds tested,
55 reproducibly increased the midpoint transition temperature
by an amount �1 °C; a subset of these is shown in Table II.

A potent and informative hit discovered in the screening
panel was PLP, which increased the Tm of CFE97 by 25 °C.
PLP is a cofactor for several classes of enzymes including
aminotransferases, decarboxylases, and dehydratases, and the
genes for these enzymes constitute as much as 1.5% of bacterial
genomes (15). Interestingly, these enzymes typically exist as
homodimers or some other dihedrally symmetric polymeric
form (16). The PLP binding site comprises elements from both
halves of the dimer (16). Our biophysical characterization of
CFE97 as a dimer is thus consistent with the biochemical
relevance of the observed PLP binding. PLP forms a specific
Schiff base with an active site lysine in enzymes for which it is
a cofactor (17). The occurrence of pyrroloquinoline quinone as a
ligand (Table II) may reflect specific Schiff base formation with
the same reactive lysine residue utilized by PLP, or nonspecific
protein labeling. Pyrroloquinoline quinone is an amine-reactive
quinone that, in addition to serving as an essential enzyme
co-factor in some Gram-negative bacteria (18), has been found
to bind to pyridoxal-dependent enzymes, although the signifi-
cance and details of these interactions are not clear (19). In our
initial characterization of this screening hit we observed atyp-
ical closing behavior (e.g. interference, nonspecific binding; not
shown), and this lead was not pursued further. Many of the
remaining hits generally occupy one of three categories: nucle-
otide-like (purines or pyrimidines), those resembling a sugar
moiety, and other molecules.

Characterization of Pyridoxal Phosphate and Pyridoxamine
Binding—The identification of PLP as a ligand in the screen
prompted us to conduct additional studies to characterize its
binding to CFE97. Fig. 3A shows the thermal transitions meas-
ured using ThermoFluor in the presence and absence of 75 �M

PLP or PMP. PLP shifts the midpoint in the unfolding transi-
tion from 48 to 73 °C, an increase of 25 °C, consistent with tight
binding of this potential co-factor; PMP under the same condi-
tions increased the Tm by 5 °C. The weaker but nevertheless
significant affinity of CFE97 for PMP is consistent with a
co-factor role for PLP/PMP. The concentration dependence of
Tm as a function of PLP and PMP was simulated using Equa-
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tion 4 with calorimetrically determined �UHTm
and �UCp val-

ues (Table I). The effect of ligand concentration on Tm is not
only highly dependent on these thermodynamic parameters (9)

but is also model dependent. Equation 4 assumes a binding
stoichiometry of one ligand bound per homodimer. A much
better description of the dependence of Tm on ligand concen-
tration was achieved using values for unfolding energetics
equal to half of those measured, as might be expected if each
homodimer bound two PLP molecules. These latter simula-
tions, yielding Kd estimates of 50 pM (PLP) and 2.5 �M (PMP),
are shown in Fig. 3B. The difference in the binding affinities of
the two forms of the co-factor is probably because of additional
stabilization energy conferred by Schiff base formation upon
binding of PLP. The shape of the PLP titration curve, in which
the Tm continuously increases and fails to plateau even at the
highest PLP concentrations, is consistent with reversible cova-
lent binding (9). Mass spectrometry measurements for CFE97

TABLE I
Thermodynamic parameters for CFE97 unfolding

Parameter Value no Me2SO Value � Dpx �
Me2SOa

Monomeric unfolding model
Tm 49.2 °C
�UHTm

163 kcal mol�1

�UCp 6 kcal mol�1 K�1

Dimeric unfolding modelb

Tm 56.5 °C 55.7 °C
�UHT�56.5°C 182 kcal mol�1 174 kcal mol�1

�UST�56.5°C 552 cal mol�1 K�1 529 cal mol�1 K�1

�UCp 6 kcal mol�1 K�1 6 kcal mol�1 K�1

a 50 �M Dpx, 2% Me2SO.
b Using dimeric unfolding models, the fit Tm (defined as where

�UGTm
� 0) is dependent on protein concentration. Thus the midpoint of

a thermal transition using 4 �M dimeric protein (Fig. 2) is significantly
lower than this calculated Tm.

FIG. 1. Analytical ultracentrifuga-
tion data for CFE97. Top panel, residu-
als for global fitting to the dimerization
model. The randomness of the residuals
indicates that the dimerization model de-
scribes the data well. Conditions were 20
mM HEPES, pH 7.5, 150 mM NaCl. Bot-
tom panel, sedimentation equilibrium
data collected at four rotor speeds
(12,000, 15,000, 18,000 and 21,000 rpm).
The data are shown as absorbance versus
radial position. The data were fit globally
to a dimerization model and the best-fit
dimerization constant (Kd) was estimated
to be 300 nM (	78 nM). The monomer mo-
lecular mass was constrained in the anal-
ysis to the mass spectrometry value of
47,108 Da.

FIG. 2. Thermal stability of CFE97 as measured by differential
scanning calorimetry (DSC). Desalted protein was diluted to 8 �M

(monomer) and analyzed by DSC as described under “Experimental
Procedures” (raw data, thin blue line; fit, thick blue line). Protein
stability was also examined in buffer � 2% Me2SO, � 50 �M Dpx
(reference cell contained the same additives), and the conditions used
for ThermoFluor assays (raw data, thin green line; fit, dashed green
line). Data were fit to give the values listed in Table I.
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treated with 1 mM PLP, then dialyzed, did not reveal an in-
crease in molecular weight, confirming reversibility. The ther-
mal stabilities of more than 20 other proteins have been meas-
ured in the presence and absence of PLP, and no instances of
nonspecific, high-affinity PLP binding have been observed in
these control studies. The binding of PMP, although weaker than
that of PLP, is likely because of a specific interaction with the
protein at the pyridoxal binding site. Taken together, these re-
sults suggest that the interaction between PLP/PMP and CFE97
is specific and may reflect a requirement for enzymatic function.

Canescin A Binding—Another apparently tight-binding li-
gand detected in the ThermoFluor screen was canescin A, a
natural product that inhibits fungal growth by an unknown
mechanism (Table II) (20). This compound is one of the sub-
stances in the functional probe library, such as natural prod-
ucts and generic drugs, that have biological activity for which
the target of interaction is not precisely known. For such com-
pounds, ThermoFluor can be used as a tool to identify potential
targets for compounds, a type of “reverse screening” similar to
other methods of target identification (21). The concentration
dependence of the effect of canescin A on CFE97 thermal sta-
bility was obtained to estimate a binding constant. The titra-

tion curve reached a plateau after addition of 1 molar eq of
ligand (Fig. 3B). This saturating effect on Tm is diagnostic of
irreversible covalent ligands, because according to Equation 4,
molecules that bind reversibly should continue to elevate the
Tm well beyond a molar eq (as was observed for PLP and PMP).
CFE97 could not simultaneously bind both PLP and canescin
A, because no additional enhancement in thermal stability was
observed when PLP was added to a preparation of CFE97 that
had been preincubated with saturating amounts of canescin A
(data not shown). Irreversible covalent binding of canescin A to
CFE97 was confirmed by mass spectrometry. The molecular
mass of the untreated protein was 47,108.3 daltons, whereas
the treated, dialyzed protein yielded a molecular mass of
47,415.6 daltons. The difference, 307.3 daltons, was close to the
molecular mass of canescin A, 306 daltons. Thus, canescin A
binds covalently to CFE97. Our data may also be suggestive of
competition between PLP and canescin A for a common binding
site, but this remains to be conclusively established. This result
may indicate that the protein target for this antifungal com-
pound is a PLP-utilizing enzyme.

Sequence and Structure-based Analysis of CFE97 and Re-
lated PLP-binding Enzymes—A BLAST search (22) of the com-

TABLE II
Selected hits from a ThermoFluor screen of the functional probe library against CFE97
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prehensive non-redundant sequence data base yielded many
hits with greater than 30% sequence identity to CFE97 (not
shown). The most similar protein found was Cps7G, a capsular
protein from Streptococcus suis (23) with 74% sequence identity
to CFE97. Encouragingly, in light of our initial ThermoFluor
result showing tight PLP binding, many of these hits had
known or putative aminotransferase functions. For example,
UDP-bacillosamine synthetase from Bacillus cereus (24), the
second most similar sequence hit (not shown), is 61% identical
to CFE97. Overall, these results indicate that CFE97 has sig-
nificant sequence homology with several classes of pyridoxal-
utilizing enzymes, including those involved in the synthesis of
nucleotide sugars.

A BLAST search (22) of the sequences of the protein struc-
tures available from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (25) yielded relatively few
hits, and our analysis focused on the two most similar: 3-ami-
no-5-hydroxybenzoic acid (AHBA) synthase from Amycolatop-

sis mediterranei (Protein Data Bank entries 1B9H and 1B9I
(26)), and ArnB aminotransferase from Salmonella typhi-
murium (Protein Data Bank entries 1MDO, 1MDX, and 1MDZ
(27)). AHBA synthase is involved in polyketide biosynthesis,
serving an essential function in rifamycin B formation (26, 28).
ArnB aminotransferase serves a key role in lipid A-mediated
resistance to cationic peptide antimicrobials, transferring an
amino group from glutamate to form UDP-4-amino-4-deoxy-L-
arabinose (27). Interestingly, AHBA synthase was previously
noted to be the closest known structural homolog of ArnB
aminotransferase (27). Both of these enzymes use PLP as co-
factor. Of particular relevance to the present study, a structure
is available for each of these enzymes with the PLP co-factor
bound (Protein Data Bank entries 1B9H (26) and 1MDX (27)).

Overall, CFE97 shares 25% sequence identity and 44% se-
quence similarity with A. mediterranei AHBA synthase, and
32% identity and 50% similarity with S. typhimurium ArnB
aminotransferase (Fig. 4). These relatively low levels of se-
quence identity increase dramatically for the residues near the
PLP binding site. 68% of the 25 residues closest to bound PLP
in the ArnB aminotransferase crystal structure are identical to
the aligned residues of CFE97; the corresponding number is
56% for AHBA synthase (Fig. 4). Furthermore, a tighter defi-
nition of the co-factor binding site revealed almost complete
conservation of this functional site. For AHBA synthase, 7 of
the 8 residues previously noted (26) as being involved in key
PLP binding contacts are strictly conserved in CFE97, with the
single change being a Phe to Tyr substitution (Fig. 4). Two
additional binding site residues contributed by the adjacent
monomer of the functional homodimer, Asn234 and Arg236, are
not strictly conserved (Fig. 4), but in concert the two alterations
(Asn to Lys and Arg to Asn) may allow for conservation of the
relevant PLP binding interactions (see also Fig. 8 in Ref. 27).
Thus, virtually all significant PLP binding contacts observed
for AHBA synthase including hydrogen bonds, van der Waals
interactions, and charge-charge contacts (26) appear to be con-
served in CFE97. ArnB aminotransferase shows similar con-
servation of this more tightly defined PLP binding site. Two
residue differences, Met to Leu and Trp to Tyr, are observed
between CFE97 and ArnB aminotransferase over the 10-resi-
due positions noted above (Fig. 4). Similar to AHBA synthase,
it appears that all direct PLP binding interactions are con-
served between CFE97 and ArnB aminotransferase. For both
AHBA synthase and ArnB aminotransferase this includes
strict conservation of the active site Lys that forms a Schiff
base with PLP (Fig. 4; Lys188 in both AHBA synthase and ArnB
aminotransferase). Clearly there is a high degree of sequence
conservation in the pyridoxal co-factor binding sites of these
three enzymes. The results of this sequence and structure-
based analysis support the conclusion that the tight binding of
PLP observed in ThermoFluor reflects specificity for Schiff base
formation between PLP and the probable active-site lysine of
CFE97 (Fig. 4).

Identification of Potential Amino-donor Substrates for
CFE97—Most PLP-dependent enzymes either catalyze amin-
otransferase reactions as their primary function or exhibit a
secondary aminotransferase activity, i.e. they are ”catalytically
promiscuous“ (15). We therefore designed ThermoFluor exper-
iments to detect potential substrates for aminotransferase ac-
tivity. Fig. 5 shows the results of an experiment that was
designed to probe a panel of amino acids for potential amine
donors. In this experiment, CFE97 was preincubated with PLP
to form a complex, which was then assayed in the presence of
potential amino donors. A successful amino donor should cause
the Tm to decrease because of conversion of the PLP to PMP,
which binds with lower affinity.

FIG. 3. CFE97 thermal stability increases in the presence of
equilibrium binding ligands. A, thermal stability of CFE97 (2 �M in
25 mM HEPES, 50 mM NaCl, 2.5 mM MgCl2, 50 �M Dpx, pH 7.5) was
measured in the absence of ligand (open squares), 75 �M PLP (closed
diamonds), or 75 �M PMP (open triangles). Theoretical curves fitted
using Equation 1 are shown as solid lines. B, dependence of CFE97 Tm
upon ligand concentration. Tm values shown were midpoints of thermal
unfolding transitions, obtained from ThermoFluor data collected as in
A. In parallel, thermal stability was determined using 11 concentra-
tions of PLP (closed diamonds), PMP (open triangles), or canescin A
(open circles). The solid lines are drawn using Kd values simulated
according to Equation 4 using thermodynamic parameters for protein
stability as determined in Fig. 2. The Tm is constant at all concentra-
tions of canescin A above the protein concentration, because canescin A
binds in an irreversible, covalent manner.
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Screening the 20 L-amino acids against the pyridoxal-bound
protein revealed that glutamate caused the largest decrease in
the Tm (�18.5 °C), consistent with complete conversion to the
enzyme-PMP complex even at the lower glutamate concentra-
tion (Fig. 5). Glutamate is a common substrate for aminotrans-
ferases, and its utilization by CFE97 supports the hypothesis
that this enzyme is an aminotransferase rather than a member
of another class of PLP-dependent enzyme (29).

Having identified potential amino donors using the Thermo-
Fluor assay, an absorbance assay was used to monitor the
half-reaction for enzymatic conversion of PLP to PMP. The
UV-visible spectrum of purified CFE97 did not show absorb-
ance in the visible region, as might be diagnostic of bound
cofactor (Fig. 6A). Addition of PLP caused rapid appearance of
an absorption peak characteristic of Schiff base formation (at
396 nm (17)) that was retained following rapid dialysis. Addi-
tion of the amino donor glutamate caused a slow change in the
spectrum, inducing a peak at 335 nm Fig. 6A), consistent with
formation of a CFE97-PMP complex, as described previously

for E. coli aspartate transaminase (30). At low CFE97 concen-
trations in the presence of excess PLP and glutamate, this
absorbance change could be exploited to monitor the slow con-
version of PLP to PMP (Fig. 6B).

Steady-state Kinetics of Pyridoxal Phosphate Turnover—The
rate of PLP conversion to PMP as a function of amino acid
concentration was measured for each of the 20 L-amino acids.
Results for substrates that yielded measurable reactions were
analyzed using standard hyperbolic kinetics (Table III). Values
for kcat were essentially independent of the amino donor and
were several orders of magnitude lower than rates typically
observed for aminotransferases. This result suggests that all of
the reactions have the same rate-limiting step, either reversal
of CFE97 Schiff base formation or dissociation of PMP from
CFE97, steps unlikely to occur in a full aminotransferase re-
action. Significant variations in Km were observed for different
substrates in the half-reaction, with glutamate having the
highest affinity. The preference for glutamate as a substrate is
consistent with the effects measured in the ThermoFluor assay
(Fig. 5). These data illustrate the utility of ThermoFluor as a
generic tool for detecting ligands that modify the stability of an
enzyme by converting a bound substrate to a product that binds
with different affinity.

In an effort to identify molecules that could serve as amino
acceptors, the functional probe library was screened versus
CFE97 in the presence of 20 �M PLP and 50 �M glutamate.
Under these conditions all tight-binding PLP was converted to
the weak binding PMP. Compounds that elevate the Tm of
CFE97-PMP may be equilibrium binding ligands, or may serve
as amine acceptors in the reaction converting CFE97-PMP to
CFE97-PLP. �-Ketoglutarate is the �-keto acid product formed
by the half-reaction of CFE97-PLP with glutamate and is pres-
ent in the library. As expected, �-ketoglutarate increased the
Tm by 15 °C (not shown), presumably shifting the enzyme to
the more stable CFE97-PLP form and serving as a positive
control for the screen. Two other �-keto acids, �-ketoadipate
and oxaloacetate, were also identified as hits, producing shifts
of 14 and 7 °C, respectively (not shown). Both of these �-keto
acids are close structural analogs of �-ketoglutarate. Similar
promiscuity was reported for ArnB aminotransferase (Ref. 27,
and see below), consistent with a role for CFE97 as a sugar
aminotransferase. �-Ketoadipate is a substrate for an amino-
transferase found in the yeast pathway for de novo biosynthesis
of L-lysine from �-ketoglutarate; this pathway is not known to

FIG. 4. Sequence alignment of
CFE97 with 3-amino-5-hydroxyben-
zoic acid synthase and ArnB amino-
transferase. Protein Data Bank entry
1B9H is A. mediterranei AHBA synthase
complexed with PLP (26); Protein Data
Bank entry 1MDX is S. typhimurium
ArnB aminotransferase (27). Residues in
red or blue are within 6 Å of the PLP
bound to the corresponding protein mon-
omer in the 1B9H crystal structure; resi-
dues in red were noted as making impor-
tant direct contacts with bound PLP (26).
The aligned positions of Lys241 and Asn243

of ArnB aminotransferase (Asn234 and
Arg236 in AHBA synthase) are high-
lighted in green (discussed in the text),
and the 5-residue spacing between Ser183

and Lys188 of AHBA synthase is indicated
with hyphens above the two positions (dis-
cussed in the text).

FIG. 5. Amine donors decrease CFE97-PLP melting tempera-
ture. CFE97 Tm was determined by ThermoFluor using 2 �M protein in
25 mM HEPES, 50 mM NaCl, 2.5 mM MgCl2, 50 �M Dpx, 75 �M PLP plus
amino acids at 0.2 mM (gray bars) or 1 mM (black bars). The reference
Tm of CFE97 � PLP was �68 °C under these conditions, 22 °C higher
than in the absence of PLP (Fig. 3B). Amine donors convert PLP to
PMP, which is less stabilizing.
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exist in bacteria. However, two similar transamination reactions
occur in the bacterial synthesis of L-lysine from L-aspartate. The
enzymes catalyzing these reactions utilize N-acetyl-L-2-amino-6-
oxopimelate and N-succinyl-L-2-amino-6-oxopimelate as sub-
strates (31). Amination of one or both of these intermediates
has not been ruled out as a function for CFE97.

Binding of Sugars and Nucleotide Sugars to CFE97—In the
initial functional probe library screen, several sugars and
diphosphonucleotides were found to bind weakly (Table II). As
noted above, the amino acid sequences most similar to that of
CFE97 include those of several known and/or putative sugar
aminotransferases. To investigate the possibility that a keto

sugar is the amino acceptor for this enzyme, a panel of 45
commercially available sugars and UDP sugar derivatives were
screened with ThermoFluor at 500 �M. Several hits were found
that could indicate a preferred substrate (Table IV). Because
these sugars were not in their corresponding deoxy-keto forms,
catalytic activity using these molecules as amino acceptor sub-
strates could not be confirmed. The panel of commercially
available sugars (primarily pentoses and hexoses) was retested
at higher concentrations (10–50 mM; data not shown). We were
unable to detect binding of any simple sugar to CFE97 using
ThermoFluor. Only the UDP derivatives of glucose and galac-

TABLE III
Kinetic parameters for substrates in the CFE97-catalyzed

aminotransferase half-reaction

Amino acid Km kcat

mM min�1

Glu 0.32 1.2
Gln 3.3 1.7
Ala 2.1 1.3

TABLE IV
�Tm observed for binding of uridine diphosphate and

selected sugars to CFE97

UDP sugar �Tm

5 mM UDP 0.6
5 mM UDP-5
-galactose 0.9
5 mM UDP-5
-glucose 0.55
5 mM UDP-5
-glucuronic acid 0.45
5 mM UDP-5
-N-acetylglucosamine 1.8

FIG. 6. Absorption spectra of CFE97
and cofactors. A, absorption spectra of
CFE97 (50 �M) in 25 mM HEPES, 50 mM

NaCl, pH 7.5, with 0 (black) or 50 �M PLP
(red). The blue line was obtained after
adding 5 mM glutamate to protein � PLP,
and is characteristic of a PMP absorbance
spectrum. B, the slow conversion of PLP
to PMP by CFE97. Absorbance spectra
before and at various times after addition
of 5 mM glutamate (prior to addition, red;
�30 s after addition, green; 10 min after
addition, purple; 20 min after addition,
blue).
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tose yielded statistically significant Tm shifts. The results ob-
served for UDP sugars, in addition to the observed homology to
ArnB aminotransferase and AHBA synthase (see also below),
may indicate that a UDP-keto-sugar or some other nucleotide
diphospho-keto-sugar is the preferred amino acceptor sub-
strate for this enzyme.

A more detailed comparison of the sequence of CFE97 to that
of AHBA synthase and ArnB aminotransferase provided fur-
ther clues about CFE97 function. Examples based on each of
the two structural homologs are outlined below. Eads and
co-workers (26) noted the 5-residue spacing between the con-
served Ser183 and the active site Lys188 of AHBA synthase,
observing that a 3-residue gap is more typical overall for the
aspartate aminotransferase family, whereas the 5-residue
spacing is consistent with a role in the biosynthesis of antibiotic
sugar moieties. The 5-residue spacing is conserved in CFE97
(Fig. 4), suggesting a role for this enzyme in antibiotic sugar
biosynthesis. Lys241 of ArnB aminotransferase appears to play
a role in substrate selectivity (27). Interaction between the side
chain amino group and the terminal carboxylate of L-glutamate
may contribute to preference for this substrate (27). Lys241 is
conserved in CFE97 (Fig. 4), and may serve a similar function,
contributing to the observed preference of CFE97 for L-gluta-
mate as the amino donor (Fig. 5, Table III). Although it is not
always straightforward to translate sequence- and structure-
based similarities and differences into molecular details re-
garding possible substrates, inferences such as these can serve
to guide and augment the selection of molecules to be tested in
follow-up studies aimed at further defining enzyme function.

CONCLUSIONS

ThermoFluor, an affinity-based screening technology, was
used to search for ligands that bind CFE97, the protein product
of a gene (sp1837) of unknown function from S. pneumoniae.
The results of this screen indicate that CFE97 binds PLP and
can utilize it as a cofactor in an enzymatic reaction. Biophysical
characterization of CFE97 as a dimer is consistent with the
biochemical significance of PLP binding. Further experiments
established that CFE97 preferentially utilizes glutamate as the
amino donor in the first step of an aminotransferase reaction,
and that it can bind UDP sugar derivatives. Combining this
biochemical and biophysical analysis with protein sequence
and structure analysis has provided a more definitive assign-
ment of the putative function of CFE97 than would be possible
using sequence comparison alone. This body of data collectively
suggests that this enzyme is likely to be an aminotransferase
involved in the biosynthesis of a diphosphonucleotide amino
sugar.

A general approach has been demonstrated for confirming or
disproving existing functional hypotheses for an orphan pro-
tein and for discovering novel, previously uncharacterized
functions. Furthermore, for enzyme classes that catalyze reac-
tions employing many different biological substrates, affinity-
based functional screens are a useful method for identifying

probable substrates for a particular enzyme. These substrates
provide directions that can then be experimentally investigated
in more detail to identify the function of an orphan protein.
This high-throughput approach to functional assignment of
expressed protein products may yield a wealth of new data for
understanding protein function.
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