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Mapping interactions at protein-ligand binding sites is an important aspect of understanding many biological
reactions and a key part of drug design. In this paper, we have used a fragment-based approach to probe
“hot spots” at the cofactor-binding site of a model dehydrogenase,Escherichia coliketopantoate reductase.
Our strategy involved the breaking down of NADPH (Kd ) 300 nM) into smaller fragments and the
biophysical characterization of their binding using WaterLOGSY NMR spectroscopy, isothermal titration
calorimetry (ITC), and inhibition studies. The weak binding affinities of fragments were measured by direct
ITC titrations under lowc value conditions. The 2′-phosphate and the reduced nicotinamide groups were
found to contribute a large part of the binding energy. A combination of ITC and site-directed mutagenesis
enabled us to locate the fragments at separate hot spots on opposite ends of the cofactor-binding site. This
study has identified structural determinants for cofactor recognition that represent a blueprint for future
inhibitor design.

Introduction

The identification of potential ligand-binding sites on a target
protein is fundamental for successful inhibitor design. Intrig-
uingly, it has been recognized that for many protein complexes
only relatively small regions of the binding surface, often called
“hot spots”, contribute a major part of the binding energy.1-3

Within this context, Fesik and co-workers have recently analyzed
the relationships between the ability of small molecules to bind
to a protein and various physical parameters that describe the
protein binding site.4 It was found that small organic compounds
bind almost exclusively to well-defined, localized regions of
proteins, independent of their affinity. Once these hot spots are
identified, binding interactions with adjacent regions of the
protein surface can be subsequently explored to increase
selectivity and improve affinity.5

In this study, we have used a fragment-based approach to
identify hot spots at an enzyme active site using biophysical
methods. Fragment-based approaches have recently emerged as
attractive alternatives to high-throughput screening for drug
design. They rely on the identification of low-molecular-weight
compounds that bind to the target protein and are much smaller
and functionally simpler than drugs.6,7 Although affinities of
bound fragments are low, a high proportion of their atoms make
favorable contacts with the protein, and key interactions are
formed.8-10 As a result, fragments can be highly efficient ligands
that preferentially fill hot spots on the protein surface.4,5

Biophysical techniques such as NMR spectroscopy, X-ray
crystallography, mass spectrometry, and isothermal titration
calorimetry (ITC)a are particularly amenable to detect low-
affinity binding and thus are ideal for fragment identification
and characterization.11-14 Furthermore, detection of binding is
often direct and does not require labeling of the ligand or the

protein, thereby minimizing false positives due to nonspecific
associations as well as false negatives.15,16 Although their
implementation as high-throughput methods for compound
screening can be costly or not practical in many cases,
biophysical methods are now being developed as lead discovery
tools.17,18

Here we have usedEscherichia coliketopantoate reductase
(KPR; EC 1.1.1.169) as a model system to probe hot spots for
ligand binding. KPR catalyzes the reduction of ketopantoate to
form pantoate using NADPH as a cofactor (Scheme 1) in the
biosynthetic pathway leading to pantothenate (vitamin B5), the
key precursor for coenzyme A.11,19The absence of this enzyme
in humans makes it an attractive target for the development of
novel antibiotics and herbicides.20,21 KPR belongs to the
6-phosphogluconate dehydrogenase superfamily in the SCOP
database22 and has properties of both class A and class B
secondary alcohol dehydrogenases.23 The enzyme has been
characterized both biochemically and structurally.23-25 More
recently, the crystal structure of KPR with NADP+ bound at
the active site was solved.26 The cofactor-binding site is a long
cleft encompassing the active site between two domains. The
nicotinamide ring of the cofactor adopts asyn conformation,
and stereospecific hydride transfer is from thepro-Sproton of
NADPH to thesi face of ketopantoate (Scheme 1).23,26Although
it has been recently reported that theE. coli enzyme can use
NADH as a cofactor, KPR is an NADPH-specific dehydroge-
nase.23,24 NADPH binds to apo-KPR with high affinity (Kd )
300 nM).26 To elucidate which parts of the NADPH structure
contribute most to binding, we have used smaller fragments and
analogues of the cofactor as probe ligands (Figure 1). To assess
the ability of cofactor fragments to bind to KPR, biophysical
studies were conducted using NMR spectroscopy, kinetic
inhibition studies, ITC, and site-directed mutagenesis. The aims
and motivations of our work were 3-fold: first, to identify
potential hot spots at the cofactor-binding site, second, to
elucidate the structural determinants of cofactor specificity, and
third, to study the effects of growing small molecular fragments
on inhibition of the enzyme.
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Results

Selection of Cofactor Analogues.We applied a fragment-
based approach that involves the breaking down of NADPH,
the large cofactor in the reaction catalyzed by KPR (MW)
740,Kd ) 300 nM), into smaller fragments and analogues, to
probe for interactions at the cofactor-binding site. The com-
pounds studied (Figure 1) included (i) dinucleotides lacking the
2′-phosphatesNAD+ and NADH, (ii) pyridine fragmentssâ-
NMN and nicotinamide, (iii) adenosyl fragments lacking the
2′-phosphatesAMP, ADP, and ADP-ribose, (iv) adenosyl
fragments containing the 2′-phosphates2′P-AMP and 2′P-ADP-
ribose, and (v) nucleotide analoguessATP, GDP, and GTP.

A related approach was earlier described by Stout et al. using
X-ray crystallography to study the interaction of the enzyme
thymidylate synthase with fragments of its substrate dUMP.27

X-ray crystallography allows the identification of the precise
binding interactions of fragments with the protein;9,12however,
it does not reveal direct information on ligand affinity. Our
approach combined inhibition studies with direct binding studies
using NMR spectroscopy and ITC. All these experiments were
conducted using His6-KPR at pH 7.5-7.7, under optimal
conditions for enzyme solubility and ligand stability. This
protein construct was catalytically active, with kinetic parameters
kcat ) 25 s-1, KM(NADPH) ) 7 µM, andKM(ketopantoate)) 30 µM,
comparable to those of the native enzyme.23,25

Isothermal Titration Calorimetry. To determine the con-
tributions of individual groups on the cofactor to the binding

affinity and enthalpic and entropic components of the free energy
of binding, the thermodynamics of the interaction of His6-KPR
with cofactor analogues was characterized using ITC (Table 1).
Since the dissociation constants measured for cofactor analogues
were relatively weak in all cases (Kd > 50 µM), Kd was
generally higher than the protein concentrations used in the
experiments; therefore, thec value (c )[P]t/Kd) was lower than
1. Under low c value conditions, both∆G and ∆H can be
measured with confidence provided at least 80% saturation of
the enzyme is achieved at the end of the titration and the
stoichiometry n is known, as described by Turnbull and
Danaras.28 The stoichiometry (n ) 1) was determined indepen-
dently by performing active site titration experiments with
NADPH or NADP+ under highc values (see the Experimental
Section).

The smallest fragment for which binding could be detected
was AMP. However, the binding affinity was very weak (Kd >
5 mM), and a low heat signal prevented an accurate determi-
nation of the thermodynamic parameters. In contrast, binding
of ADP and ATP was fully characterized by ITC. Dissociation
constants of 360 and 130µM and enthalpies of binding of-2.6
and -3.1 kcal/mol were obtained for ADP and ATP, respec-
tively. To investigate the requirement for the adenosyl moiety
further, GDP and GTP were also tested. Dissociation constants
of 370 and 150µM were obtained, comparable with those for
ADP and ATP, respectively. NAD+ and ADP-ribose were found
to bind weakly, with estimated dissociation constants of 7 and
6.3 mM, respectively. No binding was observed for nicotinamide
andâ-NMN, in agreement with NMR and inhibition results (see
also Tables 2 and 3). NADH showed the highest affinity among
the analogues lacking the 2′-phosphate, with aKd of 70 µM.
Fragments containing the 2′-phosphate group showed relatively

Scheme 1.Reaction Catalyzed by Ketopantoate Reductase

Figure 1. Chemical structures of NADPH analogues used in this study.

Table 1. Thermodynamic Parameters of Nucleotides Binding toE. coli
KPRa

ligand
no. of
expts Kd (µM)

∆G
(kcal/mol)

∆H
(kcal/mol)

-T∆S
(kcal/ mol)

NADPH 2 0.26( 0.11 -9.08( 0.27 -3.09( 0.10 -6.00( 0.38
NADP+ 3 5.8( 0.8 -7.21( 0.08 -3.16( 0.06 -4.05( 0.11
AMP 1 >5000 nd nd nd
ADP 3 360( 15 -4.73( 0.03 -2.6( 0.3 -2.1( 0.3
ATP 3 130( 20 -5.35( 0.09 -3.1( 0.1 -2.3( 0.1
ADP-ribose 1 6300( 500 -3.02( 0.04 nd nd
â-NMN 1
nicotinamide 1
NADH 2 66 ( 6 -5.75( 0.06 -2.9( 1.3 -2.8( 1.3
NAD+ 1 6900( 300 -2.97( 0.03 -5.9( 0.2 2.9( 0.2
GDP 1 373( 13 -4.70( 0.01 -3.6( 0.1 -1.1( 0.1
GTP 2 153( 12 -5.25( 0.05 -5.8( 0.1 0.6( 0.1
2P′-AMP 2 100( 15 -5.49( 0.09 -3.1( 0.1 -2.4( 0.1
2P′-ADP-

ribose
2 61( 8 -5.80( 0.07 -3.0( 0.3 -2.8( 0.4

a ITC titrations were performed in 0.1 M HEPES/HCl, pH 7.7, at 27°C.
Errors quoted are those returned by Origin on the curve fitting (no. of expts
) 1) or standard deviations of multiple experiments (no. of expts> 1).
The stoichiometry for weak-affinity ligands (Kd > 100µM) was fixed atn
) 1, the value being determined from active site titration experiments with
NADPH or NADP+. nd ) not determined.
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strong affinity by ITC. A typical titration is shown in Figure
2A for 2′P-AMP. Dissociation constants of 100 and 60µM and
∆H values of binding of-3.1 and-3.0 kcal/mol were obtained
for 2′P-AMP and 2′P-ADP-ribose, respectively (Table 1).

Binding Specificity. We have recently used WaterLOGSY
1H NMR binding experiments to detect binding of cofactors
and substrates to His6-KPR.11,26 WaterLOGSY is a rapid 1D
1H NMR spectroscopic technique to detect binding of small
molecules to a target protein in solution.29,30 In WaterLOGSY,
the signals are generated by cross-relaxation from bulk water.
Due to the very different tumbling times of the free ligand and
of the protein-ligand complex, LOGSY signals are typically
negative for free ligands in solution, and relatively less negative
or positive for binders in the presence of the protein.11,29

Cofactor analogues were initially screened at 1 mM concen-
tration by WaterLOGSY, and NADPH was subsequently added
to displace the bound ligands and to show specific interactions
at the cofactor-binding site (Table 2). The adenine mononucleo-
tides AMP, ADP, and ATP were found to bind to KPR by
WaterLOGSY. The ligands were successfully displaced by the
addition of NADPH to a final concentration of 350µM, thereby
proving specific binding at the active site.11 In contrast, binding
of nicotinamide, â-NMN, ADP-ribose, or NAD+ was not
detected under identical conditions, their LOGSY spectra
showing no significant changes in the presence of the protein.
In contrast, fragments 2′P-AMP and 2′P-ADP-ribose generated
relatively large LOGSY effects at 0.5 mM concentration (Table
2). A competition WaterLOGSY NMR experiment between 2′P-
AMP and NADPH is shown in Figure 2B.

The binding specificity of adenine nucleotides was further
demonstrated using competitive ITC experiments. This indirect
approach allows studying the weak interaction of the fragment
of interest by displacement with a known high-affinity ligand.
Titrations of His6-KPR with NADPH were performed in the
absence and in the presence of the fragment under otherwise
identical conditions.11 The Kd and ∆H for NADPH obtained
from the two titrations were used to estimate theKd and ∆H

Figure 2. Binding and inhibition studies of KPR with 2′P-AMP. (A) ITC analysis at 27°C. Top panel: Raw data for titrations of 2.4 mM ligand
into 60µM protein (lower trace) and buffer (upper trace). Each peak corresponds to one injection. An initial 1µL injection was followed by 13×
4 and 24× 8 µL injections. Bottom panel: Integration of the data, corrected for the heat of dilution. The line represents the least-squares fit to the
single-site binding model by the ORIGIN program. (B) WaterLOGSY binding experiment. From top to bottom, NMR spectra of 0.5 mM 2′P-AMP
recorded (i) in the absence of KPR, (ii) in the presence of 20µM KPR, and (iii) the same as above, with NADPH added to a final concentration
of 350 µM. LOGSY signals for NADPH are highlighted by asterisks. (C) Steady-state inhibition analysis versus NADPH. Data were fitted to the
equation for competitive inhibition, and aKi of 240 ( 20 µM was obtained.

Table 2. Screening of KPR with Cofactor Analogues by WaterLOGSY
NMR Spectroscopya

ligand
singlet NMR

signal obsd (ppm)
LOGSY

effectb (%)
displacement
by NADPH

NADPH 8.47 200
NADP+ 9.30 210 nd
AMP 8.27 30 yes
ADP 8.27 90 yes
ATP 8.27 130 yes
ADP-ribose 8.27 0 nd
â-NMN 9.59 0 nd
nicotinamide 8.94 0 nd
NAD+ 9.34 10 yes
2P′-AMPc 8.28 115 yes
2P′-ADP-ribosec 8.29 160 yes

a Ligand and protein concentrations were 1 mM and 50µM, respectively.
NADPH was added to a final concentration of 0.35 mM to displace ligands
bound in the cofactor-binding site. nd) not determined.b LOGSY effects
are the relative percent differences, [(Ip - If) × 100]/If, between the intensities
of an NMR signal of the ligand in the absence (If) and presence (Ip) of the
protein. In the absence of binding the two intensities are equal, resulting in
a null effect (0%). When binding occurs,Ip is smaller thanIf, so the LOGSY
effect is positive.c Ligand and protein concentrations were 0.5 mM and 20
µM, respectively.
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for the weak competitor ligand, by applying the displacement
model described by Zhang and Zhang31 and Sigurskjold.32 The
resulting binding parameters of fragments were found to be in
good agreement with those obtained by direct ITC titrations at
a low c value.11

Kinetic and Inhibition Studies. To validate the ITC and
NMR results and to confirm the ligands identified are inhibitors,
compounds were initially tested at 1 mM concentration for
activity against His6-KPR. Adenine nucleotides AMP, ADP,
ATP, 2′P-AMP, and 2′P-ADP-ribose were found to inhibit KPR
activity (Table 3). In contrast, no significant inhibition was
observed for nicotinamide,â-NMN, and ADP-ribose, even when
tested at higher concentrations (Table 3). NAD+ showed only
10% inhibition when tested at 20 mM. All these results were
consistent with those from both ITC and NMR binding studies
(see above).

Full binding curves for the active adenine analogues were
then measured using five different inhibitor concentrations and
six concentrations of NADPH. ADP and ATP hadKi values of
1 and 0.6 mM, respectively, and AMP was by far the weakest
in the series (Ki ) 6 mM). Interestingly, while AMP and ADP
showed competitive inhibition against NADPH, ATP inhibition
was noncompetitive (data not shown). 2′P-AMP and 2′P-ADP-
ribose were the most potent among the inhibitors tested. Both
inhibitors were competitive against NADPH, withKi values of
240 and 200µM, respectively (see Figure 2C for 2′P-AMP).

Design of Mutants To Probe the Binding Site.To provide
structural information on the interaction of fragments, in addition
to that given by competitive binding studies, site-specific
mutants were designed to locate the ligand-binding sites. The
crystal structure of the KPR/NADP+ binary complex26 was
inspected to provide details of the interactions between the
cofactor and residues at the active site (Figure 3). Arg31 and
Asn98 were chosen as they are located at the two opposite ends
of the cofactor-binding site (Figure 3). Arg31 is involved in
strong electrostatic and hydrogen-bonding interactions with the
adenosyl 2′-phospate group of NADP+. Amino acid sequence
alignments with other bacterial KPRs identify Arg31 of theE.
coli enzyme as a conserved residue. In KPR primary sequences
it occurs about 20 residues downstream of the last glycine in
the conserved GXGXXG motif for dinucleotide recognition.
Other NADP(H)-specific dehydrogenases have an arginine
residue binding the 2′-phosphate in an analogous position.33-35

Consequently, the R31A mutant was used to monitor interactions
in the adenosyl-binding pocket. Similarly, Asn98 was mutated
to Ala to monitor interactions in the nicotinamide pocket of
the cofactor-binding site. Asn98 is another strictly conserved

residue among bacterial KPRs (Figure 3). It forms hydrogen
bonds to the nicotinamide ribose 2′- and 3′-hydroxyls of NADP+

and has been recently identified as important for enzyme
catalysis and substrate binding.26 It was assumed that neither
of these mutations would lead to significant structural changes
in the active site.

Calorimetric Analysis of the Effect of R31A and N98A
Mutations. Combining ITC with site-directed mutagenesis
provides a sensitive thermodynamic probe to identify the effects
of specific residues in interactions with ligands. This approach
was employed to locate the binding site of cofactor fragments.
Titrations of KPR R31A and N98A mutants with adenine
nucleotidess2′P-ADP-ribose, 2′P-AMP, ADP, and ATPswere
conducted using ITC under the same conditions used for the
wild-type (WT) enzyme. Similar experiments were also con-
ducted with NADP+ as a reference. Thermodynamic data for
KPR mutants are compared to those for WT KPR in Table 4.
Results are reported as∆∆G [∆Gmutant- ∆GWT] together with
the relative contributions from∆∆H [∆Hmutant - ∆HWT] and
-T∆∆S [-T(∆Smutant - ∆SWT)].

The point mutation of Arg31 to Ala decreases the affinity of
all adenine nucleotides (Table 4), suggesting Arg31 is involved
in binding the ligands. The largest effects upon the R31A
mutation were∆∆G values of 2.5 and 2.1 kcal/mol for 2′P-
AMP and 2′P-ADP-ribose, respectively, corresponding to 60-
and 30-fold decreases in affinity. These results are consistent
with that observed for NADP+, where the R31A mutation
resulted in a∆∆G of 1.6 kcal/mol. The weak affinities of the

Table 3. Inhibition of E. coli KPR by Analogues of NADPH

ligand responsea Ki
b (mM) inhibitionc

phosphate 27( 4 C
AMP 6.3( 0.9 C
ADP 1.05( 0.07 C
ATP 0.61( 0.04 NC
ADP-ribose 0% at 5 mM
â-NMN 0% at 5 mM
nicotinamide 0% at 11 mM
NADH KM ) 0.75 mM
NAD+ 10% at 20 mM
2P′-AMP 0.24( 0.02 C
2P′-ADP-ribose 0.20( 0.02 C

a Ligands were initially tested for inhibition at 1 mM concentration with
20µM NADPH, 1 mM ketopantoate, and 2 nM KPR. Response is not shown
for the inhibitors with measuredKi. b Inhibition analysis was accomplished
with five different inhibitor concentrations and six concentrations of
NADPH. c The varied substrate was NADPH. C) competitive, and NC)
noncompetitive.

Figure 3. Selection of mutants to probe fragment binding. Binding
mode of NADP+ (green carbons) observed in the crystal structure of
the binary complex.26 The enzyme active site (residues 1-170) is shown
as a solvent-accessible surface, colored by atom charges (neutral, white;
positive, blue; negative, red). Arg31 and Asn98 (green carbons) interact
with the cofactor at opposite ends of the active site. ClustalW sequence
alignment of 10 bacterial ketopantoate reductases highlights the
conservation of both residues. The organism accession codes are as
follows: Escherichia coli (ECOLI); Aquifex aeolicus(AQUAE);
Archaeoglobus fulgidus(ARCFU);Bacillus subtilis(BACSU);Pseudomo-
nas aeruginosa(PSEAE);Pyrococcus abyssi(PYRAB); Pyrococcus
horikoshii (PYRHO);Salmonella typhimurium(SALTY); Vibrio chol-
erae (VIBCH); Yersinia pestis(YERPE).
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2′-phosphate-containing fragments with the R31A mutant
prevented accurate determinations of the binding∆H and∆S.
The∆∆G values for ADP and ATP binding with R31A relative
to WT KPR were 0.8 and 0.5 kcal/mol, respectively. However,
the relative enthalpic and entropic contributions were different,
with ∆∆H and-T∆∆Sboth being positive in the case of ADP
and being of opposite sign in the case of ATP (Table 4).

Binding of 2′P-ADP-ribose to the N98A mutant showed a
small increase in binding affinity (∆∆G ) -0.6 kcal/mol)
comprising a negative∆∆H and a positive-T∆∆S relative to
that to the WT. The signatures of the thermodynamic binding
parameters with N98A are in agreement with those observed
for NADP+ and are consistent with interaction of the terminal
ribose of 2′P-ADP-ribose with the side chain of Asn98 and with

the inclusion of water molecules in the cavity created by the
mutation. In contrast, the N98A mutation had no measurable
effects on the binding thermodynamics of 2′P-AMP and ADP
(Table 4), consistent with Asn98 not interacting with these
ligands. This mutation of Asn98 resulted in changes in∆H and
T∆S of 1.2 kcal/mol for binding of ATP. However, these
changes were compensatory and resulted in no detectable change
in ∆G.

Discussion
Structure-activity relationships (SARs) of the compounds

in Figure 1 provide insights into the roles of different structural
moieties on cofactor recognition and specificity and into the
effects of growing fragments on the binding affinity. Within a
chemical series it is often observed that affinity is strongly
correlated with molecular weight.36-38 Through an analysis of
the energetics of protein-ligand complexes, Kuntz et al. noted
that the affinity of a ligand for its target protein increases linearly
with respect to the number of non-hydrogen atoms (NHA) for
very small compounds (NHA< 10-15).36 However, this linear
tendency is broken for larger compounds as adding more atoms
no longer corresponds to an increase in the binding energy.
Therefore, the resulting ligand efficiency (∆g ) ∆G/(NHA))
tends to be maximal for small molecular fragments and then
steadily decreases as more heavy atoms are added. Ligand
efficiency allows a reliable assessment of different chemical
scaffolds and is often useful in deciding the potential for
optimization of hit compounds.37,38

Table 4. Effect of Point Mutations on the Thermodynamic Parameters
of Nucleotide Bindinga

R31A N98A

ligand
∆∆G

(kcal/mol)
∆∆H

(kcal/mol)
-T∆∆S

(kcal/mol)
∆∆G

(kcal/mol)
∆∆H

(kcal/mol)
-T∆∆S

(kcal/mol)

NADP+ 1.6 0.9 0.7 -1.5 -2.0 0.5
2P′-ADP-

ribose
2.1 nd nd -0.6 -2.3 1.7

2P′-AMP 2.5 nd nd 0.1 0.1 <0.1
ADP 0.8 0.5 0.3 -0.1 -0.1 <0.1
ATP 0.5 1.7 -1.2 <0.1 -1.2 1.2

a ∆∆G, ∆∆H, and-T∆∆S are ∆Gmutant - ∆GWT, ∆Hmutant - ∆HWT,
and-T(∆Smutant - ∆SWT), respectively. ITC titrations were performed in
0.1 M HEPES/HCl, pH 7.7, at 27°C. nd ) not determined.

Figure 4. Ligand efficiency of cofactor analogues and fragments. (A) Affinity (logarithmic scale) versus number of non-hydrogen atoms. Growing
AMP f 2′P-ADP-ribosef NADP+ (green arrows) maintains ligand efficiency approximately constant. Addition of the 2′-phosphate group (red
arrows), the 1,4-dihydronicotinamide ring (blue arrows), and a hydride ion to the oxidized nicotinamide ring (black arrows) increases ligand efficiency.
In contrast, addition of theâ-phosphate-ribose fragment (white arrows) decreases ligand efficiency. (B) Fragmentation of NADPH and relative
contributions to affinity. The starting fragment AMP is circled in green. The ligand-efficient 2′-phosphate and reduced nicotinamide groups are
circled in red and blue, respectively. The ligand-inefficientâ-phosphate-ribose fragment is circled in white.
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Trends in Ligand Efficiency of Cofactor Fragments.Here
we use the concept of ligand efficiency to identify unambigu-
ously the structural determinants for the binding affinities. To
illustrate the trend of ligand efficiency within our chemical
series, a plot of affinity (logarithmic scale) versus NHA is shown
in Figure 4A. The average∆g of cofactor analogues was 0.15
( 0.04 kcal‚mol-1‚NHA-1, which is smaller than the generally
accepted lower limit for∆g of drug leads of around 0.3
kcal‚mol-1‚NHA-1.37,38 This suggests that the ligands studied
would not be good starting points for fragment-based drug
design. However, analysis of this series of cofactor fragments
based on their ligand efficiency provides important insights into
potential hot spots at the cofactor-binding site for future design
of inhibitors.

AMP, albeit one of the weakest binders in the series, is also
the smallest fragment for which binding or inhibition could be
detected (Tables 2 and 3). The ligand efficiency of AMP (∆g
) 0.13) is comparable to the average in the series, making it a
good starting point in the discussion of the effect of growing
fragments (green fragment, Figure 4B). Growing AMPf 2′P-
ADP-ribose f NADP+ maintains the ligand efficiency ap-
proximately constant (green arrows in Figure 4A). Growing
fragments with improvements of ligand efficiency will lead to
arrows having higher slopes than the green arrows (e.g., red,
blue and black arrows in Figure 4A). In contrast, growing
fragments with decreases in ligand efficiency will correspond
to arrows with lower slopes (e.g., white arrows).

Addition of the 2′-phosphate group (∆(NHA) ) 4) to AMP
leads to the most efficient fragment 2′P-AMP (∆g ) 0.20).
Similarly, addition of the 2′-phosphate group to other fragments
always leads to large increases in affinity (∆pKd ) 1.8-3.1)
and consequently to increases in ligand efficiency (red arrows).
The 2′-phosphate is thus a ligand-efficient group (red moiety
in Figure 4B, left). Addition of the 1,4-dihydronicotinamide ring
(∆(NHA) ) 9) also leads to significant increases in potency
(∆pKd ) 2.0-2.4). The reduced nicotinamide is a second ligand-
efficient group (blue moiety in Figure 4B, right), albeit to a
smaller extent than the 2′-phosphate group as shown by
comparing the blue and red arrows in Figure 4A. Therefore,
the corresponding binding sites on the protein are hot spots.
Interestingly, the most ligand-efficient structural modification
is the addition of a single hydride ion to the oxidized
nicotinamide ring to form the 1,4-dihydronicotinamide ring
(black arrows in Figure 4A).

In contrast, addition of the largeâ-phosphate-ribose fragment
(∆(NHA) ) 12) does not significantly improve the affinity
(white arrows in Figure 4A). This part of the cofactor is therefore
ligand-inefficient (white fragment in Figure 4B). These observa-
tions are consistent with theâ-phosphate-ribose moiety acting
as a linker between the binding-anchor adenosyl group and the
chemically reactive nicotinamide ring and providing the correct
conformation for catalysis. Addition of the oxidized nicotina-
mide group also does not increase the ligand efficiency.
Furthermore, small fragments containing the oxidized pyridine
ring (â-NMN and nicotinamide) did not bind to KPR at 5-10
mM concentration. As a result, the least efficient ligand with
detectable affinity was NAD+ (∆g ) 0.07), which is formed
by addition of the scaffoldsâ-phosphate-ribose and oxidized
nicotinamide to AMP.

Effects of 2′-Phosphate and Nicotinamide Groups.Al-
though KPR is an NADPH-specific dehydrogenase, activity of
the E. coli enzyme was recently reported using NADH as a
cofactor.24 We tested NADH as a cofactor and obtained aKM

of 750 µM (Table 3) and akcat of 95 s-1, resulting in an

approximately 25-fold decrease ofkcat/KM relative to that of
NADPH. E. coli KPR was also previously shown to bind
NADPH more tightly than NADP+.26 This selectivity may be
important in encouraging cofactor dissociation after hydride
transfer (Scheme 1).

The biophysical studies presented here provide additional
quantitative evidence that KPR binds selectively to 2′-phosphate
nucleotides in preference to the corresponding 2′-hydroxyl
nucleotides and to the reduced nicotinamide in preference to
the oxidized nicotinamide group. The increases in binding
affinities observed by ITC for the addition of the 2′-phosphate
group were 100-1200-fold, and those for replacing the oxidized
with the reduced nicotinamide group were 20-100-fold (Table
1). In the latter case, the more favorable∆G arises almost
entirely from a more favorable binding entropy, withT∆∆S
values of 2 and 6 kcal/mol for NADPH versus NADP+ and
NADH versus NAD+, respectively (Table 1). These observations
suggest that the nicotinamide-binding site is predominantly
apolar in nature, strongly favoring binding of hydrophobic
compounds. Consistent with this hypothesis, inspection of the
KPR/NADP+ structure shows that the nicotinamide group sits
in a predominantly hydrophobic pocket (Figure 3). The iden-
tification of the 2′-phosphate and reduced nicotinamide as key
groups for cofactor recognition is consistent with the presence
of two distinct hot spots at the cofactor-binding site.

Binding Modes of Fragments and Adenine Recognition.
The addition of the same group to different fragments of
NADPH was found to produce similar increases in affinity, as
can be seen in Figure 4A where arrows of the same color are
parallel. This observation strongly suggests a conservation of
binding modes across the series of fragments, presumably
consistent with the binding mode observed for NADP+ (Figure
3).26 To provide additional structural evidence on fragment
binding, Arg31 and Asn98 were mutated to Ala to monitor
interactions at hot spots on opposite ends of the cofactor-binding
site (Figure 3). Small changes in intermolecular interactions
often lead to enthalpy-entropy compensation, thereby masking
changes in the binding free energy.39-41 The advantage of using
ITC is that the effects of a mutation on the binding∆H and∆S
are also characterized.

The ITC results with alanine mutants show that Arg31 is
strongly involved in the binding of 2′P-AMP and 2′P-ADP-
ribose (Table 4), suggesting these fragments adopt the same
binding mode as NADP+. The results with N98A KPR support
this conclusion. The decreases in binding affinity of these
fragments upon replacing Arg31 to Ala (30-60-fold) are in good
agreement with those arising from deleting the 2′-phosphate
group (60-100-fold). These observations support the proposal
of a key interaction between the 2′-phosphate group and the
side chain of Arg31 and further reinforce our approach to
accurately define the SAR for weakly binding fragments.

ADP and ATP also appear to interact with Arg31 at the
adenosyl-binding pocket, despite the lack of the key 2′-
phosphate group. The affinity trend AMP, ADP < ATP is
seen in both the inhibition and calorimetric data, and supported
by WaterLOGSY studies (Tables 1-3). The stepwise addition
of a phosphate group at the 5′ position of the adenosyl ribose
group is therefore thermodynamically favored. In contrast to
ADP and NADP+, ATP binding shows significant∆H - ∆S
compensation upon mutation of both Arg31 and Asn98, sug-
gesting that the presence of aγ-phosphate group may facilitate
small structural rearrangements on ligand binding, leading to
additional contributions to∆H and T∆S. The observed non-
competitive inhibition of ATP versus NADPH may arise from
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multiple binding modes or binding to a different form of the
enzyme, rather than from simultaneous binding with NADPH.
This interpretation is further supported by the unusual binding
thermodynamics displayed by ATP with the mutant proteins.

Interestingly, the adenosyl group was found not to be a
stringent requirement for binding, as demonstrated by the
relatively strong affinities of GDP and GTP (Table 1). Such
promiscuous binding is consistent with the theory of fuzzy
recognition of the adenosyl group proposed by Thornton and
co-workers.42 An inspection of the crystal structure of the KPR/
NADP+ complex shows that the adenine-binding pocket is rather
solvent-exposed and can potentially accommodate the adenine-
guanine substitution.

Conclusions

Targeting families of enzymes such as dehydrogenases and
kinases at the cofactor-binding site is an important drug design
strategy. We have mapped the active site of a model dehydro-
genase, ketopantoate reductase, using fragments derived from
its cofactor NADPH. Two hot spots were characterized at
opposite ends of the binding surface which contribute high
affinity and significant increases in ligand efficiency. On the
basis of our study, structural requirements for cofactor recogni-
tion that define a blueprint for future inhibitor design have been
identified. We are now specifically targeting these hot spots at
the cofactor-binding site of KPR using fragment-based ap-
proaches.

In this paper we report the first application of lowc value
ITC for dissecting the binding contributions of individual
fragments of a ligand and extend the arsenal of techniques
available for studying low-affinity interactions in fragment-based
drug design. The combination of ITC and alanine-scanning
mutagenesis as a tool to locate binding of fragments is also
described. The major advantage of this approach is that it
provides the complete thermodynamic characterization of the
effect of mutations to ligand binding. This, in turn, enables not
only unambiguous identification of the location of hot spots on
protein surfaces but also definition of their structural and
energetic properties. The approach described holds general
applicability to study other enzymes and may prove useful to
fragment-based drug discovery.

Experimental Section

Materials. All chemicals were purchased from Sigma-Aldrich
unless otherwise stated. Accurate concentrations of cofactor frag-
ments and analogues were measured by UV/vis spectrophotometry
using the following extinction coefficients: 6220 M-1 cm-1 at 340
nm for NADPH and NADH;43 18000 M-1 cm-1 at 260 nm for
NADP+ and NAD+;44 15400 M-1 cm-1 at 259 nm for AMP, ADP,
and ATP;45 4200 M-1 cm-1 at 266 nm forâ-NMN;46 13700 M-1

cm-1 at 253 nm for GDP and GTP;45 15400 M-1 cm-1 at 260 nm
for 2′P-AMP and 2′P-ADP-ribose.47,48

Protein Expression and Purification.Wild-type KPR and site-
directed mutants of KPR were expressed from a pRSETA plasmid,
which adds 17 amino acid residues to the N-terminus of the
recombinant protein, including a His6 tag. KPR proteins were
expressed inE. coli and purified using a single-step affinity
purification column as previously described.26 Briefly, C41(DE3)
cells containing the pRSETA-panE plasmid encodingE. coli
ketopantoate reductase were grown in 2×YT medium containing
100 µg/mL ampicillin at 37°C and induced with 0.5 mM IPTG
for 4 h. Cells were collected and resuspended in 50 mM potassium
phosphate, pH 8.0, 10 mM imidazole, 300 mM NaCl, 0.007% v/v
â-mercaptoethanol, 1 mM PMSF, and 0.5%, v/v, protease inhibitor
cocktail. Cells were lysed by incubation with 0.2 mg/mL lysozyme
for 30 min at room temperature followed by sonication, for a total

process time of 3 min. His6-KPR was applied to a Ni-NTA column
(Qiagen), washed with 50 mM potassium phosphate, pH 8.0, 30
mM imidazole, and 300 mM NaCl, and eluted with 250 mM
imidazole to yield 50-100 mg of His6-KPR from a 1 L culture.
Fractions containing KPR were buffer-exchanged in 100 mM
HEPES/HCl, pH 7.6, using a HiPrep 26/10 desalting column
(Amersham Bioscience) and further dialyzed in the desired buffer
with Slide-A-Lyzer dialysis cassettes (Pierce). Protein concentration
was determined by A280, with an extinction coefficient for His6-
KPR of 62650 M-1cm-1 obtained from amino acid analysis
(PNAC). Protein identity and purity were confirmed by SDS-
PAGE and electrospray mass spectrometry.

Site-Directed Mutagenesis.The singly mutated genes corre-
sponding to R31A and N98A were made with the QuickChange
site-directed mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions using pRSETA-panEas a template. The fol-
lowing primers (SIGMA Genosys) were used for PCR, CAGGGC-
TGGCTGGCCGTACCGCAACCTTA (R31A forward), TAAG-
GTTGCGGTACGGCCAGCCAGCCCTG (R31A reverse), CGC-
CAATACTGTTAATTCACGCAGGCATGGGCA (N98A forward),
and TGCCCATGCCTGCGTGAATTAACAGTATTGGCG (N98A
reverse), which generate the alanine mutation (italic). To confirm
the mutations, the genes were sequenced in their entirety and the
molecular masses of the mutant enzymes were determined using
electrospray mass spectrometry.

NMR Spectroscopy.All NMR spectra were recorded at 298 K
on a Bruker DRX 500 MHz spectrometer equipped with a 5 mm
triple TXI cryoprobe withzgradients. All NMR samples for ligand
screening contained 1 mM ligand, 50µM enzyme, and 10% D2O
in a buffer composed of 20 mM potassium phosphate, pH 7.2, and
80 mM NaCl. Subsequent binding experiments with 2′-phosphate
analogues were performed in 20 mM Tris/HCl, pH 7.5, to prevent
competition between the ligands and the phosphate buffer (Ki(phos-

phate)) 30 mM). In all cases, control experiments were carried out
using samples where the enzyme was omitted. (Trimethylsilyl)-
propionic acid-d4 (TSP; 20µM) was present in all samples for
calibration purposes. Water suppression was achieved by using a
1.6 s presaturation pulse and a WATERGATE (water suppression
by gradient-tailored excitation)49 gradient spin-echo sequence.
WaterLOGSY29 NMR experiments employed a 20 ms selective
Gaussian 180° pulse at the water signal frequency and an NOE
mixing time of 1 s.

UV-Based Kinetic Analysis.Enzyme activity was assayed at
25 °C by monitoring the decrease in absorbance at 340 nm over
time due to the enzyme-catalyzed oxidation of NADPH to NADP+

(ε340 nm(NADPH)) 6220 M-1 cm-1) in a 96-well plate using a Biotek
Powerwave XS plate reader equipped with KC4 v3.2 Biotek
instrument software. Nucleotides were initially tested for inhibition
at 1 mM concentration with 20µM NADPH, 1 mM ketopantoate,
and 2 nM enzyme. A typical reaction forKi analysis contained 100
mM HEPES/HCl, pH 7.6, 1-4 nM enzyme, 2.5-50 µM NADPH,
and the inhibitors in a total volume of 200µL. The reaction was
initiated by addition of 1 mM ketopantoate. Measurements were
obtained at least in duplicate. Initial rates were obtained from the
data corresponding to the conversion of the first 10% of the
substrate. Data were fitted to the appropriate rate equations using
the GraFit software (version 5.0.6, Erithacus Software Ltd., http://
www.erithacus.com/grafit/).

Isothermal Titration Calorimetry. ITC experiments were
performed at 27°C on an OMEGA isothermal titration calorimeter
(Microcal Inc.). Details on the instrumentation and experimental
design are described elsewhere.50 Purified protein was exhaustively
dialyzed with 100 mM HEPES/HCl, pH 7.7, and loaded into the
sample cell at a final concentration of 30-80µM. Sufficient ligand
was used to obtain at least 80% saturation of the enzyme at the
end of the titration, as estimated using the equation described by
Turnbull and Daranas.28 Typically, 35 injections of 7-8 µL were
made at 3-4 min intervals from a 300µL syringe rotating at 300
rpm. Alternatively, the initial 15 injections were of 3-4 µL and
the final 30 injections were 7-8 µL, all at 3-4 min intervals. The
heat change accompanying the titration was recorded as differential
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power by the instrument and determined by integration of the peak
obtained. Titrations of ligand to buffer only were performed to allow
baseline corrections. The corrected heat change was then fitted using
nonlinear least-squares minimization to obtain the dissociation
constants,Kd, the enthalpy of binding,∆H, and the stoichiometry,
n.50 A stoichiometry of 1, determined from titrations with NADP-
(H), was fixed during curve fitting of data obtained under lowc
value conditions. At least two experiments were performed for each
ligand at different ligand concentrations to exclude the occurrence
of any concentration-dependent phenomena.

Abbreviations

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
ITC, isothermal titration calorimetry; KPR, ketopantoate re-
ductase;â-NMN, â-nicotinamide mononucleotide; 2′P-ADP-
ribose, 2′-monophosphoadenosine 5′-diphosphoribose; 2′P-
AMP, adenosine 2′,5′-diphosphate; WaterLOGSY, water ligand
observed via gradient spectroscopy; WT, wild-type.
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