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Abstract

We describe an intensity-restrained optimization procedure for refining approximate structures of ligands within the protein
binding pockets using STD-NMR intensity data on reversibly forming weak complexes. In this approach, the global minimum for
the bound-ligand conformation is obtained by a hybrid structure refinement method involving CORCEMA calculation of intensities
and simulated annealing optimization of torsion angles of the bound ligand using STD-NMR intensities as experimental constraints
and the NOE R-factor as the pseudo-energy function to be minimized. This method is illustrated using simulated STD data sets for
typical carbohydrate and peptide ligands. Our procedure also allows for the optimization of side chain torsion angles of protein
residues within the binding pocket. This procedure is useful in refining and improving initial models based on crystallography or
computer docking or other algorithms to generate models for the bound ligand (e.g., a lead compound) within the protein binding

pocket compatible with solution STD-NMR data. This method may facilitate structure-based drug design efforts.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The discovery and design of novel pharmaceutical
drugs is often facilitated by a screening of suitably de-
signed large compound libraries to identify promising
lead compounds that are specific to the target protein of
interest. A knowledge of the bound structure of the lead
compound within the active site of the target protein will
then significantly facilitate a structure-based design of a
drug with desirable properties. Many of these lead
compounds often exhibit only weak affinity to the target
protein [1]. In this regard, NMR spectroscopy is now
playing an increasingly important role as a tool in drug
discovery programs. A large number of NMR-based
screening methods have been developed to identify
bioactive ligands. The advantages and limitations of
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each of these methods have been reviewed [1-3]. Addi-
tional new methods are also being proposed [4,5].
Among the NMR methods, the recently introduced
STD-NMR technique [6-8] as a screening method is
gaining popularity because of its applicability even when
only a small quantity of a target protein is available
(e.g., with ligand/protein ratios in excess of 1000), the
ease of implementation, and its ability to locate the
apparent group epitopes of the bound ligand in a rather
qualitative manner. This method is best suited when the
binding is relatively weak, with dissociation constants
(Kq) in the range ~1073 to ~10~7 M. We have previ-
ously presented the complete relaxation and conforma-
tional exchange matrix [CORCEMA] theory [9] of the
STD-NMR experiment and described the properties of
the STD-NMR spectra. We have demonstrated [9,10]
that: (1) the apparent epitope map based on STDs can
exhibit rather significant dependence on which particu-
lar protein proton(s) is being saturated: For example,
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saturation of resolved methyl proton resonances from
two separate residues may sometimes result in different
STD spectra. Similarly, saturation of a specific tyrosine
ring protons vs a specific methyl group can result in
different STD spectra. (2) Saturation of protein residues
within the binding pocket are generally likely to produce
larger STDs (because of direct effects, i.e., E2’— L' in
Scheme II of [9]) than saturation of residues far away
from the binding pocket. (3) The STDs for small satu-
ration times are independent of the free ligand confor-
mation and its correlation time, and are more reflective
of the bound-ligand proton distances with respect to
saturated protein residue. (4) At longer saturation times
the STDs exhibit a rather complex dependence on a
number of factors including free ligand conformation
and correlation time, and protein indirect effects (i.e.,
E2' — El'’ = L' in Scheme II of [9]). (5) The STDs and
hence the apparent epitope map can exhibit significant
dependence on intra-ligand relaxation rates, thus ne-
cessitating caution in simple qualitative interpretations.
(6) For dissociation constants (Ky) in the range 10~4—
1077 M, the STDs are essentially independent of the
binding constant for large ligand/protein ratios (where
uncomplexed protein concentration is negligible). (7) In
this range, exchange-mediated leakage from the rapidly
exchanging bound-ligand (or bound water molecules
[11]) can significantly reduce the efficiency of spin dif-
fusion in transferring r.f. saturation to the residues
within the binding pocket.

The applications of this method in screening com-
pound libraries [6,7], and in the qualitative identification
of apparent group epitopes of the bound ligands to
proteins [12-14], nucleic acids [11] and to virus coat
proteins [15] have been reported. However, the potential
of the STD-NMR experiment as a tool in quantitatively
refining the bound-ligand conformation in weak ligand—
protein complexes has not been addressed before. Such
knowledge is essential in structure-based drug design.
Often times crystallographic structures and models
generated by computational docking programs are used
to generate bound-ligand structures within the binding
pocket. However, the crystallographic structure may not
be preserved in solution in its entirety (which affects the
STDs significantly). Similarly, the docking programs
can only generate approximate structures. Thus, it is
essential to have a refinement tool that can take these
structures and refine them quantitatively to generate
models that are compatible with experimental STD-
NMR data. The present work demonstrates an ap-
proach by which such refinement can be obtained using
STD-NMR data.

In this paper, we present a STD-NMR Intensity-re-
strained CORCEMA Optimization (SICO) procedure
that utilizes a hybrid structure refinement protocol in-
volving a complete relaxation and conformational ex-
change matrix (CORCEMA) calculation [9,10,16] and

simulated annealing to refine the bound-conformation
of a weakly binding ligand positioned within the binding
pocket of a target protein. This method requires a
knowledge of the pdb coordinates for the bound and
free forms of the protein. This procedure is not designed
to dock or orient a ligand within the binding pocket, or
optimize the protein backbone conformation; rather it is
meant to find the global minimum conformation of the
ligand giving the lowest NOE R-factor at a given docked
position. In our approach, the global minimum for the
bound-ligand conformation is obtained by a refinement
of the torsion angles of an approximate (or starting)
structure for the bound ligand using STD-NMR inten-
sities as experimental constraints, and the NOE R-factor
[17,18] as the energy function to be minimized. The
approximate structure for the complex may be obtained
either from crystallographic data on the complex of in-
terest, or generated from the crystallographic/NMR
structure for a closely related complex, or from com-
puter-docking of a ligand in the protein’s binding
pocket, or NMR based methods for docking [19,20], or
other approaches [21]. It also allows the optimization of
protein residue side-chains in the binding pocket.

2. Methods

In the STD-NMR experiment, one generally works
with a solution containing an excess of a single ligand or
a library of compounds in the presence of a small
amount of a target protein (typically with ligand/recep-
tor ratios ranging from 15:1 to 1000:1). The NMR sig-
nal(s) of the target molecule is saturated by r.f.
irradiation without directly affecting the NMR signals
from the low molecular weight ligand. Under weak
binding conditions, the saturation spreads to the re-
maining protein protons as well as to the ligand protons
in the free and bound states through a network of di-
polar and conformational exchange processes as shown
in Scheme II in [9]. The STD-NMR spectra can be ob-
tained either by recording 1D-NMR spectra of the li-
gand with (/) and without (/) saturation of the protein
protons and taking a difference (I — Iy), or by collecting
free-induction decays (FID) in an interleaved manner to
directly obtain the difference FID which is then Fourier
transformed to obtain the difference spectrum (I — Ip).

The expression for the observable magnetization in a
STD experiment by assuming infinite delay between
each scan is given by [9]

1(1) =Ly + [1 — exp{~D7}]D"'Q, (1)

where I(¢) is a column matrix containing the magneti-
zations for the ligand and for those protein protons that
do not experience a direct r.f. saturation, in their free
and bound states. I is the corresponding thermal
equilibrium magnetization matrix. Q is a column matrix
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containing cross-relaxation terms between the protein
protons that experience a direct r.f. saturation and the
rest of the protein protons and the bound ligand pro-
tons. The dynamic matrix D is a square matrix and is the
sum of the relaxation rate matrix R and a kinetic matrix
K of reduced dimensions. These matrices have been
defined earlier [9]. ‘¥’ is the time period for which the
protein proton(s) experience r.f. irradiation. The pro-
gram we have written in MatLab also has a provision
for taking into account the effect of finite delays (z)
between scans in calculating the STD effects [9]. The
flowchart for the CORCEMA-ST protocol (ST: satu-
ration transfer) with the implementation of simulated
annealing (SA) [22-24] refinement for torsion angles
and/or experimental parameters such as the bound li-
gand correlation time is shown in Fig. 1.

To unequivocally demonstrate the ability of our
procedure in successfully identifying the global mini-
mum conformation for the bound ligand, the most
convincing way to demonstrate this method is using a
STD data set where the global minimum (i.e., target)
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Fig. 1. CORCEMA-ST protocol for optimizing the bound-ligand
conformation.

structure is known a priori so that one can objectively
compare the results from CORCEMA-ST optimization
of various starting structures with the target structure.
The use of experimental STD data on a complex and
its known crystallographic structure as the target
structure will not meet this requirement since if there
are differences in the CORCEMA-ST optimized struc-
ture and the crystallographic structure, it will be diffi-
cult to say if this is due to the crystallographic
structures not being preserved in solution in their en-
tirety (unpublished experimental work, 2003), or if it is
due to a shortcoming of our methodology. Thus, the
best way to accomplish this objective is by utilizing a
known crystallographic structure for the ligand—protein
complex representing the target structure (global min-
imum), generate simulated experimental STD-NMR
data for this target structure under typical experimental
conditions (including noise in the 1D-NMR spectra
represented by the elements of /), and show that the
CORCEMA-ST procedure is able to consistently and
successfully optimize any arbitrary starting conforma-
tion for the bound ligand to its known global mini-
mum conformation. For this purpose, we generated a
hypothetical ligand—protein complex consisting of a
trisaccharide (Gal(1,4)-[Fuc(1,3)]GIcNAc, Fig. 2A) us-
ing the PDB coordinates (ID# 2kmb) from the crystal
structure of the complex sLe*/MBP (sialyl Lewis® tet-
rasaccharide/mannose binding protein) [25]. This com-
plex is shown in Fig. 3 of [9]. We retained eight
residues (D184, E185, N187, H189, G190, N205, D206,
and 1207) in the MBP binding pocket, all within a 10 A
distance from the ligand protons. Since STD-NMR
measurements are usually performed in D,O, we have
excluded all exchangeable hydrogens (OH and NH) in
our calculations. For simulating the STD-NMR data,
we have assumed that the ring CH protons of His189
were instantaneously saturated, and the intensities were

A W OH
OH 1
0 GIcNAc
HO
o
Gal 0 0 OCH,
HO V2 NHA
OH >
o
OH
HO
OH
Fuc

Fig. 2. (A) Structure of the trisaccharide: Gal(1,4)-[Fuc(1,3)]GlcNAc.
(B) Structure of the tripeptide: y-glutamyl-cysteinyl-glycine.
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computed using Eq. (1) for a saturation time of 2s,
which is typical in many experiments. The carbohy-
drate ligand concentration was fixed at 0.5mM, and
calculations were performed at two separate ligand/
protein ratios of 12.5/1 (protein ~40uM) and 300/1
(protein ~1.67 uM). A uniform leakage relaxation of
0.2s~! was assumed for all the protons in their free and
bound states, to mimic non-specific leakage relaxation
with paramagnetic oxygen in the solution [16]. The
simulated experimental intensities (Sexp i) were first
calculated as percentage fractional intensity changes
([(Mox — I(2),) < 100]/Tox), where k is a particular pro-
ton in the complex, and Iy, its thermal equilibrium
value) from the intensity matrix I(f) and using the
target structure of the complex for the trisaccharide.
Next, to demonstrate the ability of CORCEMA-ST
program to successfully optimize the bound-ligand
torsion angles to identify global minimum conforma-
tion (i.e., target conformation), we generated five dif-
ferent starting conformations for the bound ligand by
arbitrarily changing the glycosidic torsion angles by
significant amounts from those of the target structure.

To illustrate that the method is not limited to car-
bohydrate ligands, we have also performed a typical
calculation using a peptide ligand, viz., a complex con-
sisting of tripeptide (y-glutamyl-cysteinyl-glycine,
Fig. 2B) bound to glutathione transferase [26]. The pdb
coordinates (ID# 2GSR) for the peptide complex were
utilized. The residues within the binding pocket included
in the calculation (within a 10 A distance from the li-
gand) were: Chain A: Y7, F8, G12, R13, W38, K42,
C45, F47, R48, Q49, L50, P51, Y61, Q62, S63, No64,
A65, 166, Q95, R98, and C99. Chain B: D92, G93, E95,
and D96. For simulating STD data, the methyl groups
of alanine, leucine, and isoleucine were assumed to be
saturated together. Other details such as the saturation
time, spectrometer frequency were the same as for the
carbohydrate ligand. The simulated experimental STD-
NMR data without any random noise were calculated
for different protons in tripeptide from the crystal
structure coordinates [26] using the CORCEMA-ST
program for a ligand/protein ratio of 12.5:1. A starting
structure for the bound peptide was generated by
changing the backbone torsion angles for the crystallo-
graphic structure by significant amounts (with ¢2, 2,
and ¢3 torsion angles set to —45°, —45°, and —45°) and
was subjected to CORCEMA-ST optimization. We
optimized only these backbone torsion angles ¢2, 2,
and ¢3, shown in Fig. 2B. Other parameters are the
same as for the trisaccharide.

For each starting structure and all subsequent inter-
mediate structures at each cycle of SA refinement, the
STD intensities of different protons in the ligand were
calculated using Eq. (1) and compared with the simu-
lated experimental STD intensities. This comparison
utilized an NOE R-Factor [17,18].

Z VVIC(Sexpk - Scal,k)2
Z VVk(Sexp‘k)z

In these equations Sexp s and Scaix refer to simulated
experimental and calculated STD values for proton k.
The use of a weighting (W;) proportional to 1/Sexp s for
each individual STD intensity has the effect of making
the R-factor sensitive to significant deviations in small
STD values as well as to deviations in the large STD
values. The NOE R-Factor (Eq. (2)) is taken as the
pseudo-energy function to be minimized in a combined
CORCEMA/SA refinement. Since occasionally there
could be steric clashes during optimization, the
CORCEMA-ST program has a provision to add, if
necessary, an empirical van der Waals repulsion term
[27] to Eq. (2) to minimize heavy atom conflicts during
the refinement (results not shown, 2003):

0
Erepa = { v (52772

min

NOE R-Factor = (2)

if ¥ = srmin, 3)
— ) if r < $Pin,

where the values of 7y, is the sum of the van der Waals
radii, the scale factor °s’ is set to 0.8, and the force
constant kyqy is set to 0.1. For simplicity we reduced the
number of atom types, since some of the atoms have
very similar van der Waals radii [28]. The value of van
der Waals radii is assumed as 0.8 A for hydrogen and
1.5 A for heavy atoms. In the calculations described in
the current work, it was not necessary to include this
term. The program also has a provision to automatically
reject any conformation where the intramolecular dis-
tance between two protons is closer than 1.75A.

The SA refinement we used is based on the version by
Alotto et al. [24]. It utilizes the standard Metropolis
criterion for accepting or rejecting incremental random
changes in torsion angles, one at a time. A random move
is made in the ““ith” dihedral angle “X;” according to
Xi—new = Xi—old + (R x v;) where R is a random number
between zero and one and v; is the random walk step size.
The v; value is determined by a scaling factor, number of
accepted moves for the ith variable and the number of
conformations. The cooling procedure used here is the
constant temperature reduction by a factor («) between
zero and one. The new temperature Ty = Toig X o The
closer the value of ‘o’ is to one the better is the chance of
locating the global minimum. The initial annealing
temperature T is best determined by trial and error. In
our calculation Tj is set at 1 and o is set at 0.89. Rotations
across specified bonds were performed using Eulerian
transformation matrices. The resulting structures from
CORCEMA-ST optimization are those that are com-
patible with the experimental STD values. If necessary,
these structures can be subjected to additional energy
minimization separately (outside CORCEMA-ST) using
standard force field parameters in programs such as
AMBER or CHARMM.
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In the ideal case of a successful global energy
minimization using STDs without any experimental
errors, the NOE R-Factor is zero. In practice however
the STD intensities can have significant random errors
depending upon the S/N of the ID-NMR spectra with
(I) and without (Jy) r.f. irradiation from which the
difference NMR spectrum (I — [y) is obtained. Thus,
in practice the NOE R-factor will always be greater
than zero even when the global minimum is achieved
during optimization. To test the ability of the
CORCEMA-ST program in optimizing structures us-
ing more realistic STD data, we generated simulated
data sets including random noise for the trisaccharide
example. For this, we first generated I and I, matrices
for the crystallographic structure of the target struc-
ture, and then added 1%, 2.5 or 5% of the total ligand
concentration (0.5mM) multiplied by a random
number between —1 and +1 to the elements repre-
senting ligand proton intensities in the column ma-
trices I and Iy, separately. Using this procedure,
random noise levels of 1, 2.5, and 5% in the 1D-NMR
spectrum correspond respectively to S/N ratios of
125:1, 50:1, and 25:1 in the 1D-NMR spectra (i.e., Iy
elements representing the ligand).

We have obtained good convergence for the bound
ligand structure using any arbitrary conformation for
the free ligand (data not shown). This is not surprising
since the STDs are significantly more sensitive to vari-
ations in the bound ligand conformation than to vari-
ations in the free ligand conformation. Further, for
small saturation times, the STDs are essentially inde-
pendent of the free ligand conformation. For the results
shown here, the free ligand conformation for the car-
bohydrate is maintained to be that in the crystal struc-
ture. For the peptide ligand, the free conformation was
fixed to be an all-trans structure. We also assumed that
the protein conformation is known (e.g., from crystal-
lography or NMR) and is fixed in both free and bound
states. Note that the side chain orientations of the pro-
tein residues within the binding pocket could also be
optimized using our procedure. In particular this may be
necessary if the optimization of ligand structure alone
doesn’t yield acceptable R-factors inspite of using high-
quality STD data sets. Thus in the current work where
we want to demonstrate our procedure, the only torsion
angles to be optimized correspond to those of the bound
ligand (an experimental example where we had to opti-
mize one of the protein residue sidechain orientation will
be reported elsewhere). The starting conformation for
the ligand-protein complex can be either an existing
model from the protein data bank (PDB), or a model
generated by a computational docking algorithms, or
any hypothetical model generated from structures of
related complexes. The PDB coordinates of the free
ligand, free protein and protein-ligand complex are
read-in parameters. The remaining parameters such as

correlation times and binding constants etc were also
fixed as described below.

In order to obtain meaningful optimization, it is
preferable for the number of parameters to be optimized
to be less than the number of experimental STDs. In the
current set of calculations, in addition to the four ligand
torsion angles, four additional parameters are needed:
the dissociation constant (Ky4), the correlation times for
the free ligand (71 ), and the protein (tp), and the order
parameter S> for methyl group-external proton inter-
actions [9,29,30]. Since the STDs are independent of Ky
in the range 10~#~10~7 M for high ligand/protein ratios
[9], we chose arbitrarily a typical value of 10-° M for the
weak complex to compute the exchange matrices using a
diffusion limited on rate of 108s~!M~!. The NOE R-
factor is not very sensitive to variations in S? in the
range 0.6-0.9 (changing only by about 0.05 in magni-
tude, results not shown); thus a reasonable value of 0.85
was assumed for 2. The 7 can always be experimen-
tally determined; here we chose a typical value of 0.5ns
for the trisaccharide. Thus, the only remaining param-
eter needed is tp. This correlation time can be deter-
mined experimentally from independent methods (e.g.,
from fluorescence decay). Alternatively, this could be
determined by simultaneous optimization together with
the torsion angles. For the current calculation 7, was
fixed at 40ns. A spectrometer frequency of 600 MHz
was assumed. For the carbohydrate ligand, the sampling
range for the interglycosidic torsion angles ¢: HI-C1—
O-Cn (-60° to +120°) and for y: C1-O-Cn—-Hn (-60°
to +60°) where Cn and Hn refer to the aglycone carbon
and its attached proton (Fig. 2A), were restricted to the
allowed regions as per the Ramachandran type popu-
lation contour map of the glycosidic linkages [31] in
sLe*. Each ¢ (across C1-O) and ¥ (across O—Cn) opti-
mization was done in both directions of the pertinent
bonds as the intermolecular dipolar interactions and
hence the associated STDs are different for each choice.
For the peptide ligand, the sampling range for the tor-
sion angles is from —180° to +180°.

3. Results and discussions

Fig. 3A shows a comparison of the five starting
structures for the trisaccharide and the target structure.
Fig. 3B shows the results of optimization of the five
starting structures using simulated STD data sets (with
23 intensities) without any noise. They are shown within
the protein binding pocket which is included in the
calculation. The torsion angles and the NOE R-factors
for this case before and after CORCEMA-ST optimi-
zation are summarized in Table 1. It is seen that
CORCEMA-ST is successfully able to optimize all the
five different structures to the same global minimum
structure (the target structure). We obtained equally
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Fig. 3. (A) Comparison of the five arbitrary starting structures (1-5) and the target structure (6) for the branched trisaccharide Gal(l,4)-
[Fuc(1,3)]GlcNAc. The hydrogens were omitted for clarity. For the benefit of the reader in assessing the wide variations in the torsion angles of the
different starting structures, all structures are shown in the figure with the Gal residue at the bottom. However, none of the residues are fixed within
the binding pocket (see the torsion angles for the starting structures in Table 1). (B) Best-fit superposition of the structures resulting from the
CORCEMA-ST optimization of the five starting structures in (A) with the target structure (ligand/protein ratio of 12.5/1). Note that the target
structure is shown at a slightly different orientation than the one in (A). The noise level was assumed to be zero. The smooth surface represents the
protein residues within the binding pocket. Tables 2 and 3 shows the results of successful optimization when the 1D-NMR spectra (i.e., Iy) are
recorded with a finite S/N value prior to calculating STDs.

Fig. 4. (A) Comparison of the arbitrary starting structure (green) and the target structure (blue) for the tripeptide (y-glutamyl-cysteinyl-glycine). The
hydrogens were omitted for clarity. The smooth surface represents the protein residues within the binding pocket. (B) Best-fit superposition of
the structure resulting from the CORCEMA-ST optimization of the starting structure in (A) with the target structure (ligand/protein ratio of 12.5/1).
The noise level was assumed to be zero. The smooth surface represents the protein residues within the binding pocket.

good convergence when we reduced the number of S/N here refers to the normal ID-NMR spectrum of the
STDs included in the calculation from 23 to 11. In Table ligand, i.e., the elements of Iy and not the STD-spectrum
2, we have summarized the results of systematically which is the difference I—1yp) on the ability of

varying the S/N ratio in the ID-NMR spectra (Note. the CORCEMA-ST program in locating the global
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Results of optimization® of different starting structures for the tri-
saccharide (ligand/protein =12. 5/1)

Ligand conformation ¢l Wl $2 Y2 R-Factor
Target (crystal) 4432 1488 49.77 20.69 0.00
structure
Starting structure 1 14.28 -35.11 99.74 50.70 2.10
Optimized structure 1~ 45.13 1491 48.57 19.77 0.02
Starting structure 2 -25.67 =20.20 109.81 -14.45 2.19
Optimized structure 2 43.22  14.57 47.39 22.74 0.02
Starting structure 3 107.11  58.23 —-54.32 —46.09 0.82
Optimized structure 3~ 43.40 14.68 49.27 20.72 0.02
Starting structure 4 114.23 -55.16 —49.82 55.73 0.70
Optimized structure 4  44.09 14.55 49.79 20.18 0.02
Starting structure 5 —45.72 —-55.04 —45.26 —49.16 6.62
Optimized structure 5 40.95 17.39 48.49 20.25 0.02

L without noise.

minimum at a ligand/protein ratio of 12.5/1. Similar
calculations at a ligand/protein ratio of 300/1 were also
performed (Table 3). It is seen that at 12.5/1 ratio, good
convergence is obtained even when the S/N ratio is only
50/1 for the 1D-NMR spectrum. At 300/1 ratio the
reasonable convergence is obtained if the 1D-NMR
spectra (Ip) are recorded at S/N ratio of 1250/1 or better,
which is very routinely accomplished these days from
the use of perdeuterated solvents, signal averaging and
high magnetic fields. As the number of optimizable

parameters increases (e.g., the number of torsion an-
gles), a need for recording 1D-NMR spectra with better
S/N ratios is necessary to avoid getting trapped in local
minima. Fig. 4 shows the results of successful optimi-
zation for the hypothetical peptide/protein complex.
Fig. 4A shows a comparison of the starting structure for
the bound ligand and the target structure, both posi-
tioned within the binding pocket. Fig. 4B shows the
superposition after CORCEMA-ST optimization.

3.1. Calculations involving proteins without assignments

To undertake these calculations, it is necessary to set
up the Q-matrix which requires a knowledge of the as-
signment of the protein resonance(s) being saturated.
Thus, in those instances where the proteins have already
been extensively characterized and the NMR assign-
ments completed, this method readily enables one to
refine the bound structures of weakly binding ligands
using STD data. In practice, however, many STD-NMR
measurements involve novel target proteins for which
the assignments are not yet available for a variety of
reasons. Such unassigned proteins may potentially pose
a challenge for undertaking these calculations. This to-
pic could be the subject of a separate study. For such
proteins, we suggest the following practical approaches
in generating usable STD data for undertaking
CORCEMA-ST calculations: (1) selective saturation
(using shaped pulses) of all the aromatic ring CH reso-

Table 2

Results for the optimization of the same starting structure (#2 in Table 1) for the trisaccharide using simulated STD-NMR data obtained from 1D-

NMR spectra with different S/N values (ligand/protein = 12. 5/1)

Ligand conformation S/N?* of ID-NMR spectra ¢l 13 P2 v2 R-Factor
Target structure — 44.32 14.88 49.77 20.69 0.00
Initial structure 2 — -25.67 -20.20 109.81 —-14.45 2.19
Optimized structure 2 High 43.22 14.57 47.39 22.74 0.02
Optimized structure 2A 125:1 45.85 14.37 54.77 18.98 0.05
Optimized structure 2B 50:1 40.34 17.43 49.08 21.72 0.07
Optimized structure 2C 25:1 58.65 6.99 29.98 31.02 0.18

2Note. S/N here refers to the normal 1D-NMR spectrum of the ligand, i.e., the elements of Iy, and not the STD-spectrum it self which is the
difference I — Iy. The corresponding STD spectra (I — Iy) will have substantially lower S/N. See the text for details on adding noise to elements of

I and I.

Table 3

Results for the optimization of the same starting structure (#2 in Table 1) for the trisaccharide using simulated STD-NMR data with noise?® (ligand/

protein = 300/1)

Ligand conformation S/N* of 1ID-NMR spectra ¢l Al ¢2 V2 R-Factor
Target structure High 44.32 14.88 49.77 20.69 0.00
Initial structure 2 High -25.67 -20.20 109.81 —-14.45 5.94
Optimized structure 2 High 44.87 15.05 49.32 21.18 0.03
Optimized structure 2A 1250:1 43.55 15.97 48.44 22.50 0.17
Optimized structure 2B 500:1 20.99 35.48 113.17 -1.37 0.43

4Note. S/N here refers to the normal 1D-NMR spectrum of the ligand, i.e., the elements of Iy, and not the STD-spectrum it self which is the
difference I — Ip. The corresponding STD spectra (I — Ip) will have substantially lower S/N. See text for details on adding noise to elements of

I and I.
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nances together since they show up generally in a short
window of 6.5-8.5 ppm. The Q-matrix is easily set up for
this case. (2) Selective saturation of well-resolved ring
CH protons of an easily identifiable residue such as Tyr
or His. If this residue happens to be unique (i.e., ap-
pearing only once in the sequence), its assignment is
known. If there is more than one Tyr or one His in the
sequence, it may be still possible to infer its assignment
because if these residues are part of the protein binding
pocket they tend to produce larger STDs (due to direct
effects, E2’ — L) at low to moderate ligand/protein ra-
tios (15:1-50:1) whereas if they are far away (more than
7A) from the ligand, the STDs are much smaller (9).
Further, a misassignment of the residue will not yield
low R-factors even after extensive optimization. These
two approaches involving the saturation of all or some of
the aromatic CH resonances should work very well for
ligands that do not have signals in the aromatic resonance
range (e.g., carbohydrate ligands). (3) Similarly, the
methyl resonances which appear as a group (generally
between —1 and 1.5 ppm) can be saturated together and
incorporated in the Q-matrix calculation. If some non-
methyl proton resonances (e.g., Lys YCH,) happen to
overlap with this methyl group, errors introduced by
their saturation are small provided they are well outside
a 7 A distance from the ligand in the binding pocket. If
these non-methyl resonances arise from residues within
the pocket or in its vicinity, there will be errors, and
large R-factors may be expected even after optimization.
(4) On the other hand, if the selective saturation of a
well-resolved methyl resonance produces large STDs at
moderate ligand/protein ratios, it may be possible to
infer its assignment by looking for methyl-group con-
taining residues in the binding pocket. If there are two
or more such methyl-group residues either within the
protein binding pocket or within a 7 A cut-off from the
ligand, it may be possible to infer the assignments in-
directly from the magnitudes of optimized NOE R-fac-
tors (i.e., correct assignments will yield low optimized
R-factors whereas wrong assignments will result in large
R-factors even after extensive optimization). For ex-
ample, the simulated STD data for the peptide ligand in
this work were generated by assuming a saturation of
methyls of Leu, Ala, and Ile residues. Using this data, if
the analysis was done assuming saturation of Ala65
methyl group only (which is far away from the ligand
and hence produces only small STDs), the initial R-
factor is 0.94 and the optimized R-factor is 0.74, a too
high a value. Thus, when large STDs are observed, in-
clusion of residues within the binding pocket together
with similar residues far away (>7 A) doesn’t introduce
much error. When only small STDs are observed even at
moderately low ligand/protein ratios, it may mean that
residues located far away from the ligand are being
saturated, and hence they may be difficult to assign
when multiple residues are present. (5) Finally, a satu-

ration-transfer screening (using short saturation times)
of the protein resonance envelope to identify irradiation
frequencies that yield large STDs is likely to aid in the
identification of residues within the binding pocket, and
in assignments for the calculations.

4. Conclusions

In conclusion, we have described a STD-NMR in-
tensity-restrained CORCEMA optimization (SICO)
procedure which permits the refinement of the bound-
conformation of a ligand. This approach will be mean-
ingful only if the ligand is docked in an optimal or near
optimal manner since improper docking or a wrong
orientation of the ligand may result in large R-factors
even after optimization. Thus, a judicious use of crys-
tallographic/NMR structures and/or docking algorithms
is initially required to position the ligand within the
binding pocket before the SICO refinement the bound
ligand conformation using experimental STD data.

This method is primarily meant for weak complexes
(with Ky in the range 10-3~10~7 M), and utilizes STD-
NMR intensities as experimental constraints even
though the CORCEMA theory it self is applicable over
a wide range of binding conditions, from weak to tight
complexes (9,16). The CORCEMA-ST method belongs
to the general class of intensity-restrained optimization
procedures described in literature previously (e.g., see
[17,18,23,32-36]) except it explicitly incorporates an
exchange matrix also to treat reversibly forming weak
complexes. The success of our procedure is in large part
due to the fact that the ligand STDs are sensitive to the
conformation of the bound-ligand itself due to the
variations in the intermolecular dipolar relaxation with
the protein [9,10]. These CORCEMA calculations can
be further augmented by the incorporation of additional
constraints for the bound ligand such as intra-ligand
distance constraints (from transferred NOESY), torsion
angle constraints, and intra-ligand relaxation rates [37].
Even though here for simplicity we fixed the orientations
of the protein residue side chains, our procedure permits
an optimization of their orientations also (unpublished
work, 2003). Our method can be utilized to simulate
some test examples to identify optimal experimental
conditions (in particular ligand/protein ratios to be
employed and the S/N ratios required for 1D-NMR
spectra) in the design of STD-NMR experiments for a
quantitative refinement of the bound-ligand conforma-
tion. The CORCEMA-ST procedure significantly ex-
tends the utility of the STD-NMR technique beyond its
current applications such as compound library screening
and qualitative mapping of apparent group epitopes.
Since many lead compounds bind target proteins weakly
with affinities in the mM to puM range [l], the
CORCEMA-ST procedure is likely to be of value in
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determining the bound conformations of these lead
compounds positioned within the binding pocket of the
target protein. Such knowledge is essential in structure-
based design of novel drugs.
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