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Abstract—The siglecs are a family of I-type lectins binding to sialic acids on the cell surface. Sialoadhesin (siglec-1) is expressed at
much higher levels in inflammatory macrophages and specifically binds to a-2,3-sialylated N-acetyl lactosamine residues of glycan
chains. The terminal disaccharide a-D-Neu5Ac-(2 — 3)-B-p-Gal is thought to be the main epitope recognized by sialoadhesin. To
understand the basis of this biological recognition reaction we combined NMR experiments with a molecular modeling study. We
employed saturation transfer difference (STD) NMR experiments to characterize the binding epitope of a-2,3-sialylated lactose, o-D-
Neu5Ac-(2 — 3)-B-p-Gal-(1 - 4)-p-Glc 1 to sialoadhesin at atomic resolution. The experimental results were compared to a
computational docking model and to X-ray data of a complex of sialyl lactose and sialoadhesin. The data reveal that sialoadhesin
mainly recognizes the N-acetyl neuraminic acid and a small part of the galactose moiety of 1. The crystal structure of a complex of
sialoadhesin with sialyl lactose 1 was used as a basis for a modeling study using the FlexiDock algorithm. The model generated was
very similar to the original crystal structure. Therefore, the X-ray data were used to predict theoretical STD values utilizing the
CORCEMA-STD protocol. The good agreement between experimental and theoretical STD values indicates that a combined
modeling/STD NMR approach yields a reliable structural model for the complex of sialoadhesin with a-D-Neu5Ac-(2 — 3)-B-b-
Gal-(1 - 4)-p-Glc 1 in aqueous solution.
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1. Introduction

Mammalian carbohydrate-binding proteins (animal

Abbreviations: pH*, pH uncorrected for deuterium isotope effect; STD, lectins) have been classified into different groups on the
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basis of structural features of the lectins themselves, and
the types of carbohydrate ligands that are recognized.!
The siglec (sialic acid binding immunoglobulin like /ec-
tins) family?3 constitutes a group of cellular recognition
molecules that are characterized by sequence homology
with members of the Ig super family. There are at least
11 different siglecs present in humans. The siglecs can be
divided into two subgroups, one represented by sialo-
adhesin (siglec-1), CD22 (siglec-2), MAG (siglec-4a),
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and SMP (siglec-4b), the other subgroup consisting of
CD33 (siglec-3) related siglecs.* Several biological
functions for siglecs have been proposed: MAG appar-
ently plays a role in the inhibition of neurite out-
growth,>¢ and CD22 is involved in the regulation of
B-cell dependent immune responses.” For sialoadhesin,
a role in the regulation of interactions between tissue
macrophages and myeloid cells has been assumed, since
sialoadhesin binds preferentially to myeloid cells from
all stages of maturation,® and it is highly concentrated at
the contact areas between macrophages and developing
myeloid cells in the hemopoietic clusters of the bone
marrow.” None of the cytokines was able to induce
sialoadhesin expression, however, interleukin 4 (IL 4)
prevented the induction of expression in presence of
serum.!® Each siglec exhibits a characteristic preference
for both, the type of N-acyl neuraminic acid, and its
linkage to the subterminal sugar. For instance, sialo-
adhesin, CD33, and MAG bind preferentially to N-
acetyl neuraminic acid in o-2,3 linkages®> whereas CD22
binds preferentially to NeuSAc in a-2,6 linkages.!! These
differences in sugar-binding specificities are likely to be
important in the cellular-recognition functions of these
proteins.

To better understand the in vivo interaction of sialyl-
ated oligosaccharides with sialoadhesin we studied the
interaction under physiological conditions, that is, in
aqueous solution at neutral pH employing NMR ex-
periments. For the complex of sialoadhesin with o-D-
NeudSAc-(2 — 3)-B-p-Gal-(1 -4)-p-Glc 1 a crystal

structure is available,'? which allows a comparison with
the solution state data.

2. Results
2.1. STD NMR experiment

For the analysis of protein-ligand interactions a large
number of NMR experiments exist. The use of NMR
experiments to identify and characterize the binding of
ligands to proteins has been reviewed recently.!* For
STD NMR! experiments a sample is required that
contains both, the ligand and the receptor, with an ex-
cess of ligand (usually ca. 100-fold molar excess) over
the receptor. A reference '"H NMR spectrum is recorded
with irradiation (hereafter denoted as on-resonance
spectrum) of the protein signal envelope at a frequency
where no ligand protons resonate. A second spectrum is
recorded with the irradiation frequency (hereafter de-
noted as off-resonance spectrum) set to a value that is
significantly apart from all resonance frequencies of
either the protein or the ligand. Subtraction of the two
spectra leads to a difference spectrum that contains only
signals resulting from saturation transfer.

Figure 1A shows a '"H NMR spectrum of the complex
(1:1000 excess of ligand) using DPFGSE! for water
suppression. Saturation was exclusively transferred to
molecules that bind to sialoadhesin. Therefore, the dif-
ference spectrum (Fig. 1B) contained only signals of
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Figure 1. One dimensional STD spectra of sialyl lactose 1 in the presence of sialoadhesin at 500 MHz. (A) Reference 'H NMR spectrum of sialyl
lactose (S5mM) in the presence of sialoadhesin (5 uM) using DPFGSE for water suppression. (B) Corresponding STD NMR spectrum showing sialyl
lactose in the presence of sialoadhesin. Only signals from sialyl lactose are visible indicating binding to sialoadhesin.
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sialyl lactose 1, with signals from low molecular weight
impurities being removed.

2.2. Group epitope mapping

Effective group epitope mapping (GEM)!¢ is possible if
the dissociation rate constant kg is greater than, or of
the same magnitude as the 7, relaxation rate of the
bound ligand because the ligand has to leave the binding
site before all saturation has been equally distributed
amongst all of the spins in the ligand via spin diffusion.
Since sialyl lactose 1 is a weakly binding ligand with a
dissociation constant (Kp) of 0.8 mM,!” the dissociation
rate constant k. should be rather large, assuming a
diffusion controlled on-rate of the ligand furnishing
ideal conditions for STD NMR experiments.

The largest STD effect was observed for the N-acetyl
methyl group of sialyl lactose 1. Therefore, this signal
was used as a reference, and was set to 100%. The rel-
ative degree of saturation for the individual protons is
displayed in Figure 2, and immediately shows that the
N-acetyl neuraminic acid residue is in most intimate
contact with protons in the binding site of sialoadhesin.
For protons not shown in Figure 2 no STD values were
determined because of severe overlap with other reso-
nances. For the anomeric protons of galactose and
glucose no STD response was observed but since their
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signals were close to the HDO resonance this result was
not used for the quantitative interpretation of the data.
Saturation transfer to the protons of galactose was sig-
nificantly less effective, and for the reducing glucose
residue almost no STD response was detected.

2.3. CORCEMA-STD calculations

The calculation of theoretical STD values was performed
with the CORCEMA program'®!? that has recently been
extended for the prediction of STD effects.”® A com-
parison of experimental STD values and the values cal-
culated for the crystal structure of the complex is given in
Figure 3. STD values are given in percent as relative
values [((Zor) — 1(#) 1)) /1ow)) x 100] as described in the
experimental section. By fixing k,,, the other parameters
were optimized to find the best fit between experimental
and calculated STD values. This was performed using
the Multilevel Coordinate Search (MCS) method to find
the minimum R-factor by simultaneously optimizing free
ligand correlation time, the correlation time for the
protein and the complex, the dissociation constant Kp,
and the order parameter S? for the dipolar interaction of
methyl protons with other protons. Initial optimizations
at each of the (1:100, 1:300, 1:500, and 1:1000) protein/
ligand ratios were performed. The values of free ligand
correlation time, Kp, and the order parameter S> are
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Figure 2. The relative STD effects of sialyl lactose bound to sialoadhesin. The values were calculated by determining individual signal intensities in
the STD spectrum (/stp), and in the reference '"H NMR spectrum (/). The ratios of the intensities (Isrp — Ip)/ly were normalized using the largest
STD effect (acetamido methyl group, 100%) as a reference. The number indicates the position of the proton experiencing an STD effect at a 1000-fold
excess. The concentration of sialoadhesin was 5 uM and that of sialyl lactose was SmM.
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Figure 3. Comparison of experimental STD values (black bars) and predicted values from CORCEMA for the crystallographic structure (white

bars). (A) Protein/ligand = 1:300 and (B) protein/ligand = 1:1000. STD values were calculated as [((Zou

— I(Z)(k))/l()(k)) X 100], with IO(k) being the

intensity of the signal of proton & without saturation transfer at time # = 0, and /(¢), being the intensity of proton k after a saturation transfer during

the saturation time ¢.

found to be the same irrespective of the ligand concen-
tration. In contrast, the value of correlation time of the
protein and complex is close to 3 x 1078 s when the ligand
excess is 100, 300, and 500 but it is slightly different
(4x1078s) at 1:1000 ratio of protein/ligand. The final set
of calculations was performed by fixing the correlation
time of sialoadhesin and the complex at 3 x 1078 s for the
four different protein/ligand ratios.

2.4. FlexiDock
Sialyl lactose 1 was first manually docked into the active

site of sialoadhesin using the geometry of the crystal
structure as a guide. The optimization of the binding

geometry was then performed using the program Flexi-
Dock (part of the SYBYL software package). The
protein was kept rigid whereas the ligand was fully
flexible and allowed to move in the binding site. The
interaction energy was calculated using van der Waals,
electrostatic, and torsional energy terms of the Tripos
force field. The entire complex was energy minimized in
30 cycles using FlexiDock. The result of the docking is
shown in Figure 4. The dihedral angles ¢ and  at the o-
2,3-glycosidic linkages in 1 obtained from the FlexiDock
model were almost identical to the values from the
X-ray structure (Table 1). The comparison of the tor-
sional angles in the exo-cyclic side chains of the pyranose
rings of sialyl lactose 1 (Table 2) also corresponded well
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Figure 4. Stereo picture (relaxed view) of sialyl lactose 1 in the binding pocket of sialoadhesin showing the hydrogen bonds between protein and
trisaccharide obtained from the FlexiDock calculations. The ligand is represented in stick mode whereas the amino acids are represented by lines.

Dotted lines denote hydrogen bonds between the ligand and sialoadhesin.

Table 1. The dihedral angles (¢ and ) at the glycosidic linkages were defined as ¢, C1'-C2'-02-C3 (Neu5Ac-Gal); y, C2'-02'-C3-H3 (Neu5Ac—

Gal) and ¢, HI'-C1'-04-C4 (Gal-Glc); y, C1'-O1'-C4-H4 (Gal-Glc)

¢p(NeuSAc-Gal) Y(NeuSAc-Gal) ¢(Gal-Gle) Y (Gal-Glc)
X-ray =70 -18 34 -11
FlexiDock —68 -19 49 —43

Table 2. The torsional angles (w) for side chains were defined as w(C7), C8-C7-C6-06 (Neu5AC); w(C8), C9-C8-C7-C6 (Neu5AC); w(C9), 09—
C9-C8-C7 (NeuSAC); w(C6, Gal), 06-C6-C5-05 (Gal); w(C6, Glc), 06-C6-C5-05 (Glc)

(D(C7Neu5Ac) (D(CgNeuSAc) w(cgNeuSAc) (U(C6G'd]) (D(CéGlC)
X-ray =56 -173 -176 77 69
FlexiDock -54 —-164 179 60 174

with the values from the crystal structure. The global
root mean square deviation (RMSD) of the FlexiDock
model compared to the crystal structure was 0.75 A.
The FlexiDock results (Fig. 4) for the complex of si-
alyl lactose with sialoadhesin lead to a model that was
very similar to the crystal structure. The carboxy func-
tion of N-acetyl neuraminic acid forms a salt bridge with
the guanidino group of Arg97. The acetamido methyl
group has van der Waal contacts with the indole ring of
Trp 2, and the terminal carbon of the N-acetyl neuram-
inic acid side chain (C9) makes a hydrophobic contact to
the aromatic side chain of Trp106. The 8- and 9-hy-
droxyl groups of the N-acetyl neuraminic acid side chain
formed hydrogen bonds with the main chain amide
carbonyl of Leul07 (~1.8 and ~1.5A, respectively).
The amido nitrogen of the N-acetyl group of the N-
acetyl neuraminic acid formed a hydrogen bond with the
main chain carbonyl of Argl05, and the 4-hydroxyl
group interacted with the main chain carbonyl function
of Ser103. The galactose formed only one hydrogen

bond with the protein between the 6-hydroxyl and the
hydroxyl group of Tyr44. The HY made van der Waal
contacts with Leu 107. Therefore, the key interaction for
the sialoadhesin was predicted to be a hydrophobic in-
teraction between the aromatic ring of Trp2 and with
the N-acetyl methyl group of N-acetyl neuraminic acid
on the basis of X-ray structure and FlexiDock modeling.

3. Discussion

In general, it is very important to know the size and the
shape of the binding epitope of a ligand bound to a
receptor protein. A quantitative analysis of STD effects
allowed us to characterize the binding epitope of sialyl
lactose 1 bound to sialoadhesin at atomic resolution.
Here, we compared the experimental STD effects to
theoretical data predicted from the crystal structure of
the complex. A docking study performed on the basis of
this crystal structure using the FlexiDock algorithm
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Figure 5. Experimental STD effects shown in the X-ray structure of
sialyl lactose 1 bound to sialoadhesin. The green MOLCAD surface
shows the surface of the protein. Differently colored MOLCAD sur-
faces are used to differentiate the size of STD effects. A red color in-
dicates strong STD effects whereas purple and magenta show the
medium and small STD effects, respectively.

substantiated the assumption that the overall confor-
mation of the complex is very similar in the crystal and
in aqueous solution.

The experimentally determined STD effects (cf. Figs. 1
and 2) have been used to illustrate in Figure 5 the de-
pendence of the degree of saturation on the distance
between ligand and protein protons. A color coding has
been employed to illustrate the results of the group
epitope mapping. It is immediately clear that those
protons of sialyl lactose that are close to protons in the
binding pocket of sialoadhesin show larger STD effects.
The strongest STD effect was observed for the N-acetyl
methyl group of sialyl lactose 1. This is in excellent
agreement with the X-ray structure of sialyl lactose 1
bound to sialoadhesin'?> where a strong hydrophobic
interaction between Trp2 of sialoadhesin and the N-
acetyl group of sialyl lactose was observed.

The dramatic effect on the binding affinity of sialo-
adhesin for sialyl lactose upon mutation of Trp2'>!7
already indicated that this interaction made a significant
contribution to the binding energy. All of the protons of
the N-acetyl neuraminic acid residue gave a response in
the STD spectrum (Figs. 1 and 5), indicating that
N-acetyl neuraminic acid is in close contact with the
protein surface. From a comparison with the crystal
structure it is seen that the H4” and H9” protons are
oriented toward the protein interior with the corre-
sponding hydroxyl functions OH4 and OH9 hydrogen
bonded to Ser103 and Leul07. In particular, H9”
showed a hydrophobic interaction with Trp 106.

The protons of the galactose residue showed smaller
STD effects (Figs. 1 and 5) indicating that this residue is
in less intimate contact with the protein surface. This
finding is also in good agreement with data from site-
directed mutagenesis studies'? of sialoadhesin. Mutation
of Tyr44 does not significantly affect adhesion'? of

sialoadhesin to sialyl lactose. In the crystal structure a
hydrogen bond between the 6-hydroxyl group of ga-
lactose and Tyr44 of sialoadhesin was observed. From
the mutagenesis results it is concluded that this hydro-
gen bond is not critically important for the recognition
reaction. All of the B-p-glucose protons, except for the
protons H6 and H2 did not show any STD response.
This suggests that the glucose moiety is not critical for
the binding process.

From the CORCEMA-STD predictions based on the
crystallographic structure, all protons of N-acetyl neu-
raminic acid display large STD values indicating that it
is in intimate contact with the sialoadhesin. The H3/,
H4', HY, and H6' of galactose show smaller STD values.
The predicted STD values for all the protons on glucose
are negligibly small, illustrating that this residue is re-
mote from the protein surface. All these predictions are
in general agreement with the experimental data. If we
compare the calculated and experimental STD values of
individual protons, the calculated values are signifi-
cantly smaller than the experimental values for the N-
acetyl methyl group of N-acetyl neuraminic acid and for
H6 of glucose. This is not surprising since in the crystal
structure the N-acetyl methyl group is too far from the
protein methyl groups to experience a direct saturation
transfer. The crystal structure also predicts a somewhat
larger STD value for H4” than the experimental value.
The R-factors (0.57-0.67) calculated at different protein/
ligand ratios are in general indicative of a moderate
overall fit between experimental and calculated values.
Exclusion of STD values for the N-acetyl methyl group
and H6 of glucose still resulted in R-factors ranging
from 0.4 (at 1:300) to 0.49 (at 1:500) leading to a slightly
improved fit. Taking into account an estimated experi-
mental error of 10-20% for the STD data presented here
the data suggest an overall correspondence between the
crystal structure and the solution state. At the same time
our data suggest that the crystallographic structure of
the complex may not be entirely compatible with the
structure in solution in the fine details. Therefore, our
ongoing research focuses on the generation of a larger
collection of experimental data, also including other
protein—carbohydrate complexes, in order to better
identify similarities and deviations between -crystal
structures and solution state conformations of protein—
carbohydrate interactions.

4. Experimental
4.1. Nuclear magnetic resonance (NMR) spectroscopy
The expression and purification of N-terminal V-set
immunoglobulin-like domain of sialoadhesin was done

according to a published procedure.” Protein concen-
trations in the NMR samples were determined using UV
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absorbance at 280nm with extinction coefficient
1.43M~'cm~'. The exchangeable protons of the protein
were exchanged with a deuterated Tris buffer (pH* 8.0)
by repeated washing using a micro-concentrator with a
10kDa molecular weight exclusion limit (Sartorius,
Germany). o-2,3-Sialyl lactose 1 (Dextra Laboratories,
Germany)?! was prepared by lyophilization from 99.9%
D,0. The lyophilization resuspension procedure was
repeated three times. All NMR experiments were per-
formed on a Bruker Avance DRX 500 spectrometer at
303K using the DPFGSE method!® for water suppres-
sion. For 1D STD NMR spectra, the spectral width was
10ppm and all spectra were acquired using digital
quadrature detection. Selective irradiation of the protein
was achieved by a train of Gaussian shaped pulses with
a 1% truncation and each of 50ms in duration and
separated by a 1 ms delay. The minimum irradiation
time required to achieve the maximum signal to noise
ratio in the STD spectra, in a given total experimental
time, was determined by performing a series of differ-
ence experiments with the irradiation times 0.25, 0.5, 1,
2,2.5,3.75, and 5s. The maximum achievable signal to
noise ratio, in the given experimental time was found to
occur with an irradiation time of 2's, and this value was
used for all subsequent experiments. The protein was
irradiated at 0 ppm (on-resonance) and at 40 ppm (off-
resonance). The total numbers of scans were 1600 for
the reference spectra and 3200 for the difference spectra.
Data processing was performed using the XWINNMR
program suite (Bruker).

For STD NMR experiments, the following control
experiments have been performed. Firstly, the frequen-
cies were chosen such that the maximum irradiation of
the protein signals occurs whilst at the same time avoid-
ing interference with ligand signals. Secondly, the differ-
ence spectroscopy was performed via phase cycling and
minimal subtraction artifacts were expected. This was
experimentally demonstrated by performing the differ-
ence experiment with the on- and off-resonance fre-
quencies set to the same values, in the case of this study 0
and 40 ppm. The resulting difference spectra contained
no signals. Lastly, the sample containing only the ligand
molecule was subjected to equivalent difference experi-
ments as the samples containing the protein. The result-
ing difference spectra did not contain any signals for low
concentration of the ligand. At higher concentrations of
the ligand a correction is required because spurious ef-
fects were observed in the STD spectra of the ligand only.
The correction was achieved by subtracting the effects
from the final STD spectrum of the ligand with protein.

4.2. Computational methods
The FlexiDock algorithm was used to generate the

computational docking model. All calculations were
performed on a Silicon Graphics Octane (2xR12K)

workstation using the SYBYL 6.7.2 program suite
(Tripos, USA).** A crystal structure'? of sialoadhesin
co-crystallized with sialyl lactose (at 1.85 A resolution)
was obtained from Brookhaven Protein Data Bank
(Acquisition code 1QFO). The crystal structure showed
three asymmetric subunits A, B, and C and we used here
subunit B for all subsequent computational modeling
due to its high electron density and minimal temperature
factors.

The genetic algorithm based FlexiDock provided a
means of docking ligands into protein active sites
keeping bond lengths and angles constant. FlexiDock
was performed using a hydrogen van der Waal’s radius
of 1.0A, ¢ of 0.03, and cutoff distance for nonbonding
interactions of 16 A between atoms. The protein was
fixed in space whilst the position and all torsion angles
of the ligand were flexible. Water was removed during
the calculation of FlexiDock. The ligand was initially
positioned in the active site and then FlexiDock com-
putation was performed. The entire complex of the
protein and ligand was minimized in 30 steps among
them 3000 population were run in 10 steps, 100,000
population in 15 steps, and 10° populations were run in
five steps. The best structure of each run was set for the
starting structure of the next run. The docking process
was stopped when there was no further decrease of
binding energy.

4.3. CORCEMA-STD calculations

A computer routine called CORCEMA-STD was de-
veloped for use in MATLAB to allow the more detailed
analysis of STD data. The underlying theory of
CORCEMA-STD has been recently described.”’ This
program calculates the expected STD NMR effects for a
reversibly forming ligand-receptor complex for any
proposed molecular model and other parameters such as
the identity of the saturated protein proton(s), correla-
tion times, exchange rates, and spectrometer frequency.
For the ideal case where there is infinite delay between
each scan, the magnetizations in an STD experiment are
given by

I() = I, + [1 — exp{—D¢}|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 RF saturation. Q is a column
matrix containing cross-relaxation terms between the
protein protons that experience a direct RF saturation
and the rest of the protons. The dynamic matrix D is a
square matrix and is a sum of the relaxation rate matrix
R and the exchange matrix K. These have been described
in detail recently.”® ‘¥ is the time period for which



266 A. Bhunia et al. | Carbohydrate Research 339 (2004) 259-267

the protein proton(s) experience RF irradiation.
The CORCEMA-STD program also has a provision
for taking into account the effect of finite delays (zy)
between scans in calculating the STD effects,” and this
finite delay was taken into account in the current anal-
ysis.

To analyze the data of the sialyl lactose—sialoadhesin
complex, we used a two-state model involving free and
bound states of the interacting species.'®!” The read-in
parameters are the number of ligand protons (N) and
the protein protons (M) near the active site to be in-
cluded in the CORCEMA-STD calculations, the num-
ber J of protein protons that experience direct RF
irradiation and their identities, the rotational correlation
times, kinetic parameters [equilibrium constant for the
complex K, (= 1/Kp where Kp, is the dissociation con-
stant), and k,, or ko rates], the leakage relaxation rate
of the individual protons to account for nonspecific re-
laxation, and the spectrometer frequency. To account
for the effect of internal motions of the methyl groups,
the corresponding spectral densities are calculated using
the model-free formalism.”* The order parameter S2
and the internal correlation time for the methyl group
are also read-in parameters. For intra-methyl relaxation,
S? was set to 0.25%* while for methyl-X relaxation S is
generally kept in the range of 0.6-0.9. For Tyr and Phe,
a simple (1/r°) average was used for the dipolar relax-
ation between the aromatic and other protons. Details
of the CORCEMA-STD protocol have been described
previously.?

Calculations were performed using the crystallo-
graphic structure of the sialyl lactose-sialoadhesin
complex, PDB crystal structure entry 1QFO.!? The
crystal structure consisted of three copies (the A, B, and
C chains) of the protein-ligand complex. However, the
electron density for the ligand in the C-chain is rather
poorly defined and hence its structure could not be used.
After the addition of the hydrogens to the crystallo-
graphic structure using QUANTA, a bad contact be-
tween Arg 105 and Sia 201 protons in the A chain was
observed, and hence this chain also was not used. Thus
all the CORCEMA calculations were performed using
only the B chain. In their uncomplexed states, for sim-
plicity in calculations the protein and the ligand were
assumed to retain the same conformation as in the
complex. The program however allows the interacting
molecules to have different conformations, in the free
and bound states. To speed up the computation of the R
matrix, spectral densities were calculated for only those
proton pairs having a distance of 10 A or less. In the
calculations three sugars [Sia201 (Neu5Ac), Gal202,
GIc203] and the 20 amino acid residues within the
binding pocket (Trp2, Thr37, Ala38, Ile39, Tyr4l,
Tyr44, Serds, Argd8, Arg97, Phe98, Glu99, Ile 100,
Ser 101, Ser 103, Asn104, Argl105, Trp 106, Leu 107,
Asp 108, and Val 109) were included.

Since the protein signals at 0 ppm were irradiated for
the STD experiment, we made the reasonable assump-
tion that the Leu, Val, and Ile methyl protons were in-
stantaneously saturated. The saturation will take finite
time to spread to other protein and ligand protons
(bound and free) through dipolar networks and chemi-
cal exchange. From the intensity matrix I(¢), the frac-
tional intensity changes [(log) — £(¢) 1)) /low] for different
ligand protons k are calculated, and compared to the
experimental STD values using an NOE R-factor de-
fined as?2¢

2
R-factor = Z(SCXP‘JV - Sczlc‘k) . (2)
Z(SEXptik)

In these equations Sexpix and Scacs refer to experimental
and calculated STD values for proton k.

The Multilevel Coordinate Search (MCS) method was
used to optimize parameters to get best fit between the
experimental and predicted intensities. The NOE R-
factor was used as the energy function to be minimized.
A version of the MCS method was written based on the
version presented by Huyer and Neumaier.?’” The algo-
rithm performs the minimization by a standard coordi-
nate search method. The method was carefully tested by
the use of different starting points for the coordinate
search. This alleviates local minima trapping by MCS,
and identifies the global minimum within the parameter
ranges used in the optimization.

The dissociation constant (Kp) of the sialyl lactose—
sialoadhesin complex was reported as 0.8 mM from the
changes in chemical shift of sugar resonances and
1.4+0.4mM from the changes in chemical shift of
protein resonances.!” Thus the calculations were per-
formed by restricting the Kp values to the range of 0.8-
1.4mM. The methyl group internal correlation times
(tm) Was set at a reasonable value of 5ps.?® The k,, was
set to 108s7'M~! and the leakage factor was set at
0.1s~'. For optimization of the parameters the following
ranges were employed initially on the 300:1 ratio data
set: Trprotein (1078-10778), Tryigana (0.1-2ms), external
methyl $? (0.6-0.85), and Kp (0.8-1.4 mM) at 1:300 ratio
of protein (5 uM)/ligand. The calculations were repeated
with the narrow ranges Trproein (2X1078-6Xx107%s),
Trgigand (1-218), external methyl S? (0.7-0.85), and Kp
(0.8-1.4mM) for the same ratio of protein to ligand and
found that it converges to the same global minimum. To
speed up the computational time, we restricted further
calculations with the narrow ranges of parameters for
the remaining protein/ligand ratios. In all the calcula-
tions the protein concentration was kept fixed at 5 uM.
The predicted STDs in Figure 4 were calculated using
the following parameters corresponding to global
MIiNIMUM: T, jigand = 2108, Trprotein = 3 X 1075, §7 = 0.85,
and Kp = 1.4mM.
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