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Forced Dissociation of Selectin-ligand Complexes Using Steered Molecular
Dynamics Simulation

Shougqin Lii ' and Mian Long': 2

Abstract: Selectin-ligand interactions are crucial to
such biological processes as inflammatory cascade or
tumor metastasis. How transient formation and disso-
ciation of selectin-ligand bonds in blood flow are cou-
pled to molecular conformation at atomic level, how-
ever, has not been well understood. In this study, steered
molecular dynamics (SMD) simulations were used to
elucidate the intramolecular and intermolecular confor-
mational evolutions involved in forced dissociation of
three selectin-ligand systems: the construct consisting
of P-selectin lectin (Lec) and epidermal growth factor
(EGF)-like domains (P-LE) interacting with synthesized
sulfoglycopeptide or SGP-3, P-LE with sialyl Lewis X
(sLeX), and E-LE with sLeX. SMD simulations were
based on newly built-up force field parameters includ-
ing carbohydrate units and sulfated tyrosine(s) using an
analogy approach. The simulations demonstrated that the
complex dissociation was coupled to the molecular ex-
tension. While the intramolecular unraveling in P-LE-
SGP-3 system mainly resulted from the destroy of the
two anti-parallel B sheets of EGF domain and the break-
age of hydrogen-bond cluster at the Lec-EGF interface,
the intermolecular dissociation was mainly determined
by separation of fucose (FUC) from Ca®* ion in all three
systems. Conformational changes during forced dissoci-
ations depended on pulling velocities and forces, as well
as on how the force was applied. This work provides
an insight into better understanding of conformational
changes and adhesive functionality of selectin-ligand in-
teractions under external forces.

keyword: Force field, Separation, Extension, Applied
force

!'National Microgravity Laboratory, Institute of Mechanics, Chi-
nese Academy of Sciences, Beijing 100080, P. R. China

2 Corresponding author, Tel. +86-10-6261-3540. Fax. +86-10-
6261-3540. E-mail: mlong@imech.ac.cn

1 Introduction

Selectin-ligand interactions play a key role for modulat-
ing tethering and rolling of circulating cells on vascular
surface, a prerequisite for inflammatory cascade or tumor
metastases [Springer. (1990); Springer. (1994); Vest-
weber and Blanks. (1999); McEver. (2001); McEver.
(2002); Lawrence and Springer. (1991)]. Selectins, as a
family of adhesion molecules, have three known mem-
bers, P-, E-, and L-selectin. Their common structure in-
cludes an N-terminal, calcium-type lectin (Lec) domain,
an epidermal growth factor (EGF)-like domain, followed
by multiple copies of consensus repeat (CR) units char-
acteristic of complement binding proteins, a transmem-
brane segment, and a short cytoplasmic domain. P-
selectin is expressed on activated endothelial cells and
platelets, E-selectin is expressed on activated endothelial
cells, and L-selectin is constitutively expressed on leuko-
cytes [Ley et al. (1991); Ushiyama et al. (1993); Kansas.
(1996)]. Selectin interacts with P-selectin glycoprotein
ligand 1 (PSGL-1), which is expressed on leukocytes,
as well as with other carbohydrate ligands (i.e., sialyl
Lewis X or sLeX) [Moore et al. (1992); Li et al. (1996);
Kansas. (1996)]. Since both selectin and PSGL-1 are
well-characterized biochemically, they provide an ideal
system for investigating the biophysical aspects of kinet-
ics and mechanics of selectin-ligand interactions.

Selectin-ligand interactions are modulated by external
forces. Under physiological condition, selectin interacts
with PSGL-1 in two-dimension since both molecules are
anchored on the surfaces of two apposing cells. This re-
sults in that their interactions are tightly coupled with
mechanical environment of blood flow, which translates
into an external force for modulating the dissociation of
selectin-PSGL-1 bond. These have been demonstrated in
early studies that bond lifetime of selectin-PSGL-1 in-
teractions is either shortened (slip bond) [Bell. (1978);
Alon et al. (1995); Chen and Springer. (1999); Chen
and Springer. (2001)] or prolonged (catch bond) with ap-
plied forces [Dembo et al. (1988); Marshall et al. (2003);
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Figure 1 : Secondary structure of P-LE construct (blue cartoon, explicit calcium ion in green VDW) bound with
functional PSGL-1 N terminus SGP-3 (peptide in red cartoon, and glycan in resname colored lines). Detailed
components of SGP-3 were presented in lower panel. Three sets of force exertion were performed: Set I indicated
the fixed end of D158-C, of EGF C-terminal and pulled end of P618-C,, of SGP-3 peptide terminal along the force
direction of D158—P618; Set II referred the fixed end of A120-C, of Lec C-terminal and pulled end of P618-Cy,
along D158—P618; Set III demonstrated the alternative directions along D158 —K55 or D158—S46 with the same
fixed end of D158-C,, and pulled end of P618-Cy, or along the reversed direction of P618—D158 with reversed fixed
and pulled ends. Other explicit presentations included all referred C,, atoms in blue or red VDWs, and force direction

of D158—P618.

Sarangapani et al. (2004)], and that bond rupture force
increases with loading rate of applied forces [Evans et
al. (2001); Evans et al. (2004); Fritz et al. (1998);
Rinko et al. (2004); Hanley et al. (2003); Zhang et al.
(2004); Marshall et al. (2005b)]. To mediate leukocyte
rolling in blood stream, dissociation of selectin-PSGL-1
bond in the rear should balance with bond formation in
the front. This turns out to stretch the bond complex in
the rear until it breaks up. Such a dynamic process sug-
gests that the molecular extension might be coupled with
the complex dissociation of selectin-PSGL-1 bond under

applied forces. The underlying mechanism, however, has
not been understood at an atomic level.

Selectin interacts with PSGL-1 by forming a binding
pocket containing Lec-EGF (LE) domains of selectin and
specific sulfoglycopeptide of PSGL-1. This is exempli-
fied as a X-ray crystallographic structure of P-LE-SGP-3
complex [Somers et al. (2000); ¢f. Fig. 1], where SGP-
3 is a synthesized sulfoglycopeptide including three po-
tential tyrosine sulfate residues Y605, Y607, Y610, and
a sLeX-modified glycan at T616. SGP-3 is identical to
19 N-terminal amino acids of mature PSGL-1, which be-
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Table 1 : Hydrogen bond occurrence and distance evolution in X-ray and MD structures.

Hydrogen bond occurrence in the X-ray and MD structures

Atom identity Occurrence in X-ray! Occurrence in MD equilibration
SGP-3 P-LE Analogy Set Optimization Set
Y610: 02 HHI11: R85 + 92.5 30.2

Y607: Ol HN: S46 - 33.6 4.4

Y607: 02 HE2: H114 + 36.5 233

Y607: O3 HN: S47 + 349 204

Y607: O3 HG1: S47 + 50.6 19.2

Y607: O3 HN: S46 + 17.3 10.7

Y607: O HN: K112 + 2.0 32.7

Y605: 01/02/03 | HZ: K112 * 67.6 17.9

SIA620: O1B HH: Y48 + 97.8 93.4

SIA620: HO4 OG: S99 + 19.8 11.9

GALG621: HO6 OE2: E92 + 100 100

GALG621: HO4 OH: Y9%4 + 70.4 349

NAG622: O7 HE/HH22:R85 | + 91.2 77.3

FUC623: HO4 OE2: E80 + 100 99.7

FUC623: 04 HD21: N82 + 94.6 93.7

FUC623: HO2 OE2: E88 + 100 100

FUC623: 03 HD21: N105 + 99.7 96.5

FUC623: HO3 OE2: E107 + 78.6 11.9

Distance evolution in X-ray and MD structures

Atom identity Distance in X-ray Distance in MD equilibration
SGP-3 P-LE Analogy Set Optimization Set
FUC623: 03 Ca’t 2.51 247 +0.12 247 +£0.15
FUC623: 04 Ca’t 2.76 2.78 £ 0.31 2.88 +£0.44

THydrogen bonds are referred as those with a distance of donor-receptor atoms of < 4.0 A and
an interatomic angle > 1207 in the presence (+) and absence (-) in X-ray crystal structure.
* Three oxygen atoms of SO3 of sulfated Y605, which are invisible in X-ray crystal structure of

1G1S, were included in SMD simulations.

haves as the smallest functional unit with as high bind-
ing affinity as wild type PSGL-1 molecule [Leppanen et
al. (1999)]. The well-matched structure with a combi-
nation of electrostatic and hydrophobic contacts at the
interaction interface determines the high binding affin-
ity of selectin-PSGL-1 interactions. There are two major
binding epitopes: one is the interaction of sLeX-modified
glycan with P-LE mainly by fucose unit (FUC) interact-
ing with Ca®* ion and its nearby residues, and another is
the interaction of three sulfated tyrosines (Y605, Y607,
and Y610) with P-LE by hydrogen bonds (H-bonds) or
water bridges [Somers et al. (2000); ¢f. Table 1]. Early
studies demonstrated that at least one sulfated tyrosine
is required for molecular recognition [Ramachandran et
al. (1999)], and de-glycosylation abrogates the binding

of PSGL-1 to selectin [Leppanen et al. (2003)]. There-
fore, it is of great interests in understanding what kind
of roles of these specific interactions play during forced
dissociation of selectin-PSGL-1 interactions.

Steered molecular dynamics (SMD) simulation is a well-
developed approach to conduct the simulations of force-
induced molecule unfolding and complex dissociation by
introducing external forces into molecular dynamics sim-
ulations [Isralewitz et al. (2001)], which can provide the
time-dependent conformational changes at atomic level
on the time scale accessible to molecular dynamic sim-
ulations. SMD simulations have been widely used in
studying the mechanism of forced protein unfolding [Lu
et al. (1998); Gao et al. (2002)]. It has also been used
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to investigate the structural information and structure-
function relationship of unbinding of biomolecular com-
plex under applied forces [Izrailev et al. (1997); Bayas
et al. (2003); Bayas et al. (2004)]. The validity of this
approach has been confirmed by correlating qualitatively
the simulations with experimental data [Marszalek et al.
(1999)] or interpreting successfully the experimental ob-
servations [Merkel et al. (1999)]. In this study, SMD
simulations were used to study the mechanism of forced
dissociation of three selectin-ligand systems: P-LE-SGP-
3, P-LE-sLe¥, and E-LE-sLeX. A new force field in-
cluding carbohydrate units and/or sulfated tyrosine was
developed to perform the SMD simulations for selectin-
ligand complexes. Detailed conformational changes and
specific interactions were obtained under constant veloc-
ities and forces, which provide new insights into how ex-
ternal force regulates the dissociation of selectin-ligand
complex.

2 Methods
2.1 Force field development

Selectin ligands contain glycosylated units and/or sul-
fated tyrosine(s). For example, SGP-3 has two epitopes
required for molecular recognition: a core 2-branched O-
glycan (C2-O-sLeX) at T616 and three sulfated tyrosine
(TYS) residues Y605, Y607, and Y610 (Fig. 1) [Somers
et al. (2000)]. C2-O-sLeX contains six units: two P-
D-galactoses (B-D-GAL), a N-acetyl-D-glucosamine (j3-
D-NAG), a N-acetyl-D-galactosamine (0-D-NGA), a o
L-fucose (a-L-FUC), and a a-L-sialic acid (o-L-SIA).
Unfortunately, the lack of force field parameters of these
two important components makes the molecular dynamic
simulations impossible. Based on existing CHARMM?22
force field parameters [MacKerell et al. (1998)], two sets
of parameters were developed for C2-O-sLeX and TYS
using analogy approach and partial optimization with ab-
initio calculations, which were referred as Analogy Set
and Optimization Set respectively.

The Analogy Set force field was developed using analogy
and model combination approaches [Foloppe and MacK-
erell. (2000)]. Force field of B-D-GAL was obtained by
analogy from that of o-D-glucopyranose (0i-D-GLC) ex-
isted in CHARMM22 [MacKerell et al. (1998)]. These
two residues served as model compounds for building
other residues.Force fields of B-D-NAG and o-D-NGA
were developed by model combination of their respec-

MCB, vol.2, no.4, pp.161-177, 2005

tive carbohydrate units with acetamide (ACEM), while
those of a-L-FUC and a-L-SIA were established by
combination of GLC and CHj3 models, and by com-
bination of GLC, ACEM, and COO~ at amino acid
residue GLU or ASP, respectively. All glycan linkages
were parameterized in the same combination way. Force
field of TYS was built upon combining tyrosine with
SO; of model dodecylsulphate (SDS) or methylsulfate
(MSOy4). Partial charges of joint-atoms between any
combinations were re-adjusted following the general rule
of CHARMM force field construction [MacKerell et al.
(1998); Foloppe and MacKerell. (2000)]. Equilibrium
bond length, angles, torsional angles, and force constants
of new born residues were generated from X-ray co-
ordinates and parameters of similar chemical structure
available in CHARMMZ2?2 force field [MacKerell et al.
(1998)]. No any new atom types were introduced during
the development.

To develop Optimization Set force field, Analogy Set
force field was partially optimized on partial charges
and dihedrals of joint-atoms of new residues, follow-
ing the same way as CHARMM force field optimiza-
tion does [MacKerell et al. (1998); Foloppe and MacK-
erell. (2000)]. Briefly, each residue was optimized using
GAUSSIANO98 program at the Hartree-Fock level with
a 6-31G* basis set [Frisch et al. (2001)]. The topol-
ogy of internal coordinate in Analogy Set was then ad-
justed upon the above optimization. For partial charge
optimization, the target data was the scaled ab-initio in-
teraction energy by factor of 1.16 between target atom
and water model TIP3P generated using GAUSSIANO98
[Frisch et al. (2001)]. The corresponding MD value ob-
tained from CHARMM program [Brooks et al. (1983)]
was iterated by adjusting partial charges of target atom
and its nearby atom cluster to match such the scaled ab-
initio value. Dihedral optimization was done, after atom
partial charges in Analogy Set force field were replaced
by the optimized charges, using the same way as the
partial charge optimization does, except that the target
data here was the ab-initio relative potential energy sur-
face [MacKerell et al. (1998); Foloppe and MacKerell.
(2000)]. Considering the coupling of force field param-
eters, atom partial charges were re-optimized after dihe-
dral optimization. The force field resulted was defined as
Optimization Set force field.
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2.2 SMD simulations

SMD simulations of forced dissociation of selectin-
ligand complexes were performed using the program
NAMD?2 [Kale et al. (1999)] with force field of
CHARMM?22 [MacKerell et al. (1998)] for protein and
newly built-up force field for glycan and/or sulfated ty-
rosine, plus the program VMD [Humphrey et al. (1996)]
for simulation analyses and structure visualizations. The
corresponding X-ray crystal structure for P-LE-SGP-3
(deposited as entry 1G1S in Protein Data Bank or PDB
[Bernstein et al. (1977)]), P-LE-sLeX (as entry 1GIR in
PDB), or E-LE-sLeX (as entry 1G1T in PDB) complex
was used as the starting point [Somers et al. (2000)].

To perform SMD simulations, monomeric P-LE-SGP-
3 complex was adopted from entry 1G1S in PDB. The
corresponding strontium ion Sr’>* was replaced by a
calcium ion Ca’* since P-selectin-PSGL-1 interactions
were Ca’*-dependent physiologically. The P-LE-SGP-
3 complex was solvated in a sphere of explicit water
molecules with radius of 53 A, using the plug-in package
SOLVATE of program VMD [Humphrey et al. (1996)].
Thirteen Cl~ and fifteen Na™* ions were added for neu-
tralizing the system. The resulted P-LE-SGP-3 system,
centered in the spherical water bubble, had the complex
surface covered everywhere by at least 4-5 water shells
with ~ 60,200 atoms totally, and 3,231 of which belong
to the complex.

The simulations were performed with a time step of 1
femtosecond (fs), a uniform dielectric constant of 1.0, a
cut-off of non-bonded interactions with a switching func-
tion starting at a distance of 11 A and reaching zero
at 14 A, and the scaling factor for 1-4 interactions of
1.0. Before heating the system, the initial configuration
was minimized for 5,000 steps (3,000 steps with fixed
backbone atoms of P-LE and of peptide of SGP-3, Ca>*
ion, and no-hydrogen atoms of glycan, and 2,000 steps
without any fixation). Then the system was heated over
25,000 steps to 300 K gradually with 30 K increments per
2,000 steps followed by an equilibration process of an-
other 5,000 steps. During 1.6-ns equilibration with ther-
mal bath of 300 K, the temperature was controlled using
Langevin dynamics, and the water molecules composed
of the outer 5 A shell of the system were harmonically re-
strained to their positions to keep the water bubble shape
with the periodic re-adjustment every 300 ps. Finally,
20 ps of free dynamics was performed with thermal bath
without harmonic restraints. The resulting equilibration

165

conformation was used for SMD simulations.

SMD simulations were performed by applying forces us-
ing both constant velocity (cv-SMD) and constant force
(¢f-SMD) algorithms [Isralewitz et al. (2001)], cor-
responding to similar procedures used in rupture force
[Fritz et al. (1998); Hanley et al. (2003); Marshall et al
(2005b)] and lifetime [Marshall et al. (2003); Saranga-
pani et al. (2004)] measurements of selectin-PSGL-1 dis-
sociation in atomic force microscopy (AFM) assay. In
cv-SMD simulations, time dependence of external force
follows F = k (vt - Ax), where Ax is the displacement
of the pulled end from its original position at time ¢t =
0, which measures the extension of the complex, v is
the velocity of one end of a harmonic spring which was
attached to the pulled atom by the other end [Lu et al.
(1998)], and k is the spring constant which gave 100
pN/A (~ 1.5kgT/A?, corresponding to the thermal fluctu-
ation of the constrained pulled end to dx = +/(kgT /k) ~
0.82A).

Three sets of force exertion were used (Fig 1): Set I
indicated the fixed end of D158-C, of EGF C-terminal
and pulled end of P618-C, of SGP-3 peptide along the
force direction of D158—P618, which was used for
both cv- and ¢f-SMD simulations at constant velocity
of 1.5-0.05 A/ps or at constant force of 1500-500 pN;
Set II referred the fixed end of A120-C, of Lec C-
terminal and pulled end of P618-C,, along D158—P618,
which was used to perform cv-SMD simulations at 1.0-
0.1 A/ps; Set III demonstrated the alternative directions
along D158—K55 or D158—S46 with the same fixed
end of D158-C,, and pulled end of P618-C, or along
the reversed direction of P618—D158 with the reversed
fixed and pulled ends, which was used to perform cv-
SMD simulations at 0.1 A/ps.

SMD simulations were also performed with periodic
boundary condition and full electrostatic calculations to
quantify the effects of different boundary conditions and
incomplete electrostatic calculations. The original coor-
dinate system of the complex was first transformed to one
where the x-axis is along the line joining the fixed end of
D158-C, and pulled end of P618-C,, and the force was
applied along the x-axis. The complex was solvated in a
box of explicit water molecules with dimensions of 154.8
x 66.8 x 71.8 A3. After system neutralization and en-
ergy minimization as described above, the system was
equilibrated at 300 K and 1 atm for 1.6 ns with a fixed
D158-C,, and a restrained P618-C,, to move freely only
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Figure 2 : Equilibration and forced dissociation dependences of P-LE-SGP-3 complex on force field parameters.
(a) Time evolutions of all-atom RMSD during equilibration processes using force field parameters of Analogy Set
(black) and Optimization Set (gray). (b) Force vs. extension profiles at 0.1A/ps upon Analogy Set (black) and
Optimization Set (gray). (c) Time evolutions of no-hydrogen RMSD of individual glycan residues during equili-
bration using parameters of Analogy Set (SIA620: black; GAL621: red; FUC623: green; GAL624: blue). Both
GAL621 and GAL624 presented obvious conformational distortion. The insert showed conformational compar-
isons of GAL621 before (black) and after (cyan) distortion. (d) Force vs. extension profiles at O.lA/ps with initial
conformations of 1.1-ns equilibration without GAL621 distortion (gray) and of 1.6-ns equilibration with GAL621

distortion (black).

in the x direction. All-atom RMSD of the complex dur-
ing the last 800 ps of isothermal-isotonic equilibration
was 2.50 & 0.14 A, and the size of water box at the end
of equilibration was 156.1 x 64.0 x 69.3 A3. The final
configuration after 1.6-ns equilibration was used as the
starting point to perform SMD simulations at 0.1 A/ps.

SMD simulations were further performed for two addi-
tional selectin-ligand complexes, P-LE-sLe* and E-LE-
sLeX, to compare with those for P-LE-SGP-3 complex.
Both complexes were built and equilibrated as spherical
P-LE-SGP-3 system described above with different sys-
tem sizes (radius of 48 A and ~ 44,000 atoms), diverse

Cl~ and Na™ ions for system neutralization (16 and 10
of C1~ and 12 and 11 of Na™ ions for P-LE-sLe* and
E-LE-sLeX, respectively), and distinct equilibration time
(1.1 ns). All-atom RMSD during last 500 ps equilibration
processes was 1.27 £ 0.15 and 1.93 £ 0.15 A for P-LE-
sLeX and E-LE-sLe¥, respectively. Upon the final con-
figuration as the starting point, cv-SMD simulations were
performed at 0.5 A/ps with a fixed end of D158-C,, and
pulled end of NAG903-C; along D158—NAG903 for P-
LE-sLeX, or with a fixed end of V157-C,, and pulled end
of NAG603-C; along V157—NAG603 for E-LE-sLe*.
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2.3 Simulation Analyses

To determine the molecular extension, intramolecular de-
stroy and intermolecular disruption quantitatively, sev-
eral atom-atom distances were defined to measure the
dissociation of selectin-ligand complex. Here Ax de-
scribed above is referred as the “extension” to demon-
strate the whole deformation of the complex, and the dis-
tance between geometric centers of Lec domain and its
ligand along force direction was defined as the “separa-
tion” to illustrate the complex dissociation. Other defi-
nitions included the distance D1 between geometric cen-
ters of backbone atoms of two 3 strands, G131-E135 and
Y140-C144, to evaluate the destroy of the major anti-
parallel B sheets of EGF domain, and the distance D2
between C,, of T2 (S2 for E-LE) and C,, of 1137 to esti-
mate the destroy of Lec-EGF interface, and the distance
D3 between Ca’* ion and geometric center of FUC unit
to display the beginning of intermolecular dissociation.
In addition, the backbone RMSDs of Lec (W1-A120)
and EGF (S121-D158 for P-LE and A121-V157 for E-
LE) domains were also calculated for estimating their de-
stroys, respectively.

3 Results

3.1 Newly built-up force field is applicable to perform

SMD simulations

Both Analogy and Optimization Sets were used to per-
form the equilibration and SMD simulations for P-LE-
SGP-3 complex. The all-atom RMSD of the complex and
hydrogen bond occurrence at the interface during equili-
bration, and the force vs. extension profile during SMD
simulations were used to validate the applicability of the
two force fields. The RMSD evolution exhibited a tran-
sient phase and reached an equilibrium plateau, result-
ing in 2.33 4 0.09 and 2.17 + 0.12 A upon Analogy Set
(black) and Optimization Set (gray), respectively, during
the last 400-ps equilibration (Fig. 2a). The hydrogen
bond occurrence was defined as the fraction of that hy-
drogen bond occurring in the 1.6-ns equilibration pro-
cess. Major hydrogen bonds at the interface of P-LE-
SGP-3 complex and the distance between Ca’* ion and
oxygen atoms in FUC623 were conservative as compared
to those shown in original X-ray structure (Table 1). The
stability of spatial conformation and H-bonding pattern
inherent at the interface provided a strong support to the
proposed parameterization of force field for C2-O-sLeX
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and TYS. Followed SMD simulations at 0.1 A/ps pre-
sented the similar force vs. extension profiles upon both
force fields (Fig. 2b). Although both force fields resulted
in qualitative consistence during equilibration and forced
dissociation, the less hydrogen bond occurrence was still
found in Optimization Set (Table 1). Therefore, Analogy
Set force field and corresponding system were selected
for following SMD simulations.

To further test the applicability of force field, time evolu-
tion of no-hydrogen RMSD of individual glycan residues
during equilibration was analyzed on Analogy Set. While
SIA620 (black), FUC623 (green), as well as NAG622
and NGAG625 conserve well their conformations, struc-
ture distortions of GAL621 (red) and GAL624 (blue)
were found during equilibration, indicating the flexibil-
ity of the carbohydrate groups (Fig. 2c¢; NAG622 and
NGA625 were not shown for clarity) [Kirschner and
Woods. (2001); Kuttel et al. (2002)]. SMD simula-
tions, however, demonstrated that the force vs. exten-
sion profile exhibited the same evolution when the start-
ing conformation for simulations was chosen as the one
at 1.1-ns equilibration without GAL621 distortion (gray)
or at 1.6-ns equilibration with GAL621 distortion (black)
(Fig. 2d), suggesting that the dissociation was insensi-
tive to GAL distortion probably due to its less importance
in adhesions. Taken together, Analogy Set is applicable
to SMD simulations of forced dissociation of selectin-
ligand interactions.

3.2 Intermolecular disruption is coupled to in-
tramolecular destroy

cv-SMD simulation was performed to study intensively
the forced dissociation of P-LE-SGP-3 complex at con-
stant velocity of 0.1 A/ps with fixed end of D158-C,
atom, pulled end of P618-C,, and force direction along
D158—P618 (Set I; cf. Fig. 1). Force increased initially
at a rate of 60 pN/A without essential rupture within the
first extension of 7.7 A (Fig. 3a). The rate of force in-
crease reduced to 23.8 pN/A at 7.7-25.8 A, indicating the
destroy of the minor anti-parallel B sheets of EGF do-
main (point 2 in Fig. 3a). Followed was the sequential
intramolecular destroy mainly on the major anti-parallel
B sheets of EGF domain and Lec-EGF interface up to
45.5 A (point 5 in Fig. 3a), until which no essential in-
termolecular disruption occurred except of the H-bond
breakage between SIA620 and Y48. The intermolecular
disruption appeared when FUC623 began to dissociate
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Figure 3 : Forced dissociation of P-LE-SGP-3 complex using force exertion of Set I. (a) A typical force vs. extension
profile at 0.1 A/ps. (b) Corresponding separation evolution with extension. (c) Evolutions of the backbone RMSD
of Lec (gray) and EGF (black) domains. (d) Distance evolutions of D1 (black solid line), D2 (gray solid line), and
D3 (black dot line). (e) Snapshots of the complex during dissociation. Three sulfated tyrosines of SGP-3 and their
respective counterpart residues of P-LE were presented markedly in red and blue VDW, respectively.

from Ca’* ion (point 6 in Fig. 3a), and developed un-
til the complex dissociated completely. Such a transition
was further observed by the fact that the separation ex-
hibited an insensitive phase when the extension increased
initially and a transient phase beyond 51.5 A (Fig. 3b),
indicating that the molecular extension occurred prior to
the complex separation. Correspondingly, the backbone

RMSD of EGF domain increased initially and reached to
a plateau of ~ 9.6 A (black line in Fig. 3¢), and the dis-
tances of D1 and D2 began to increase from ~ 25.3 A and
reached a plateau beyond 45.5 A (black and gray lines in
Fig. 3d), suggesting that EGF domain and Lec-EGF in-
terface experienced significant destroys during complex
dissociation. The Lec domain kept its integrity (gray line
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Figure 4 : Forced dissociation of P-LE-SGP-3 complex using force exertion of Set II. (a) Force vs. extension profile
(black line and left abscissa) and corresponding separation evolution (gray line and right abscissa) at 0.1 A/ps. (b)
Evolutions of backbone RMSD of Lec domain (black line and left abscissa) and of distance D3 (gray line and right
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in Fig. 3¢). The transient point of evolution of distance
D3 (dot line in Fig. 3d) was parallel to that in the com-
plex separation (Fig. 3b), implying that the complex dis-
sociation occurred when FUC623 separated from Ca>*
ion.

The relationship between intramolecular destroy and in-
termolecular disruption was further observed by force
evolution. The first force peak of ~ 1000 pN at ~ 27.6
A (point 3 in Fig. 3a) corresponded to destroy the major
anti-parallel 3 sheets of EGF domain and break the H-
bond cluster of Lec-EGF interface, while the second of
~ 1500 pN at ~ 51.5 A (point 6 in Fig. 3a) corresponded
to initiate the separation of FUC623 from Ca’* ion. The
following rupture of H-bonds between three sulfated ty-
rosines and their counterpart amino acids did not exhibit
obvious force peaks. Structural snapshots were exempli-
fied in Fig. 3e to illustrate the relevant conformational
variations.

Additional test was to neglect the destroy of EGF domain
and Lec-EGF interface in cv-SMD simulations. This was
done by performing the simulations at 1.0-0.1 A/ps with
fixed end of A120-C,, of Lec C-terminal and pulled end
of P618-C,, along D158—P618 (Set II; ¢f. Fig. 1). Only
the data at 0.1 A/ps were shown in Fig. 4 for clarity. By
comparison with the above simulations under Set I (cf.
Fig. 3), only one force peak (~1500 pN) was found in
force vs. extension profile (Fig. 4a; left abscissa), and
the insensitive phase in separation vs. extension profile
diminished (Fig. 4a; right abscissa). RMSD of Lec do-
main increased initially and then quickly jumped to reach

a plateau of ~ 1.3 A at the extension of ~ 16.1 A (Fig.
4b; left abscissa), at which FUC623 began to dissociate
from Ca®" (Fig. 4b; right abscissa). This further vali-
dated that molecular extension was mainly due to the de-
stroy of EGF domain and Lec-EGF interface while Lec
domain kept its integrity.

3.3 Dissociation depends on pulling velocities and
forces

To test the effect of pulling velocity, cv-SMD simulations
for P-LE-SGP-3 complex were compared at five veloci-
ties of 1.5, 1.0, 0.5, 0.1, and 0.05 A/ps using force ex-
ertion of Set I. For the sake of clarity, only the data at
1.5, 0.5, and 0.05 A/ps were shown in Figs. 5a —b. At
low velocity (0.05 A/ps), two force peaks appeared with
force values of ~ 1000 pN at 26.7 A and of ~ 1250 pN at
45.7 A (black line in Fig. 5a), similar to the above force
vs. extension profile at 0.1 A/ps with the smaller second
force peak (c¢f. Fig. 3). The intramolecular destroy of
EGF domain and Lec-EGF interface was again observed,
followed by the intermolecular disruption (black line in
Fig. 5b). At intermediate velocity (0.5 A/ps), the force
profile exhibited a flat force peak of ~ 1850 pN at 39.3
A followed by a peak of ~ 1950 pN at 46.7 A (gray line
in Fig. 5a). The separation vs. extension profile also
demonstrated a similar insensitive phase as that at 0.05
A/ps except slightly shifting rightwards (gray line in Fig.
5b). At high velocity (1.5 A/ps), the first peak vanished
completely and the second one of ~ 2800 pN shifted left-
wards at 27.7 A. The intermolecular disruption started to
happen from 26.9 A right after destroying the minor anti-
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parallel B sheets of EGF domain, resulting in the disap-
pearance of the insensitive phase of separation (light gray
lines in Figs. 5a—b). Even so, the intramolecular destroy
still evolved further with evolution of intermolecular dis-
ruption (light gray line in Fig. 5b). It is evident that the
higher the velocity was, the larger the rupture force was
obtained, and the less the destroy of EGF domain and
Lec-EGF interface was found before intermolecular dis-
ruption. The integrity of Lec domain was independent on
pulling velocities.

Additional test was conducted to quantify the effect of
constant forces on dissociations of P-LE-SGP-3 complex
at 1500, 1000, and 500 pN (Fig. 5¢ —d). The corre-
sponding extension vs. time profiles, shown in Fig. Sc,
exhibited a transition of both plateaus and shoulders. At
low force of 500 pN, two major plateaus appeared with
extension values of 19 A at 135 ps and of 40 A at 1386

ps, corresponding to the starting points of intramolecular
destroy and intermolecular disruption, respectively. An-
other plateau beyond 2400 ps resulted from strong H-
bond interactions between R85 and D611, which was
formed after H-bond breakage of R85 and Y610, fol-
lowed by increased separation of complex again until
complete dissociation (black line in Fig. 5c). At in-
termediate or high force of 1000 or 1500 pN, the ex-
tension shifted leftwards significantly accompanied with
vanished plateaus (gray and light gray lines in Fig. 5¢),
implying that the higher the force was applied, the shorter
the bond survived. Again, the intramolecular destroy was
coupled with the intermolecular disruption accompanied
by the integrity of Lec domain on various forces (Fig.
5d).
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3.4 Dissociation is modulated by force directions

To test the effect of force exertion, cv-SMD simula-
tions were performed at 0.1 A/ps by alternative directions
along D158—K55 or D158—S46 with the same fixed
end of D158-C,, and pulled end of P618-C,, or along the
reversed direction of P618—D158 with reversed fixed
and pulled ends (Set III; ¢f. Fig. 1) (Fig. 6). It was
found that the two force peaks still appeared and that the
intramolecular destroy was coupled with the intermolec-
ular disruption (black and green lines in Fig. 6a — D)
along D158—S46 or P618—D158, which were consis-
tent with the above results along D158—P618 (¢f. Fig.

3). The force vs. extension profile along D158—KS5S5,
however, exhibited an exceptional transition, that is,
only one force peak appeared at 30 A (red line in Fig.
6a). Conformational analyses demonstrated that such a
transition resulted from the synchronization of the in-
tramolecular destroy and intermolecular disruption (red
line in Fig. 6b). P-LE-SGP-3 complex dissociated along
D158—KS55 more like sliding SGP-3 over the line from
Y605 to P618 with smaller resistance, while it dissoci-
ated along D158—S46 or P618—D158 just like peeling
SGP-3 off with larger resistance. This turned out to be
the alternative mechanism of dissociation with different
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force directions.

Similar results were also found in cv-SMD simulation
at 0.1 A/ps with periodic boundary condition and full
electrostatic calculations, by comparison with spherical
boundary condition and cut-off electrostatic calculations
used as the above SMD simulations (c¢f. Fig. 3). The
resulted consistency indicated that these two factors did
not affect the forced dissociation of P-LE-SGP-3 com-
plex (data not shown).

. gray; B-LE/sLeX: light gray).

3.5 Dissociationis dependent on the specific structure

Various selectin-ligand complex has the distinct struc-
ture of binding pocket, which may affect its biologi-
cal functionality in different mechanisms [Somers et al
(2000)]. To test this hypothesis, cv-SMD simulations
were compared for three selectin-ligand complexes (P-
LE-sLe, E-LE-sLeX, and P-LE-SGP-3) at 0.5 A/ps (Fig.
7). As compared to the dissociation profile of P-LE-SGP-
3 complex (black lines in Fig. 7a—b, or gray lines in Fig.
5a — b), the dissociation of P-LE-sLeX or E-LE-sLeX
complex still exhibited a transition phase with smaller ex-
tension of EGF domain (gray and light gray lines in Fig.
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7a — b), which corresponded to the destroy of the minor
anti-parallel 3 sheets of EGF domain before FUC disso-
ciated from Ca?* ion (Fig. 7c). Even then, the P-LE-
sLeX or E-LE-sLe* complex did not show essential rup-
ture of Lec and EGF domains, since the transition from
molecular extension to complex dissociation occurred at
the less extension of 23.6 A for P-LE-sLeX and 29.9 A
for E-LE-sLeX complex while it appeared at 48.9 A for
P-LE-SGP-3 complex (Figs. 7a —b). This was further
supported by the smaller D1 and D2 values and reduced
backbone RMSD of EGF domain from P-LE-sLeX or E-
LE-sLeX complex (data not shown). Therefore, it is ev-
ident that the molecular structure of ligand affected the
dissociation of selectin-ligand bonds.

4 Discussions

Selectin-ligand interactions under applied forces have
been extensively studied using many experimental tech-
nologies [Alon et al (1995); Chen and Springer (1999);
Chen and Springer (2001); Marshall et al (2003);
Sarangapani et al (2004); Evans et al (2001); Evans et al
(2004); Rinko et al (2004); Fritz et al (1998); Hanley et al
(2003); Zhang et al (2004); Marshall et al (2005b); Long
et al. (2001); Zhu et al. (2002); Huang et al. (2004)].
The underlying mechanism at atomic level, however, has
not been well understood yet. The goal of this study
is to obtain a basic understanding of the correlation be-
tween molecular conformation and binding functionality
of selectin-ligand complex. SMD simulations were used
to assess the forced dissociation of P-LE-SGP-3, as well
as P-LE-sLe*and E-LE-sLeX complex. The dependence
of intramolecular destroy and intermolecular disruption
on pulling velocity and forces, and force exertion were
quantified. These results contribute to the understand-
ings of how the selectin-ligand interactions are regulated
by applied forces at atomic level.

An applicable force field is the pre-requisite for SMD
simulations. Based on existing CHARMM?22 [MacK-
erell et al (1998)] and “top/par_all22 sugar.inp” [Kuttel
et al (2002)], we built two sets of force field parameters
for C2-O-sLeX and TYS using both analogy and partial
optimization approaches, respectively, following the line
of building and optimization of CHARMM force field
[MacKerell et al (1998); Foloppe and MacKerell (2000)].
Analogy set force field was chosen for SMD simulations
in the current study. The applicability of newly built-up
Analogy set force field was further compared with an-
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other Analogy set force field proposed by Dr. J. Z. Lou
from Georgia Institute of Technology (personal commu-
nications), which was built using the same analogy ap-
proach from a different initial carbohydrate model of
“CSFF_top/parm.inp” [Kuttel et al (2002)]. The con-
sistency in simulations upon the two sets of force field
parameters (data not shown) suggested their applicabil-
ity to investigate forced dissociation of selectin-ligand
complex, which may provide a potential approach to as-
sess the interactions between glycosylated and/or sul-
fated proteins.

Our simulation results showed that the molecular exten-
sion of EGF domain and Lec-EGF interface was cou-
pled with forced dissociation of P-LE-SGP-3 complex,
which provided the different mechanism as compared
to forced dissociation of CD2/CD58 complex [Bayas et
al. (2003)]. Even though few direct evidences were
found for molecular extension of P-selectin before P-
selectin-PSGL-1 dissociation, there exist some structural
and functional reasoning implying the potential possibil-
ity of P-selectin extension [Lii and Long. (2004)]. On
one hand, it is predicted that there are three intradomain
disulfide bonds formed from six cysteines in each CR do-
main of P-selectin [Johnston et al. (1989)]. CR domain is
possibly compact and globular with extensive hydrogen-
bonding interactions [Chou and Heinrikson. (1997)],
suggesting that it is fairly rigid with high resistance to
catastrophic unfolding such as titin and fibronectin [Lu
et al. (1998); Gao et al. (2002)]. There are also three
disulfide bonds in EGF domain with less optimal confor-
mation to stabilize the integrity of the domain [Freedman
et al. (1996); Somers et al. (2000)], which turns out
that EGF domain may be less rigid with low resistance to
applied forces. On the other hand, PSGL-1-expressing
leukocytes roll stably on P-selectin immobilized sub-
strate probably due to cell deformation, microvilli ten-
sile, and molecular extension. And PSGL-1- or SGP-3-
coated beads roll less but still stably on P-selectin sub-
strate when the effects of cell deformation and microvilli
extension were excluded [Chen and Springer. (1999);
Yago et al. (2002)]. P-selectin has high elasticity with
spring constant of ~ 1.0 pN/nm and as high strain as ~
500% [Marshall et al. (2005a)]. These observations sup-
port the possibility of P-selectin extension during forced
dissociation of P-selectin-PSGL-1 interactions. It has
been long known that the existence of EGF domain is
a prerequisite for selectin binding to its ligand but its
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biological functionality is not understood well [Kansas.
(1996)]. Our simulations reported here provide a rational
of importance of EGF domain to affect the kinetics and
mechanics of selectin-ligand interactions.

Although there exist the limitations of short time scale
and small system size imposed by limited computer re-
sources, SMD simulations in this study imposed the
structural bases of dissociation of P-LE-SGP-3 complex
on different velocities and forces. While the distortion of
the minor anti-parallel B sheets of EGF domain always
appeared before complex dissociation, the sequence of
following destroy of the major anti-parallel B sheets of
EGF domain and Lec-EGF interface depended strongly
on external forces. At high velocity of 1.5 A/ps (Fig.
5), the partial dissociation of FUC from Ca’* and its
nearby residues took place firstly, followed by significant
intramolecular destroy and then intermolecular disrup-
tion. At intermediate velocities of 1.0 and 0.5 A/ps (Fig.
5), the intramolecular destroy of the major anti-parallel
B sheets of EGF domain and Lec-EGF interface occurred
prior to the intermolecular disruption, which evolved fur-
ther with the evolution of dissociation process. At low
velocities of 0.1 and 0.05 A/ps or all forces of 1500,
1000, and 500 pN (Figs. 3, 5), the intramolecular destroy
was almost completed before dissociation initiated. At
a ¢f-SMD simulation of 500 pN, the third stable plateau
appeared after dissociation of FUC from Ca?* (Fig. 5c¢),
resulting from strong binding of R85 with D611 after its
separation from Y610. In addition to three sulfated ty-
rosines (Y605, Y607, and Y610), such acidic residues as
D611, D609, and E606 along the peptide of SGP-3 ligand
are allowed to bind to basic residue R85 during forced
dissociation [Somers et al (2000)], which may form the
so-called finger trap during forced dissociation. Such a
binding regulates the bond survival at a constant force.

In summary, our SMD simulations of forced dissocia-
tions of selectin-ligand complexes presented here provide
a mechanism that the intramolecular destroy is coupled to
the intermolecular disruption. The molecular extension is
mainly determined by the destroy of the two anti-parallel
B sheets of EGF domain and of Lec-EGF interface. And
the complex dissociation depends on the separation of
FUC from Ca’?*. Such the conformational changes are
modulated by applied velocities and forces, as well as
force exertion. More experiments will be needed to test
the predictions.
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