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ABSTRACT: Force—distance measurements have been used to examine differences in the interaction of the
dendritic cell glycan-binding receptor DC-SIGN and the closely related endothelial cell receptor DC-SIGNR
(L-SIGN) with membranes bearing glycan ligands. The results demonstrate that upon binding to membrane-
anchored ligand, DC-SIGNR undergoes a conformational change similar to that previously observed for DC-SIGN.
The results also validate a model for the extracellular domain of DC-SIGNR derived from crystallographic studies.
Force measurements were performed with DC-SIGNR variants that differ in the length of the neck that result from
genetic polymorphisms, which encode different numbers of the 23-amino acid repeat sequences that constitute the
neck. The findings are consistent with an elongated, relatively rigid structure of the neck repeat observed in crystals.
In addition, differences in the lengths of DC-SIGN and DC-SIGNR extracellular domains with equivalent numbers
of neck repeats support a model in which the different dispositions of the carbohydrate-recognition domains in DC-
SIGN and DC-SIGNR result from variations in the sequences of the necks.

he human glycan-binding receptors DC-SIGN (dendritic-
cell-specific intercellular adhesion molecule 1-grabbing non-
integrin; CD209) and DC-SIGNR (DC-SIGN-related receptor,
also designated as L-SIGN, CD209L, and CD299) share overall
sequence identity of 77% and arose by a relatively recent gene
duplication within the primate lineage. DC-SIGN is expressed on
dendritic cells and some macrophages, while DC-SIGNR is ex-
pressed on endothelial cells in the liver and lymph node sinusoids
and in cells lining placental capillaries.' > Expression of these
receptors on distinct cell types suggests that they have potentially
different functions. Both bind to the T-cell surface receptor ICAM-
3" in order to facilitate infection of T cells by human immunode-
ficiency virus (HIV*) and act as primary receptors that mediate
entry of Ebola virus into cells.”> However, they bind differentially
to other pathogens.® For example, DC-SIGN plays a critical role
in modulating the host response to schistosomal parasites, and it
interacts with Helicobacter pylori, while DC-SIGNR facilitates
infection of hepatocytes, by presenting hepatitis C virus on liver
endothelial cells.” DC-SIGNR also promotes transmission of
human immunodeficiency virus across the placenta.®
These differences in the biological properties of DC-SIGN
and DC-SIGNR are mirrored by differences in their molecular
properties. For example, although both receptors bind to high-
mannose oligosaccharides, these are the only glycans that are
detected in glycan array analysis of DC-SIGNR, while the
presence of key residues in the carbohydrate-recognition domain
(CRD) of DC-SIGN, particularly Val351, supports binding to
fucosylated Lewis-type oligosaccharide structures as well.” Such
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differences probably explain why DC-SIGN binds to parasites
that are rich in such structures, while DC-SIGNR does not.'%"!

In addition to these differences in the ligand-binding domains
of DC-SIGN and DC-SIGNR, there appear to be significant but
less well understood differences in their overall architectures
(Figure 1A,B). In both receptors, the carbohydrate-recognition
domains are projected from the cell surface by a neck domain
comprising multiple copies of a 23-amino acid repeat sequence,
but the number of copies of the repeat is largely fixed fixed at 7.5
in DC-SIGN, while polymorphisms in the gene for DC-SIGNR
result in variant forms of the neck containing between 4.5 and 9.5
repeats.'>'® The allele frequency of the 7.5-repeat variant is
over 50% in the human population, but the frequencies of the 6.5-
and 5.5-repeat variants are 12—16% and 26—37%, respectively.
Different neck-length genotypes have been associated with
variations in susceptibility to certain viral infections. The 7.5-repeat
form is more common in HIV-infected individuals than in unin-
fected individuals."* However, this correlation with HIV suscept-
ibility has not been observed in all cases.'* The presence of 4.5
repeat and 9.5-repeat variants correlates with decreased viral load in
hepatitis C virus infection."> The shorter necks are also associated
with diminished rates of SARS coronavirus infection.'®

It is also noteworthy that the neck repeat adjacent to the
CRD of DC-SIGNR differs significantly in sequence from the
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Figure 1. Organization of the extracellular domain of DC-SIGNR. (A) Length variants of DC-SIGNR (left) and corresponding truncated, His-tagged
proteins used for force—distance measurements (right). (B) Comparison of proposed organization of DC-SIGN and DC-SIGNR based on crystal
structures of DC-SIGNR fragments.'” (C) Configuration of DC-SIGNR and neoglycolipid in force measurements. D is the absolute separation between

the bilayer surfaces.

corresponding sequence in DC-SIGN. Recent structural analysis
of a truncated form of the neck domain of DC-SIGNR, combined
with a structure of the final neck repeat attached to the CRD, has
indicated that a phenylalanine in the final neck repeat of DC-
SIGNR causes the polypeptides forming the necks to splay apart
at this point."” In DC-SIGN, the presence of a valine residue at
this position suggests that the neck could remain packed as they
are in the other neck repeats, thereby placing the CRDs closer to
each other. Thus, differences in the neck regions of DC-SIGN
and DC-SIGNR may also contribute to differences in their
interactions with pathogens.

Force—distance measurements have provided a means of
looking at interactions of the intact extracellular domain of
DC-SIGN with ligands.'® In these experiments, an N-terminal
histidine tag was used to anchor the protein and project the
extracellular domain of DC-SIGN from the surface of one
membrane, which was apposed to a second membrane bearing
a neoglycolipid with a high-mannose oligosaccharide headgroup
(Figure 1C). Measurement of the distance dependence of the
interaction force between the membranes demonstrated that
DC-SIGN undergoes a conformational change driven by en-
gagement with ligand. This change reflects flexibility in the
linkage between the neck and the CRD.

In the experiments described here, force—distance measure-
ments have been used to demonstrate that DC-SIGNR under-
goes a conformational change, similar to that observed for
DC-SIGN. Distinct from the prior studies, here we further
investigated how differences in the final neck repeat as well as

the genetic polymorphisms affect both the projected distance of
the CRDs from the membrane surface and the magnitude of
adhesion.

Bl MATERIALS AND METHODS

Materials. 1,2-Dipalmitoyl-sn-glycero-3 phosphoethanola-
mine (DPPE) and 1,2-ditridecanoyl-sn-glycero-3-phosphocho-
line (DTPC) were from Avanti Polar Lipids (Alabaster, AL).
6-[9-[2,3-Bis(dodecyloxy)propyl]-3,6,9-trioxanonyl-1-oxycarb-
oxylamino]-2-[di(carboxymethyl)amino ] hexanoic acid (NTA-
TRIG-DLGE) was custom synthesized by Neuftech Chemicals
(Vancouver, BC). HEPES was purchased from Fisher Biorea-
gents (Fair Lawn, NJ), and all other high-purity salts were from
Aldrich (St. Louis, MO). The neoglycolipid MangGlcNAc,-
DPPE was synthesized according to described procedures.'®

DC-SIGNR Expression and Purification. Restriction frag-
ments from vectors used for bacterial expression of the extra-
cellular domains of three variants of human DC-SIGNR'® were
moved into a vector encoding an N-terminal Hiss tag previously
designed for use with DC-SIGN.'® The vector encodes the
sequence Met-Ala-His-His-His-His-His-His-Gly-Glu-Leu, which
begins at residue 101 of the full-length DC-SIGNR protein, and
corresponds to the middle of the first 23-amino acid repeat in the
extracellular domain. The tagged protein was purified by affinity
chromatography on mannose—Sepharose following the protocol
used for the untagged extracellular domain.*® The affinity
purification confirms that the CRDs are folded and active.
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DC-SIGNR Immobilization on Planar Lipid Bilayers. The
recombinant proteins with hexahistidine tags at the N-termini of
the extracellular segments of DC-SIGNR were immobilized on
asymmetric, planar lipid bilayers, which were supported on mica
sheets affixed to hemicylindrical silica disks with 1—2 cm radii of
curvature.'® The first layer is a gel phase DPPE monolayer that
was transferred at a surface pressure of 38 mN/m by Langmuir—
Blodgett deposition onto the mica. DPPE was transferred from a
pure water subphase at 21 °C. At this temperature and pressure,
the area per lipid is 43 A%, The outer leaflet is a 100% NTA-
TRIG-DLGE monolayer deposited onto the DPPE monolayer at
65 A” per lipid, from a subphase of buffer A (20 mM HEPES,
50 mM NaNO3, 3 mM Ca(NO3),, and S0 uM NiSO, at pH 7.8)
at 21 °C. The deposition surface pressure was 35 mN/m, and the
NTA-TRIG-DLGE monolayer is in the fluid phase at 21 °C. The
resulting supported bilayer was kept under buffer A at all times. It
was then incubated for 1.5 h with 0.5 uM of either of the
hexahistidine-tagged 7-, 6-, or S-repeat DC-SIGNR variants in
buffer A. Nonspecifically adsorbed protein was removed by
rinsing the bilayer with buffer A.

Determination of the Surface Coverage of Immobilized
7-, 6-, and 5-Repeat Forms of DC-SIGNR. The amount of DC-
SIGNR immobilized on the supported NTA-TRIG-DLGE mono-
layers was quantified by surface plasmon resonance.”" For these
measurements, the Langmuir—Blodgett monolayer of NTA-TRIG-
DLGE (65 A?/lipid) was supported on a monolayer of 1-octade-
canethiol that was self-assembled on a gold-coated glass slide. The
sample was then assembled in the surface plasmon resonance cell,
while maintaining it under solution at all times.

DC-SIGNR adsorption was quantified from the change in the
plasmon resonance angle measured after incubating the NTA-
TRIG-DLGE monolayer with 0.5 4M of either of the 7-, 6-, or
S-repeat DC-SIGNR for 1.5 h at room temperature. The 1.5 h
incubation time was also used to prepare samples for all surface
force measurements in this study. The total protein adsorbed was
determined from the change in the resonance angle and use of
the S-phase Fresnel calculation program (R. Corn, University of
California, Irvine). The DC-SIGNR surface coverage was calcu-
lated from the effective refractive index of the protein monolayer
teg This value is obtained from the measured optical thickness
(product of the refractive index and layer thickness, n.¢ X Dr).
This measurement and the thicknesses Dy determined from
surface force measurements were used to obtain the effective
refractive index n.s Assuming a linear dependence of the
refractive index on surface concentration, the surface coverage
I' (molecules/m?) of the different DC-SIGNR variants was
calculated from the refractive indices and use of a refractive
index increment dn/dc of 0.187, where c is the surface concen-
tration in mg/ m2.2%? The error in protein densities determined
from refractive index measurements is ~20%.>>>* This analysis
differs slightly from that used previously (see Supporting
Information).'® The protein (tetramer) densities of the 7-repeat
and 6-repeat forms are determined by dividing the monomer
density by four. A similar calculation for the S-repeat form is
more complicated because it is expressed as a mixture of
interconverting dimers and tetramers, with a solution dissocia-
tion constant of 0.14 uM, as determined by equilibrium analytical
ultracentrifugation.'’ Whether this distribution persists on the
membrane, particularly under applied force, cannot be easily
determined. Nevertheless, the measured jumps into contact
presented here indicate the presence of folded tetramers on
the membrane.

ManyGIcNAc,-DPPE/DTPC Model Membrane Preparation.
Asymmetric bilayers displaying MangGlcNAc,-DPPE were sup-
ported on a gel phase DPPE monolayer (43 A® per lipid). The
DPPE was in turn supported on a mica sheet that was affixed to a
hemicylindrical, silica disk. The outer layer contains 5 mol % of
ManyGIcNAc,-DPPE mixed with DTPC (fluid, T, < 21 °C)
(Figure 1C) and was transferred by Langmuir—Blodgett deposi-
tion from a subphase of buffer A at 21 °C at 65.4 £ 0.8 A” per
DTPC. These neoglycolipid/DTPC monolayers are in the fluid
state at 21 °C. The molar concentrations of DPPE, DTPC, and
ManyGIlcNAGc,-DPPE in stock solutions were determined with
the Bartlett phosphorus assay.”* At 5 mol % ManyGlcNAc,-
DPPE in the outer leaflet, the average area per neoglycolipid is
7.7 x 10" glycolipid/m”.

The silica disks supporting the DC-SIGNR and the 5 mol %
MangyGlcNAc,-DPPE bilayers were maintained under buffer A
and transferred into the chamber surface force apparatus, which
was filled with buffer A. All measurements were performed at
21+ 02 °C.

Surface Force Measurements. Surface force measurements
were carried out with a Mark III instrument, and the spring
constant used was 205 N/m. In surface force measurements
between oriented monolayers of DC-SIGNR and S mol %
ManyGIcNAc, containing lipid monolayers (Figure 1C), the
separation distance D between the lipid bilayers can be deter-
mined within £0.1 nm by interferometry.** The difference in the
total thickness, T, of the molecular assembly relative to contact
between supporting DPPE monolayers was measured after the
deposition of the outer lipid layers. The absolute membrane
Separation distance is D = T — (TNTA-TRIG-DLGE + TDTpc),26
where Tnra-TriG-DLGE i the thickness of the NTA-TRIG-DLGE
monolayer27 and Tptpc is the thickness of the DTPC on the
neoglycolipid-containing membrane. The DTPC layer thickness
does not include the thickness of the ManyGIcNAc, headgroup,
such that D = 0 is defined as contact between the NTA-TRIG-
DLGE and bare DTPC membranes.

The normalized intersurface force (F./R) was measured when
first bringing the protein and ligand surfaces into contact and
again upon separating them. The normalized force F./R is
determined as a function of the separation distance D. The
adhesion was then measured during surface separation. In these
measurements, adhesion was measured after 8 min in contact.
Prior studies of DC-SIGN showed that adhesion to fluid
neoglycolipid membranes increases with time up to a limiting
value, due to the lateral diffusion of glycan ligands and corre-
sponding increase in number of CRD—glycan bonds.'® Because
the lateral lipid diffusion and lipid density are identical for all
samples in this study and in the prior measurements, differences
in adhesion energies measured at identical contact times would
therefore reflect functional differences between the different
length variants.

The adhesion energy per unit area (Exgn, mJ/ m?) measured
between receptor and ligand monolayers is quantified from the
pull-off force required to separate the adherent sample surfaces
(Fyo)?® and use of the Derjaguin—Miiller—Toporov model for
adhesion between undeformed surfaces: E, = F,,,/277R. Here, R is
the geometric average radius of the two discs: R =(R;R,)">.
Further normalizing the adhesion energy per area by the protein
surface coverage (number of proteins/area) accounts for differ-
ences in protein densities across experiments.

Because the pull-off forces can depend on the rate of separa-
tion, preliminary measurements were done at different separation
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rates to establish conditions where the pull-off forces were rate
independent and would therefore report the equilibrium adhesion
energy per area. In the present study, at typical separation rates
of ~20—40 A/min, the pull-off forces were in the rate-indepen-
dent regime.

Statistical Analyses of Distance Measurements. The de-
termined initial contact position D¢, equilibrium separation D,
position of maximum adhesion Dag, and thickness in the
absence of ligand Dr are averages of 7—20 measurements from
2—3 independent experiments. Standard deviations are the
pooled standard deviations from separate sets of measurements.
Averages were compared using the student’s ¢ test, and p-values
<0.0S indicate a statistically significant difference, at the 95%
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Figure 2. Normalized force (F./R) as a function of the distance, D,
between monolayers of immobilized DC-SIGNR and bilayers contain-
ing S mol % ManyGlcNAc,-DPPE. (A) The force normalized by the
substrate radius F./R was measured as a function of distance between
the ligand-containing membrane and the 6-repeat form of DC-SIGNR.
The filled squares and circles represent two successive measurements
at the same sample position. Samples were in buffer maintained at 21.0
=+ 0.2 °C. At Dy, the surfaces jump in to contact at the separation D,
indicated by the vertical dashed line. At D < D, the force increases to
the equilibrium separation D.q at F/R = 0 (vertical dashed line). At D <
D.q the force then increases more steeply due to steric repulsion
between the protein and opposed membrane. (B) Normalized force
curve measured with the 6-repeat variant in (A), during approach and
separation. The black circles and squares are as in (A). During
separation (open circles), the surfaces jump out of contact at Dagp
(right pointing arrow).

confidence level. The standard deviation of the difference
between pairs of values was determined by propagation of errors.

B RESULTS AND DISCUSSION

The surface densities of the immobilized proteins, as deter-
mined from surface plasmon resonance (SPR) measurements,
were 2.9, 1.2, and 0.72 mg/m for the 7-, 6-, and S-repeat forms,
respectively. In the absence of Ni** there was no detectable
nonspecific protein adsorption, indicating that all proteins bound
selectively by their histidine tags. The molecular weights of the
monomers of the length variants are 35344 Da (7-repeat),
32718 Da (6-repeat), and 30119 Da (S-repeat), so that the
calculated monomer surface densities were I, = 4.9 x 10 F6 =
2.1 x 10", and T's = 1.4 x 10" monomers/m>.

In the absence of ligand, the normalized force versus distance
curves obtained with the surface force apparatus were reversible
and exhibited intersurface repulsion due to steric interactions
between the protein and bare lipid monolayers (Figure S1). The
thickness of the unbound protein D was determined from the
distance at which the repulsive force exceeded the measurement
standard deviation of #0.03 mN/m. Thicknesses of 31.5 & 0.5,
27.6 + 0.5, and 22.4 £ 0.5 nm were thus obtained for the 7-, 6-,
and S-repeat DC-SIGNR monolayers, respectively.

Instead of increasing the range of the intersurface repulsion,
the presence of the bulky neoglycolipid on the target membrane
resulted in the protein monolayers jumping into contact with the
membranes, at distances that were smaller than the thickness of
unbound protein, Dr. Figure 2 shows the force—distance curve
measured between the 6-repeat form of DC-SIGNR and a
S mol % ManyGlcNAc,-DPPE monolayer. The surfaces jump
into adhesive contact (left pointing arrow) from membrane
separations Dy. In force measurements, surfaces jump to contact
when the gradlent of the intersurface potential exceeds the spring
constant.”® The jump-in distance Dy, trajectory, and final resting
position at contact D¢ are determined by the spring constant,
which was 205 N/m in these measurements. Here, the normal-
ized force at D¢ is slightly negative (~—0.1 mN/m). The
equilibrium separation D.q is at F = 0 where the attractive and
repulsive forces balance.

The DC-SIGNR length variants with 7-, 6-, and S-neck repeats
jumped to contact with the neoglycolipid layers from distances of
respectively Dy 5 = 30.6 &= 1.6 nm, Dj s =29 &= 1 nm, and Dj, 5 =
23 £ 1 nm to final respective resting positions of D¢ = 26.6 £ 0.3,
224+ 0.8, and 19.0 £ 0.6 nm (Table 1, Figure 2B, and Figure 3).
The jump-in distances are statistically similar to the steric thick-
nesses of the different length variants, i.e. Dy ~ Dy. Measured values
for Deq are 24.8 & 1.2,20.4 + 0.8, and 15.8 + 1.1 nm for the 7-, 6-,
and S-repeat proteins. The greater uncertainty in determinations of
Dyq is due to the low force values relative to the measurement
uncertainty of £0.03 and the shallow slopes near D, especially
with the S-repeat variant (cf. Figure 3C). In these measurements,

Table 1. Interaction Distances (nm) between Membranes Displaying ManyGIcNAc, and DC-SIGNR or DC-SIGN*

protein D, Dlq
DC-SIGNR 7 repeat 26.6 £0.8 25+1
DC-SIGNR 6 repeat 223£0.7 201
DC-SIGNR § repeat 188 0.7 16+ 1
DC-SIGN” 2841 262+08

Dy Dr — Deq Dpdn
31.54+03 49+ 0.8 28.0 £ 04
27.6 + 04 52407 24.0 + 0.7
224 +£03 3.6 +0.7 19.4 £ 0.5
32.8£0.8 48+ 13 30.5£ 1.5

“ MangGlcNAc, was present at S mol %. The equilibrium length of the complex is D.q, and the position of bond failure is Dagp.. The thickness of unbound
DC-SIGNR or DC-SIGN measured in the absence of neoglycolipid is Dr. ®Values from ref 18.
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Figure 3. Details of advancing, normalized force curves and adhesion
measured with the different DC-SIGNR variants. The glycolipid ligand
was present at S mol %, and separation curves were measured after 8 min of
contact. (A) Force—distance profile measured with the 7-repeat variant.
Open diamonds were measured during approach, and the filled diamond
shows the location and magnitude of the pull-off force at Dg,. (B) Force
profile measured with the 6-repeat form of DC-SIGNR. Filled squares
indicate forces during approach, and the open square shows the position
and magnitude of the pull-off force. (C) Force profile measured with the
S-repeat form of DC-SIGNR. The open triangles were measured during
approach and the black triangle shows the force at Dagp,. The vertical,
dashed lines show the positions of D4 in each case.

the average value of D is less than D¢ by 2.1 £ 0.5 nm (Table 1)
due to the relatively soft repulsion at D < D.. In the majority of the
measurements, at D < D the force curve is nearly flat for ~1.5 nm
(Figure 2), before increasing more steeply.

This jump-to-contact is evidence of functionally active protein
because the mechanical instability, which underlies the jump-in
requires an attractive force between the ligand and protein
monolayers. Protein inactivation would ablate the attraction.
All three DC-SIGNR variants exhibit this jump-to-contact beha-
vior, which was also observed in comparable experiments with
DC-SIGN."® Furthermore, the observation that both D and Deq
are significantly less than Dr, despite the presence of the bulky
glycan on the target membrane, is attributed to flexibility in
the DC-SIGN structure that enables the proteins to undergo a
conformational change upon binding the target neoglycolipid.'®
Such protein flexibility would increase the reaction cross section
of the CRDs and hence the range of interaction of the CRDs
as well as their ability to bind ligands at different, lateral spatial
distributions on target surfaces. Both DC-SIGN and all three
DC-SIGNR variants exhibit this flexibility, although it is less

apparent with the S-repeat form of DC-SIGNR, due to the
weaker attraction.

Elasticity in the DC-SIGNR/glycolipid complex is also appar-
ent from comparisons of approaching and receding force—
distance curves between the various forms of DC-SIGNR and
ManyGlcNAc, membranes. During separation, the bonds fail and
the surfaces pull out of contact at the position of the maximum
adhesion (Dpgp) (Figure 2B, right pointing arrow). For the 7-
and 6-repeat forms of DC-SIGNR, Dagp, exceeds D.q by 3.5 nm
(Table 1, Figures 2B and 3A,B). This difference must result from
stretching of the DC-SIGNR/ManyGlcNAc, complex such that,
upon separation, the complexes extend relative to their equilib-
rium thickness D.q. This may be due, in part, to the reorientation
of the carbohydrate ligand. Protein flexibility, which enables the
DC-SIGNR variants to jump to contact at D¢ < Dy, would also
play a role in this force-dependent stretching.

Comparison of the D¢ or D.q values for the 7-repeat DC-
SIGNR with an exactly equivalent construct for the extracellular
domain of DC-SIGN'® reveals that the average difference of
1.3 nm is larger for DC-SIGN than for DC-SIGNR (p < 0.05,
DF = 13; Table 1). In pairwise comparisons, a p value less than
0.0S signifies a statistically significant difference at the 95%
confidence level. As noted in Figure 1, differences in the sequence
of the neck repeat adjacent to the CRD in DC-SIGNR are
postulated to result in the splaying apart of this repeat and the
CRDs compared to DC-SIGN (Figure 1B), which would make
the bound thickness of DC-SIGN slightly longer than DC-
SIGNR."” Thus, the force—distance measurements provide
experimental evidence to support this model of the differences
in the arrangement of the distal portion of the DC-SIGN and
DC-SIGNR extracellular domains (Figure 1B).

At D < D, the repulsive force increases with decreasing
membrane separation (Figures 2 and 3), and the slope reflects
the rigidity of the protein—ligand complexes. The slopes of the
curves obtained with the 6-repeat and 7-repeat forms, as well as
with DC-SIGN,"® are indicative of relatively rigid protein layers
and hence relatively rigid necks (Figure 3A,B). By contrast, the
force—distance curve measured with the S-repeat form at D <
D4 is much shallower and does not increase steeply until D <
4—5 nm (Figure 3C), which is the approximate diameter of a
folded CRD.” The force—distance profile at D > 4 nm is similar
to flexible polymers®® and suggests that the neck region is
unstructured in a significant population of the immobilized
S-repeat protein. The difference between the S-repeat and other
forms of DC-SIGNR and DC-SIGN is attributed to the loss of
rigidity conferred by the tetramer. Tetramer dissociation into
dimers could also lead to greater protein inactivation under
applied force. This exception, relative to the behavior of the
stable 6- and 7-repeat tetramers, provides evidence that the rigid
neck region and relatively steep force profiles at D < Deq
(Figure 3A,B) requires stable tetramers.

The adhesion energy per area between DC-SIGNR and
S mol % ManyGlcNAc,-DPPE monolayers is determined from
the pull-off force F,, at the minimum in the force—distance
curve Dpgp, (Figure 2B) and the Derjaguin—Miiller—Toporov
model.?® At the position of bond rupture (Figure 2B, Dagp,), the
surfaces jump out of contact (Figures 2 and 3, right pointing
arrows). There is no evidence of irreversible damage to the
membranes due to, for example, lipid pull-out or the rupture of
the NTA—hexahistidine linkage. This would be evident in
altered force curves measured at the same position after mem-
brane separation, as documented previously.®" In these studies,
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Table 2. Adhesion Energies of DC-SIGN and DC-SIGNR Variants

protein Fyo/R, mN/m Epgqny mJ/ 'm” Eagn, kKT /molecule Eagn kKT/monomer
DC-SIGNR 7 repeat —2.0+£0.3 0.32 + 0.04 80+ 13 20+£03
DC-SIGNR 6 repeat —0.8+£0.2 0.13 £ 0.03 69+ 21 1.7 £ 05
DC-SIGN” —2.0+ 04 0.39 £ 0.05 82+ 14 2.0+ 04

“Values from ref 18.

upon reapproach after detachment, the measured force curve, D),
and D¢ were unchanged (Figure 2). When separating the
surfaces, Dag, and the pull-off force were similar within experi-
mental error, even after as many as seven successive measure-
ments at the same contact site. The average time between
successive measurements was 10—15 min, which is too short
for damaged membranes to heal®" but more than sufficient to
allow re-equilibration, as evidenced by the reversibility of the
measurements. The reversibility is expected because this is a
multivalent (number of bonds = 4) interaction, and the affinity of
individual monomer—glycan bonds is relatively low. Leckband
etal.*! showed that lipid pull-out occurs at receptor—ligand bond
energies >~15kT, which is much higher than the energies of the
individual monomer—glycan bonds. Each tetramer is also an-
chored to the membranes via four hexahistidine anchors.

The adhesion energies per area measured with the 7-repeat
and 6-repeat variants are respectively 0.32 £ 0.04 and 0.13 &
0.03 mJ/m” (Table 2). When normalized by the protein density
on the membranes, the estimated adhesion energies per tetramer
are Epgn7 = 8.0 &= 1.3 kT/molecule and Exg6 = 6.9 &= 2.1 KT/
molecule, respectively (Table 2). Estimating the adhesion energy
per DC-SIGNR molecule for the S-repeat form is not feasible
because of the decreased tetramer stability caused by the
truncation associated with the addition of the histidine tag
employed in these force measurements.'

Comparing the estimated, population-averaged adhesion en-
ergy per monomer (Figure 4A) may provide a better basis for
comparison of adhesion by the different DC-SIGNR forms. The
calculated energies per monomer for the 7-repeat and 6-repeat
forms are 2.0 & 0.2 and 1.7 £ 0.4 kT/monomer, respectively.
These values are statistically similar (p value = 0.7, DF = 12).
They are also similar to the adhesion energy per DC-SIGN
monomer of 2.0 + 0.3 kT/monomer (p value = 0.3, DF = 18)
after 8 min of contact.'® However, the calculated adhesion energy
per monomer for the S-repeat DC-SIGNR is 0.2 & 0.1 kT/
monomer.

The much lower adhesion mediated by the S-repeat DC-
SIGNR might at first be unexpected, since the CRDs fold
autonomously and appear to be fully functional based on solution
binding data and on affinity purification.”® Hydrodynamic mea-
surements show that this protein forms mixture of interconvert-
ing dimers and tetramers. However, some of the 5-repeat DC-
SIGNR proteins may not be optimally oriented for binding, and
it is possible that the dimers are more prone to unfolding under
an applied force. Both factors would reduce the adhesion. The
softer repulsion (shallow, repulsive force at D < Dc) is also
attributed to the mixture of dimers and tetramers.

The S-repeat DC-SIGNR shows completely different behavior
in the force measurements relative to the 6- and 7-repeat forms.
Viewed in this way, these findings provide important confirma-
tion that the force measurements with the longer versions of DC-
SIGNR reflect the interactions of rigid, stable tetramers that
orient perpendicular to the membrane.
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Figure 4. Dependence of DC-SIGNR and DC-SIGN thickness and
adhesion on the number of neck repeats. (A) Population-averaged
adhesion energy per monomer as a function of the number of neck
repeats in DC-SIGNR. The open circles indicate the adhesion energy
per DC-SIGNR monomer and the black square represents the adhesion
energy per DC-SIGN monomer, measured after 8 min of contact with
the ligand surface. Adhesion data are from Table 2. (B) Thickness of the
DC-SIGNR—glycan complex as a function of the number of neck
repeats in DC-SIGNR. Least-squares analysis of the data from Table 1
(N = 23) yields a slope of 3.87 = 0.23 nm/repeat.

The force—distance measurements quantify the molecular
dimensions of the DC-SIGNR-ManyGlcNAc, complex and thus
provide direct evidence for an extended configuration of the
extracellular domain of DC-SIGNR. At initial contact, the length
of the 7-repeat form of DC-SIGNR complexed with the glycan is
D¢ =26.6 + 0.8 nm (Table 1). Modeling of the structure of the
extracellular domain of DC-SIGNR bound to a MangGlcNAc,
oligosaccharide17 suggests that the overall length of the ligand
complex of the DC-SIGNR fragment used in the force —distance
measurements would be 26.5—27.0 nm, which agrees quite well
with the measurements reported here. The crystallographic and
force—distance measurements also agree well with hydrody-
namic measurement on the extracellular domains and the
isolated neck domains.'”** The equilibrium thickness is smaller
at ~25 nm but still comparable to the model prediction.

The slope of the line relating the distances at initial contact D
and the number of neck repeats gives a value of 3.87 £ 0.23 nm/
repeat (N = 22) (Figure 3B), which matches almost exactly the
length of 3.7 nm for a single repeat determined from the
crystallographic analysis of the isolated neck region.'” A similar
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plot of D, versus the number of repeats is shifted slightly, but the
calculated slope is 3.6 &= 1.4 (N = 22). The larger error in the
latter reflects the greater uncertainty in the estimated value of
Deg, as discussed above. However, the comparative length
measurements presented here provide exceptionally important
direct experimental evidence that the neck repeat structure,
which is observed essentially as a fragment out of context in
the crystal structure, is an accurate reflection of the conformation
of the neck in the intact molecule.

B CONCLUSIONS

The force measurements show that, in the 6- and 7-repeat
versions of DC-SIGNR, stable tetramers form a rigid neck region
that projects the CRDs away from the membrane, ensuring
strong, multivalent adhesion to the target membrane. These
variants have comparable adhesion energies and solution binding
affinities. However, disruption of the tetramer in the S-repeat
variant both produces a more flexible/compressible molecule
and substantially reduces the adhesion. Further, loss of neck
repeats in this variant reduces the extension of the CRDs from
the membrane surface—a feature that could reduce access to
pathogens.

The close correspondence between the measured 3.7 nm
length of individual repeats in the neck domains obtained from
the crystallographic and force—distance measurements strongly
reinforces proposed models for the organization of the extra-
cellular domain with extended neck regions.'” Hydrodynamic
measurements and crystal structures of fragments of the extra-
cellular portions of DC-SIGN and DC-SIGNR generated pre-
dictions that the CRDs in these two receptors would be
positioned differently, in part due to differences within the final
neck repeat adjacent to the CRD that would lead to splaying
apart of the CRDs in DC-SIGNR."”"***?* The force —distance
measurements provide experimental evidence that, although
these receptors are very similar, they differ in overall length
and thus in the disposition of the CRDs.

B ASSOCIATED CONTENT

© Ssupporting Information. Details of the protein surface
coverage determinations from SPR data and the force—distance
measurements between protein monolayers and bare lipid
membranes without neoglycolipid. This material is available free
of charge via the Internet at http://pubs.acs.org.
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