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ABSTRACT: Effective innate host defense requires early recognition of pathogens. Surfactant protein D
(SP-D), shown to play a role in host defense, binds to the lipopolysaccharide (LPS) component of Gram-
negative bacterial membranes. Binding takes place via the carbohydrate recognition domain (CRD) of
SP-D. Recombinant trimeric neck+CRDs (NCRD) have proven valuable in biophysical studies of specific
interactions. Although X-ray crystallography has provided atomic level information on NCRD binding to
carbohydrates and other ligands, molecular level information about interactions between SP-D and biological
ligands under physiologically relevant conditions is lacking. Infrared reflection—absorption spectroscopy
(IRRAS) provides molecular structure information from films at the air/water interface where protein
adsorption to LPS monolayers serves as a model for protein—lipid interaction. In the current studies, we
examine the adsorption of NCRDs to Rd; LPS monolayers using surface pressure measurements and
IRRAS. Measurements of surface pressure, Amide I band intensities, and LPS acyl chain conformational
ordering, along with the introduction of EDTA, permit discrimination of Ca?>"-mediated binding from
nonspecific protein adsorption. The findings support the concept of specific binding between the CRD
and heptoses in the core region of LPS. In addition, a novel simulation method that accurately predicts
the IR Amide I contour from X-ray coordinates of NCRD SP-D is applied and coupled to quantitative
IRRAS equations providing information on protein orientation. Marked differences in orientation are found
when the NCRD binds to LPS compared to nonspecific adsorption. The geometry suggests that all three
CRDs are simultaneously bound to LPS under conditions that support the Ca?>"-mediated interaction.

Surfactant proteins SP-A and SP-D' are members of a
family of collagenous, calcium-dependent lectins (collectins)
and are known to contribute to antimicrobial host defense.
These two proteins bind to diverse types of carbohydrate
and lipid ligands, but appear to have different specificities,
modes of action, and binding propensities. For example,
SP-D binds phosphatidylinositol, glucosylceramide, and the
core carbohydrate region of various lipopolysachharides
(LPS) found in Gram-negative bacterial cell walls, while
SP-A binds to phosphatidylcholine, galactosylceramide, and
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the lipid A portion of LPS. Although the lung is the major
site of SP-A and SP-D synthesis, the proteins have also been
localized to a number of nonpulmonary sites, including the
gastrointestinal and genitourinary tracts (/, 2). Several
reviews regarding the structure and function of SP-A and
SP-D have recently been published (7, 3, 4). The roles played
by these proteins in host defense have been described in
general terms; however, the molecular mechanisms of their
interaction with LPS are not yet fully elucidated. SP-D, which
is the focus of the current work, binds to conserved
glycoconjugates on microbial surfaces and to monosaccha-
rides such as mannose, glucose, and specific heptoses (5, 6).

Most native collectins are assembled as oligomers of
trimeric subunits with the primary structure of individual
monomers organized into four regions: an N-terminal disul-
fide cross-linking domain, a collagenous region, a trimeric
coiled-coil neck domain (N), and a C-terminal carbohydrate
recognition domain (CRD). Cooperative interactions involv-
ing the trimeric array of CRDs contribute to pattern recogni-
tion properties of SP-D thought to be important for high
affinity binding to multivalent ligands and in pathogen
binding. Natural SP-D predominantly assembles as dodecam-
ers consisting of four homotrimeric subunits. However, the
protein has also been isolated as trimeric subunits or higher
order multimers (7). Quaternary structure appears important
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FIGURE 1: (A) Molecular structure of a generic lipopolysaccharide
Rd; mutant with the lipid A and core regions labeled. (B) Crystal
structure of trimeric SP-D NCRD complex with L,D-heptose, shown
as a ribbon diagram perpendicular to the neck axis, with NCRDs
in different colors. Lectin sites show calcium ions as gray spheres
and L,D-heptose molecules in stick representation.

for mediating bridging interactions as four trimers stabilized
by interchain disulfide bonds at their N-termini form equal
length arms in an X-like structure over 100 nm long. Higher
order oligomers also appear to be necessary for aggregation
of some particulate ligands such as viral particles. Neverthe-
less, despite limited ability to promote aggregation, the
trimeric form shows lectin activity with the same sugar
selectivity as the full-length multimeric SP-D (8).

LPS molecules, essential components of Gram-negative
bacterial outer membranes, are termed endotoxins due to their
role in the pathogenesis of bacterial infection and septic shock
(9). Structurally, LPS consists of a well-conserved lipid A
domain and a core oligosaccharide region (see Figure 1A).
In most clinical isolates, the core region terminates in a less
highly conserved O-polysaccharide chain, which confers a
smooth colony phenotype. Rough mutant strains do not
express the O-chain and are designated Ra through Re, in
order of decreasing core length. Bacterial cell walls usually
contain a mixture of rough and smooth forms.
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As a starting point for understanding the molecular basis
of SP-D binding to bacterial surfaces, useful structural
information has been acquired from recombinant trimeric
fragments of human and rat SP-D (6, 10-13). The expressed
protein, referred to as SP-D NCRD, includes the a-helical
coiled-coil neck region and the carbohydrate recognition
domain. Recombinant SP-D NCRD trimers generally retain
the ligand binding capabilities of the full-length protein (/4).
X-ray crystallography has shown that the sugar-binding (C-
lectin) site in SP-D is a shallow depression on the CRD
surface (10, 11). A Ca>* ion, coordinated to six oxygen atoms
from the protein, is bound at the bottom of the pocket. Two
additional coordination positions can be occupied by one or
two water molecules, two cis diol oxygens from a saccharide
or inositol ring with the appropriate geometry, or, as has
been very recently reported, by side chain hydroxyl groups
in L-glycero-a-D-manno-heptose (L,D-heptose) (6, 12, 13).
This lectin activity has little effect on the tertiary structure
of the SP-D CRD, as demonstrated by crystallographic
complexes with sugars (6, 12, 13).

To investigate the molecular basis of collectin—LPS
interaction under physiologically relevant conditions, the
following technical consideration must be addressed and
overcome. The size and complexity of the reactants and
association products limit the applicability of high resolution
crystallography and NMR approaches. Thus, although X-ray
diffraction potentially provides the best structural information
for studying the interactions of interest, the crystallization
of either full length SP-A or SP-D is generally considered
infeasible due to the length and secondary structure of the
collagen-like region (73 and 177 residues, respectively).
Along similar lines, the physiologically relevant states of the
LPS/protein complexes (e.g., thin films, insoluble aggregates)
remain poor candidates for NMR measurements.

Monolayers at the air/water (A/W) interface are likely one
of the best experimental paradigms for monitoring the initial
interactions that take place between the collectins and LPS
molecules in the outer membrane of Gram-negative bacteria
or in micelles. At the A/W interface, the hydrophobic chains
of the endotoxin extend into the air, while the (polar)
phosphate and sugar residues extend into the aqueous
subphase as putative recognition sites for SP-D. From an
experimental point of view, many useful physical properties
of the system may be easily controlled, including monolayer
composition, surface pressure, molecular density, and hence
phase separation or domain formation. Subphase composi-
tion, temperature, and pH can also be varied. Typically, an
aqueous protein solution is injected into a Langmuir trough
under a preformed lipid monolayer followed by monitoring
surface pressure or area changes. This protocol provides some
information about the intrinsic surface activity of the protein
and lipid/protein interaction; however, the elucidation of
complex interactions requires a stable system and coupling
the Langmuir trough measurements with other physical
methods. In situ epifluorescence, grazing incidence X-ray
diffraction, and X-ray reflectivity have recently been com-
bined with surface pressure measurements to probe interac-
tions between LPS-containing monolayers and SP-A or
antimicrobial peptides (/5-18).

IR and Raman spectroscopy are the only techniques that
provide molecular level structural information, albeit at low
resolution, from the wide variety of physical states relevant
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to SP-D/endotoxin interaction. These technologies may be
viewed as “vectors” which facilitate information transfer from
the high resolution techniques of X-ray crystallography or
NMR, where the proteins may be bound to simple sugars,
to more physiologically relevant physical states (monolayers,
planar bilayer films, vesicles, micelles) not amenable to high
resolution structural approaches.

The current study of SP-D NCRD interaction with a
purified Rd LPS (Salmonella Minnesota R7), utilizes infrared
reflection—absorption spectroscopy (IRRAS), a technique
developed in several laboratories specifically for examining
monolayer films of lipids and proteins at the A/W interface
(19-22). Along with IRRAS, standard Langmuir trough
surface pressure measurements are made. To improve the
quality of the structural information available from the IR
spectra, a novel approach developed by the Rutgers
group (23-25) is used to quantitatively interpret the
conformation—sensitive Amide I contour (peptide bond C=0
stretch, 1610—1690 cm™!). The approach, discussed below,
begins with the crystallographic coordinates of human SP-D
NCRD either unliganded or in complex with L,D-heptose (6).
The Amide I intensities of SP-D are then coupled to the
quantitative IRRAS equations of Kuzmin and Michailov (26, 27)
and permit us to determine the orientation of the NCRD
trimer when it binds to an LPS monolayer.

EXPERIMENTAL PROCEDURES

Materials. Lipopolysaccharide from Salmonella Minnesota
R7 (an Rd; mutant), Lipid A, diphosphoryl prepared from
Salmonella enterica serotype minnesota Re 595 (Re mutant),
trizma [tris(hydroxymethyl) aminomethane] hydrochloride,
trizma base and sodium chloride were purchased from Sigma
(St. Louis, MO). Chloroform, methanol, EDTA, and HPLC-
grade water were obtained from Fisher Scientific (Pittsburgh,
PA). D,O with 99.9% isotopic enrichment was purchased
from Cambridge Isotope Laboratories (Andover, MA). A
generalized chemical structure of the LPS Rd; mutant, which
terminates with L,D-heptose, is shown in Figure 1A. Het-
erogeneity has been observed in the acyl chain region,
although generally six or seven saturated chains are present
containing predominantly C14 with one C12 and one C16
chain (28, 29).

A trimeric, recombinant human protein lacking heterolo-
gous N-terminal tags, SP-D NCRD (hNCRD), was prepared
according to Wang et al. (2008). HNCRD was purified by
affinity chromatography on maltose, showing that hNCRDs
used herein are competent in carbohydrate binding. A
trimeric, recombinant rat SP-D NCRD (rNCRD) fusion
protein was expressed and purified as previously described
(8). A few preliminary experiments were conducted using
rNCRD:; all data reported herein originates from the hNCRD
protein except for the rNCRD (injected at 10mN/m) data
presented in Figure 3C. The final stocks of purified protein
(500 pug/mL for rat and 812 ug/mL for human) were in 50
mM Tris, pH 7.5, 500 mM NaCl and 10 mM Hepes, pH
7.4, 150 mM NaCl with 5 mM CaCl,, respectively.

Crystallographic Analysis of Protein Constructs. X-ray
crystallographic coordinates used in these studies were
obtained from 1.8 A resolution crystal structures of hANCRD
SP-D, either in complex with L,D-heptose (PDB code 2RIB;
(6)) or with no sugar present (PDB code 3DBZ; J. Head
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FIGURE 2: (A) Surface pressure—molecular area isotherms of Rd,
LPS monolayers spread on a Tris buffer (pH 6.9) and 150 mM
NaCl subphase containing 4 mM Ca?*. The isotherms were acquired
on two different troughs using continuous (smooth curve) versus
intermittent (jagged isotherm) compression to demonstrate the
stability of the Rd; monolayer. Intermittent compression is required
when collecting IRRAS spectra as shown in (B) for the Rd,
monolayer at increasing surface pressure (top to bottom) over the
1780—1575 cm™! spectral region.

and B. Seaton, unpublished work). Crystals were prepared
as described previously from PEG solutions containing
calcium chloride (/2). The heptose complex (Figure 1B) was
obtained through a crystal soaking protocol described previ-
ously (6). Atomic coordinates sets used for calculations
consisted of the SP-D trimers (backbone atoms only) with
no solvent or ions included.

Sample Preparation and Lipid Isotherm Acquisition.
Solutions of the Rd; LPS were prepared in chloroform/
methanol (10/1, v/v) at ~1 mg/mL concentration by gentle
warming. A Nima 611 LB trough (Nima Technology, Inc.,
Coventry, England; maximum surface area approximately
600 cm?) with a model PS4 surface pressure sensor was used
for the acquisition of LPS monolayer surface pressure-
molecular area (;7-A) isotherms. Typically, 25 uL of the lipid
solution was spread on a 150 mM NaCl, 5 mM Tris (pH
6.9), and 4 mM CaCl, subphase at 21.5 £ 0.5 °C at large
molecular areas. Following a 30 min equilibration period to
allow for solvent evaporation and film relaxation, monolayers
were compressed at 15 cm?min while isotherms were
recorded.

IRRAS Measurements of LPS and LPS/Protein Films.
IRRAS spectra were acquired with a Bruker Instruments
Equinox 55 spectrometer equipped with an external variable
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FIGURE 3: IRRAS spectra (1765—1540 cm™!) of SP-D NCRD
adsorption to Rd; monolayers initially compressed to surface
pressures of (A) 10 mN/m and (B) 25 mN/m. Spectra were acquired
(1) prior to and (2) following protein subphase injection and pressure
equilibration. Subsequently, an EDTA solution was injected into
the subphase, and spectra were acquired after (3) 10 min and (4)
1 h. (C) The surface pressure dependence of Rd; LPS acyl chain
conformational ordering monitored by asymmetric methylene
stretching frequencies. Separate experiments were conducted in the
absence and presence of adsorbed rat or human SP-D NCRD
proteins when the LPS monolayers were initially compressed to
10 or 25 mN/m as noted.

angle reflectance accessory, the XA511. The accessory is
coupled to a custom-designed Langmuir trough (maximum
surface area of 86 cm?) constructed by Nima Technology
Ltd. (Coventry, England) with a model PS4 surface pressure
sensor. IRRAS spectra are acquired with a wire grid polarizer
mounted in the optical path. Computer-driven stepper motors
rotate the mirrors to obtain the desired angle of incidence.
The reflected light is directed onto a narrow band mercury/
cadmium/telluride (MCT) detector. The entire experimental
setup is enclosed and purged to control the relative humidity
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levels. Additional trough and instrument details have been
previously reported (30).

Interferograms were collected with the use of a sample
shuttle program to compensate for the residual water vapor.
For each spectrum, a total of 2048 scans were acquired at
~8 cm™! resolution, in 4 blocks of 512 scans each, coadded,
apodized with a Blackman-Harris-3-term function, and fast
Fourier transformed with one level of zero-filling to produce
spectral data encoded at ~4 cm™! intervals. IRRAS spectra
are reported as —log (R/R,), where R is the intensity of light
reflected from the film-covered surface and R, is the intensity
of light reflected from the background surface.

IRRAS experiments were conducted as follows. Aliquots
of ~10 uL of LPS solution were spread dropwise on a D,O-
based subphase (same composition as described above) and
45 min were allowed for equilibration. The initial surface
pressure for all experiments was 0 mN/m. Spectra were
collected during intermittent compression while 7-A iso-
therms were recorded. A barrier speed of 1 cm?min was
used. The barrier was stopped at particular surface pressure
values and a relaxation period of 5 min was allowed before
spectral acquisition. Unless otherwise noted, spectra were
collected using s-polarized light at a 50° angle of incidence.
For studies of SP-D NCRD adsorption, when the desired
surface pressure (10 or 25 mN/m) was reached, 60 uL of
the protein solution (~0.8 mg/mL) was injected beneath the
preformed LPS monolayer. When the surface pressure had
stabilized (15—30 min), spectra of the lipid/protein film were
acquired. For orientation studies, spectra were acquired at
various angles of incidence (typically from 34 to 48° in 2°
increments) using s- and p-polarized radiation (30). Within
the IRRAS spectral acquisition time, there was no indication
of protein diffusion to the reference side of the trough.
Subsequently, in particular experiments, 1.5 mL of EDTA
solution (~0.2M) was injected into the subphase to a final
concentration of ~5 mM and spectra were collected as a
function of time. Finally, additional control experiments were
conducted with lower concentrations of EDTA being injected
into the subphase (final concentration 0.006—0.5 mM).

IRRAS Data Analysis. Data analysis was performed using
Grams/32 software (Galactic Industries Corp., Salem, NH,
USA) to determine peak intensity at particular frequencies
within the Amide I contour after linear baseline correction.
Peak positions for the methylene asymmetric stretching mode
were determined with a center-of-gravity algorithm written
by D. Moffatt and provided by the National Research Council
of Canada.

Simulations of the IRRAS Amide I Band and the Deter-
mination of Trimer Orientation. Reflectance—absorbance
Amide I bands of the trimeric form of SP-D adsorbed at the
A/W interface were obtained for a series of angles of
incidence using s- and p-polarized light. By simulating the
Amide I band as described below we are able to discern the
tilt of the trimer’s symmetry axis with respect to the water
surface.

At the outset, it is noted that our simulations require the
crystallographic coordinates of the peptide bonds. Our
approach regards the Amide I contour as resulting from a
collection of interacting oscillators (one per peptide bond).
The interactions between the oscillators are calculated from
geometry-sensitive formulas suggested by elementary phys-
ics. A single set of parameters based on the above interactions
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was previously used to simulate, with excellent accuracy,
the Amide I contour of ~15 proteins comprising a variety
of secondary structures (24).

The optical theory of Kuzmin (26, 27) was used to
calculate the reflectance—absorbance of the Amide I mode
for the adsorbed protein film as previously discussed in detail
(31). The calculation requires the laboratory frame Cartesian
components of the index of refraction and the extinction
coefficient of the protein film. The extinction coefficient of
a given vibrational mode depends on the square of the
resultant transition dipole moment for that mode. Beginning
with atomic coordinates from a three-dimensional protein
structure, our Amide I band simulation method (24) permits
us to obtain the Cartesian components of the transition dipole
moments for each mode of vibration in the molecular frame.
These then can be converted into the laboratory frame
components by an Euler angle transformation based on an
assumed geometric relation between the molecule and the
water surface.

The trimeric form of hNCRD (6, 12) has 450 peptide
bonds. In our coupled oscillator model each trimer therefore
has 450 Amide I modes of vibration. The contribution of
each peptide group to each of these modes is given by the
inverse L matrix as found by our Amide I band simulation
algorithm. This permits a weighted sum of transition dipole
components in the molecular frame to be calculated for each
mode.

The extinction coefficient and the index of refraction are
related as the real and imaginary parts of the square root of
the complex dielectric constant seen by the light propagating
through the surface layer. The equations in Becker (32) for
an elastically bound electron were used to model n and k.
In addition, a 30% Gaussian—70% Lorentzian band shape
was used to broaden the extinction coefficient lines. The
common factors in the Cartesian components of n and k were
the laboratory frame values of the extinction coefficient
components as computed from the square of the laboratory
frame transition dipole components. These values were
adjusted by a common strength factor to make the simulated
band fit the experimental IRRAS band. The central value
for the refractive index of the film was taken to be 1.41.
The final values for n and k are given by the summation of
450 terms, one for each normal mode of vibration for the
coupled oscillator system.

The Cartesian components of the transition dipoles in the
molecular frame can be converted into components in the
laboratory frame by the Euler angle transformation matrix
as found in appendix I of Wilson, Decius, and Cross (33).
The Euler angle transformation had also been used prior to
the Amide I simulation to make the symmetry axis of the
trimer parallel to the molecular z-axis. Then the polar angle,
theta, between the molecular z-axis and the laboratory Z-axis
perpendicular to the water surface gives the tilt of the trimer
with respect to the water surface. The other two Euler angles,
phi and chi, were kept constant at 45°.

RESULTS

LPS Monolayers. Overlaid 7-A isotherms of Rd; LPS
monolayers (shown in Figure 2A), used in the current
experiments as a model for the outer leaflet of the outer
membrane of Gram-negative bacteria or LPS micelles,
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demonstrate the relative stability of the lipid films. The
isotherms were acquired using two different troughs and very
different methods of compression. In general, they show that
Rd; LPS forms a somewhat expanded monolayer, stable,
under continuous compression (smooth curve), up to pressure
values of at least 40 mN/m. The overall similarity between
the two suggests that the relaxation processes occurring
during intermittent compression (jagged isotherm), necessary
for acquiring IRRAS spectra, do not destabilize the film
during the time required to complete this experiment,
approximately 1 —2 h. High quality IRRAS spectra (1800— 1575
cm™! region) acquired during intermittent monolayer com-
pression are shown in Figure 2B. The ester carbonyl band
is observed at ~1735 cm™! along with a broad Amide I and
carboxylate feature (1600—1650 cm™"). Two of the corre-
sponding functional groups (ester carbonyl and amide group)
are found in the lipid A portion of LPS and the carboxylates
are found in the core region (see Figure 1A). Band intensity
increases with pressure are consistent with film stability; band
shape changes are minimal indicating that the environment
(e.g., hydration) of these groups stays essentially the same
over the 5—44 mN/m pressure range sampled.

LPS/SP-D NCRD IRRAS Experiments: Binding Studies.
Investigations of binding between the SP-D hNCRD trimer
and Rd, LPS were conducted by injecting a protein solution
underneath a preformed LPS monolayer compressed to
specific initial surface pressure values (77;) on a Ca’'-
containing subphase. Experiments were conducted at 7; =
10 and 25 mN/m. One reason the initial pressure of 25 mN/m
was selected is because it falls within the range reported for
biological membranes (34, 35). In each experiment, IRRAS
spectra were acquired before and after protein injection
allowing time for equilibration of surface pressure (Figure
3A and B). A small decrease in pressure was observed for
both lipid films during the equilibration period prior to
protein injection. Surface pressure decreased to ~8 mN/m
for -y = 10 mN/m and to ~20 mN/m for 7; = 25 mN/m.
Following the adsorption of protein and data acquisition, an
EDTA solution was injected into the subphase to evaluate
the Ca?*-dependence of the LPS/NCRD interaction, as well
as the effects of chelation on the LPS monolayer.

When the LPS monolayer was initially compressed to a
pressure value of 10 mN/m, a rapid increase in pressure was
observed upon protein injection which stabilized at ~17
mN/m after 10 min. Representative IRRAS spectra over the
1770—1540 cm™! range are shown in Figure 3A before and
after protein adsorption, along with two spectra obtained
following the injection of an EDTA solution into the
subphase. IRRAS spectra from the 77; = 25 mN/m experiment
(r = 20 mN/m upon film relaxation), are presented in Figure
3B. In this experiment, a small, rapid increase in pressure
from 20 to 22 mN/m was observed after SP-D hNCRD was
injected into the subphase.

The spectrum labeled (2) in each panel of Figure 3 was
acquired following protein injection and pressure equilibra-
tion. IRRAS intensity in the 1600—1650 cm™! region from
LPS monolayers (arising from the carboxylate and Amide I
modes of LPS) is assumed to remain constant after the SP-D
injection, as is observed for the LPS ester carbonyl band
(~1735 cm™"). Upon protein injection, a significant increase
in Amide I intensity relative to the LPS ester carbonyl band
(difference between spectra labeled (1) and (2) in each panel)
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is evident for both high and low pressure experiments. Amide
I band position and shape are very similar in both cases
indicating that the secondary and tertiary structures of
hNCRD are essentially the same regardless of lipid packing
(over the pressure range studied). In addition, a carboxylate
asymmetric stretching band at ~1570 cm™!, thought to arise
from the CRD region of the protein, is present in the ternary
system (LPS/SP-D/Ca’", see spectrum labeled (2) in Figure
3A and B). The protein carboxylate band was previously
shown to be a specific marker for a similar Ca?>"-dependent
interaction between a phospholipid and the lung surfactant
collectin protein SP-A in bulk phases (36). In the current
set of experiments, the appearance of the carboxylate band
(1570 ¢cm™") of SP-D appears to be dependent on the
presence of Ca?' and independent of the presence of lipid
(not shown).

Evidence of Ca’-dependent LPS-NCRD binding was
observed when an EDTA solution was subsequently injected
into the subphase. Spectra acquired after the addition of
EDTA (10 min (3) and 1 h (4) in Figure 3A and B) display
a significant decrease in Amide I intensity with time. Not
long after the EDTA injection (~10 min), the intensity of
the protein carboxylate band is reduced to the noise level,
whereas the Amide I band contour, although reduced in
intensity, maintains essentially the same position and shape
(compare spectra labeled (2) and (3) in Figure 3A and B).
One hour after addition of EDTA, the intensity in the Amide
I region is significantly reduced and the contour changes
dramatically, most likely reflecting predominant contributions
from LPS and EDTA with little residual protein remaining
at the interface. Throughout the experiment, the LPS ester
carbonyl band (~1735 cm™!) appears unchanged by the
EDTA injection. As a control, IRRAS spectra were acquired
after an EDTA solution (final subphase concentration ~5
mM) was injected under an Rd; LPS monolayer initially
compressed to ~10 mN/m. After approximately 40 min, a
moderate surface pressure increase to ~12 mN/m was
observed along with an additional band (shoulder) at ~1615
cm™!, most likely due to the carboxylate asymmetric stretch
of EDTA (not shown). The time scale for the appearance of
1615 cm™! shoulder is approximately the same for experi-
ments run in the presence and absence of protein, most likely
reflecting the low surface activity of EDTA. In an additional
control experiment designed to examine the effects of EDTA
on protein structure, a less concentrated EDTA solution (final
concentration ~0.006 mM) was injected into a Ca?"-free
subphase after adsorption of the NCRD to a lipid-free A/W
interface. The Amide I band shape and position remained
basically the same as displayed in Figure 3 over 6 h (not
shown). We note that Ca®"-free crystal structures are not
available. Therefore small spectral changes in the Amide I
contour cannot be quantitatively interpreted. The concentra-
tion of EDTA in the second control experiment was more
than sufficient to bind the Ca?>" introduced with the protein
injection but low enough so that it is either below our
detection limit or did not appreciably adsorb to the A/W
interface as is indicated by the lack of a band at 1615 cm™!
and the lack of a pressure increase.

Surface pressure-induced conformational ordering in the
acyl chains of an Rd; LPS monolayer is indicated by the
shift to lower frequency in the asymmetric methylene
stretching mode as displayed in Figure 3C. Only a slight
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FIGURE 4: IRRAS spectra (1765—1540 cm™! region) acquired using
s- and p-polarized radiation for ANCRD SP-D adsorbed to (A) and
(B) a clean A/W interface and to (C) and (D) an Rd; LPS monolayer
initially compressed to 10 mN/m at various angles of incidence.
Band intensity at the 1654 cm™! position, noted by the vertical line
drawn on the Amide I band, is used to determine the orientation of
the protein at the interface.

deviation, in the 15—25 mN/m surface pressure range, is
observed in the frequency versus pressure plots following
the introduction of either rat or human SP-D NCRD under
the lipid monolayers. At pressure values greater than 25 mN/
m, further frequency decreases are essentially independent
of the presence of the protein suggesting that SP-D NCRD
binding to the core oligosaccharide does not greatly perturb
the pressure-induced packing of the LPS acyl chains.

LPS/SP-D NCRD IRRAS Experiments: Orientation Studies.
The nature of the A/W interface together with the physical
and chemical characteristics of the sample components
imparts a specific geometry to the systems under study. The
resulting organization can be exploited to obtain information
about the orientation of particular molecular regions upon
protein/lipid binding by acquiring IRRAS spectra using
polarized light at a variety of angles of incidence. Measure-
ments were again conducted at initial pressure values 10 and
25 mN/m. Although, based on the analysis below, it might
have been useful to carry out measurements at higher initial
pressure values (35—40 mN/m), this was not feasible due to
the following. Polarized IRRAS measurements over a range
of incident angles require film stability (at a specific pressure
value) for 5—6 h. Whereas, the Rd, monolayer is stable
enough to acquire the spectra shown in Figure 2B at 7 > 30
mN/m (equilibration and acquisition time requires ~15 min/
spectrum), film stability deteriorates over the longer time
scales (at 7 > 30 mN/m) required for orientation studies.

IRRAS spectra acquired after hNCRD SP-D was injected
into the subphase in the presence and absence of an Rd,
monolayer in the 1540—1770 ¢cm™! region are shown in
Figure 4. The spectra shown in Figure 4, A and B, were
acquired after the protein adsorbed to a clean A/W interface
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FIGURE 5: (A) Simulated Amide I contours for hNCRD SP-D
calculated from the coordinates of the crystallographic complexes
with (dashed line) and without (solid line) bound L,D-heptose. (B)
Amide I sub-bands corresponding to contributions from peptide
bonds in the neck and the CRD regions of the protein using the
same designations as in (A).

whereas the spectra shown in Figure 4, C and D, were
acquired in the presence of an Rd; LPS monolayer initially
compressed to 10 mN/m. Similar spectra were obtained for
the 77; = 25 mN/m experiment (not shown). For all data sets,
the Amide 1 band intensity (centered at ~1640 cm™!) varies
with angle of incidence for both s- and p-polarization in a
predictable way (37). In particular, a slight decrease in the
Amide I band intensity using s-polarization and a significant
increase in intensity using p-polarization is observed as the
incident angle increases. Differences in the degree of intensity
variation in the presence compared to the absence of lipid
are noted, especially for the spectra acquired using p-
polarization.

In order to extract orientation information from IRRAS
spectra of proteins, a region of secondary structure with a
well-defined molecular axis is required. Considering a
monomer in the protein under study, the uninterrupted coiled-
coil neck region meets the necessary requirements while the
CRD, containing short segments comprised of various
secondary structures, does not. The resultant transition dipole
moment change in the CRD for all the modes essentially
cancels out. In the following calculations, the first step was
to align the symmetry axis of the trimer with the molecular
z-axis as discussed in the Simulation section. The tilt angle
of the trimer (angle between the molecular z-axis and the
normal to the water surface) was determined using the
following approach.

The overall Amide I band contour was simulated for the
trimeric SP-D fragment as described in the Experimental
section (24, 25). Simulated spectra derived from the crystal
structure coordinates of human, trimeric NCRD SP-D, free
and with bound L,D-heptose are displayed in Figure SA. Both
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FIGURE 6: Simulated IRRAS Amide I sub-bands (inverted) for the
neck and CRD regions of hNCRD SP-D based on the X-ray
coordinates of the protein with bound L,D-heptose. The calculation
was performed using an incident angle of 36° for (A) p-polarization
and (B) s-polarization with the tilt angle of the neck axis aligned
at 90° (solid line) and 0° (dashed line) with respect to the normal
to the A/W interface. A vertical line is drawn at 1654 cm™! to
highlight the sensitivity of the intensity in the neck sub-band to
orientation.

structures contain three bound calcium ions per CRD. As
expected from a comparison of the two crystal structures,
the two simulated Amide I bands are quite similar. One
benefit of the simulations is the ability to extract the spectral
contribution from any region of the protein as is shown in
Figure 5B which displays simulated Amide I sub-bands from
the neck and CRD regions.

Simulated Amide I contours were transformed into the
IRRAS framework as described in the Simulation section.
IRRAS Amide I sub-bands (inverted) simulated for the neck
and CRD regions of the heptose-bound structure are dis-
played in Figure 6 and are essentially the same as bands
generated for the unliganded structure using the same
parameters (not shown). Simulations were conducted using
an angle of incidence of 36° and tilt angles of 0° and 90° to
demonstrate the sensitivity of the neck region to orientation.
It is evident that the CRD contour is relatively insensitive
to orientation, because the overlaid bands for the two tilt
angles do not differ significantly, especially for s-polarized
radiation. In contrast, the simulated sub-bands arising from
the neck oscillators vary significantly for both s- and
p-polarization when comparing the two tilt angles. In an
attempt to exploit this sensitivity, the band intensity in the
simulated Amide I contour at 1654 cm™! was obtained for
s- and p-polarization over a range of angles of incidence at
various neck tilt angles. Similar intensity measurements were
made at 1654 cm™! on the experimental data as marked by
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FIGURE 7: Determination of NCRD SP-D orientation at the A/W
interface in the presence and absence of Rd; monolayers by
comparing the dichroic ratios calculated from simulated Amide I
band intensities at 1654 cm™! over a range of incident angles (lines,
at particular neck axis tilt angles as noted) with experimentally
measured dichroic ratios (symbols: (O) clean A/W interface; (@)
Rd; monolayer initially compressed to 10 mN/m and (A) to 25
mN/m). The mean and standard deviation for four separate
experiments are shown for Rd; monolayers compressed to 10 mN/
m, and averages for two experiments are shown for the remaining
two data sets.

the vertical lines in Figure 4. Dichroic ratios (p/s intensity)
were calculated from the simulated and experimental Amide
I band intensities to determine the orientation of the
molecular axis, i.e. the tilt angle of the neck region with
regard to the normal to the A/W interface.

Experimental dichroic ratio values measured using three
different sets of conditions are plotted over a range of
incident angles along with curves generated from simulated
Amide I band intensities calculated at various tilt angles
(Figure 7). The experimental values were obtained from
SP-D hNCRD adsorption to a clean A/W interface and to
Rd; monolayers initially compressed to surface pressures of
10 and 25 mN/m. The simulated curves are based on the
coordinates of the L,D-heptose-bound protein structure. The
best fit to the experimental data in the absence of an LPS
monolayer was found for the simulations where the molecular
axis was essentially parallel to the A/W interface, i.e., a tilt
angle close to 90°. By contrast in the presence of LPS
monolayers, the best fit to the experimental dichroic ratio
values for the LPS 7; = 10 mN/m experiment yields a tilt
angle range of 20—45°, and a tilt angle closer to 20° for the
LPS 7; = 25 mN/m experiment. As anticipated, a 0—20°
tilt angle would likely allow for the simultaneous binding
of all three CRDs with heptose groups in the core region of
LPS molecules.

DISCUSSION

In the present work, we describe the use of IRRAS to study
specific molecular interactions associated with SP-D NCRD
adsorption to LPS monolayers. One unique feature of the
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current study is our ability to obtain structural information
about SP-D binding to a biological ligand under physiologi-
cally relevant conditions. In the following discussion, the
results of IRRAS experiments regarding the Ca>"-dependence
of the interaction, nonspecific protein adsorption to the A/W
interface versus specific ligand binding, and the orientation
of the hNCRD trimer will be discussed in the context of
these data, providing support for specific binding between
the CRD of SP-D and the core region of the Rd; monolayer.

SP-D NCRD Adsorption to the Rd; LPS Monolayer. Ca>*-
dependence is clearly evident in the binding of the SP-D
NCRD to LPS monolayers. Protein desorption from such
monolayers upon the introduction of EDTA into the subphase
is consistent with Ca?>"-mediated binding between the CRD
and LPS. Control experiments along with spectra shown in
Figure 3 corroborate that EDTA, as introduced in the current
experiments, has at most a small effect on the measured IR
contours for either Rd; or NCRD. EDTA acts primarily as
a Ca?* chelating agent. Based on the results presented herein,
along with recent crystallographic studies and inhibition
assays investigating the lectin activity of hNCRD, we suggest
that binding takes place between the CRD and L,b-heptose
in the core region of Rd; LPS (6).

The increase in pressure (~7 mN/m for hNCRD, Figure
3A and 10 mN/m for rat NCRD, not shown) observed after
protein injection for the 7z; = 10 mN/m experiments likely
reflects the intrinsic surface activity of the protein as it
adsorbs to the A/W interface. This adsorption reduces the
surface area available to the lipid molecules and results in
acyl chain ordering as is evident in the plots of the methylene
asymmetric stretching frequencies (Figure 3C, 7r; = 10 mN/
m). For both experiments (;7; = 10 and 25 mN/m), the
pressure induced acyl chain ordering is, to a large extent,
independent of the presence of protein consistent with the
lack of a specific (hydrophobic) interaction between the
NCRD and the LPS acyl chains.

The combination of surface pressure and IRRAS measure-
ments allows us to differentiate between nonspecific adsorp-
tion to the A/W interface or to the LPS monolayer and
specific binding of protein to the LPS monolayer. Prior
studies (37) have shown that surface pressure measurements,
which probe penetration into the lipid layer, are insensitive
to adsorption below the lipid monolayer. In the current set
of experiments, surface pressure measurements are also
shown to be insensitive to specific Ca?"-mediated binding
taking place in the vicinity of the LPS heptose groups and
the subphase, i.e., below the lipid monolayer. Support for
this claim comes from the high pressure experiment (77; =
25mN/m) where the intensity of the Amide I band is
significantly larger than expected for a 2 mN/m pressure
increase. The small pressure increase indicates that relatively
small amounts of protein adsorb to the A/W interface.
Whereas the intensity of the Amide I band alone may be
indicative of nonspecific adsorption to the monolayer and/
or specific binding, the Ca’*"-dependence discussed above
is only consistent with specific binding.

The following comparison reinforces the concept that the
binding interaction between SP-D and LPS involves the
lipopolysaccharide core domain rather than the lipid portion
of the molecule. In separate experiments, hNCRD was
injected beneath diphosphoryl lipid A monolayers initially
compressed to pressure values of either 10 or 30 mN/m. Lipid
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FIGURE 8: Overlaid IRRAS spectra (1765—1540 cm™!) comparing
hNCRD SP-D adsorption to Lipid A and Rd; monolayers (as noted)
initially compressed to a surface pressure of 10 mN/m after
equilibration of pressure to ~17 mN/m for both experiments. A
spectrum of Lipid A at w = 10mN/m prior to protein injection is
also shown.

A lacks the specific carbohydrate moieties (see Figure 1A)
implicated in SP-D binding as suggested by binding assays
and X-ray crystallography (6, 72, 13), but consists of
essentially the same lipid acyl chain distribution as the Rd,
LPS. Amide I band intensity was significantly lower fol-
lowing protein injection under Lipid A compared to Rd,
monolayers for both initial conditions (low and high pres-
sure). IRRAS spectra (1765—1540 cm™') are overlaid in
Figure 8 following hNCRD injection under Lipid A versus
Rd; monolayers initially compressed to 10mN/m. An IRRAS
spectrum of the Lipid A monolayer prior to protein introduc-
tion is also included in the figure. Whereas the pressure
increase upon protein adsorption is nearly identical for the
two lipids (final pressure of 16—17 mN/m), the Amide I
intensity is not. We infer that the Amide I intensity for the
Lipid A, low pressure experiment arises mainly from
nonspecific protein adsorption to the A/W interface. The
majority of the additional band intensity for the correspond-
ing Rd, experiment is likely due to specific binding interac-
tions between the core region of Rd, and the CRD of SP-D.
In addition, the Amide I band intensity is significantly smaller
(peak height <0.001 RA) after protein is injected under a
Lipid A monolayer compressed to 30 mN/m (not shown)
where adsorption to the A/W interface would be minimal.
Based on all the adsorption measurements, we infer that the
equilibrium pressure of the hNCRD lies between 22—30 mN/
m. Consistent with the above observations, previous studies
report minimal binding between hNCRD and Re-LPS or Kdo
(3-deoxy-o-D-manno-oct-2-ulosonic acid) (6). This compari-
son illustrates the utility of the IRRAS protocol to serve as
a qualitative binding assay while providing information
regarding the specificity of the interaction.

In an earlier report, Taneva et al. (38) investigated the
surface activity of full-length recombinant rat SP-D by
measuring surface pressure changes in the presence and
absence of phospholipid monolayers. To the best of our
knowledge, this is the only other published study regarding
the interaction of SP-D with lipid monolayers. The authors
(38) are careful to note that there may be inadequacies in
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interpretations of experiments involving surface pressure
changes in the absence of additional corroborating measure-
ments. Taneva et al. suggest that hydrophobic forces drive
the lipid/protein interaction independent of the lipid head-
group, implying a significant role for the lipid acyl chains.
However, in their study, the presence of calcium in the
subphase attenuated the surface activity of the protein and
its ability to generate surface pressure changes upon adsorp-
tion to lipid monolayers. We suggest that a portion of the
pressure increase observed by Taneva et al., arises from
nonspecific adsorption of the protein to the hydrophobic A/W
interface, possibly explaining part of the lipid headgroup
independence. Of course, we cannot rule out the possibility
that the full-length protein may have a stronger interaction
with lipid acyl chains than the NCRD used herein. Neverthe-
less, our results suggest that interactions are dominated by
Ca’*-dependent binding with the core region of LPS.

Protein Molecular Orientation. To understand the cor-
relation between the Amide I spectral contour and the three-
dimensional protein structure in more detail, we have
developed a method (24, 25) that permits us to predict the
Amide I spectrum from the crystal structure of hNCRD.
Coupling the Amide I contour simulations with the quantita-
tive IRRAS equations allows us to ascertain the orientation
of the adsorbed protein relative to the monolayer surface.
As is evident in the simulated dichroic ratio curves plotted
in Figure 7, our ability to distinguish between tilt angles
decreases as tilt angle values decrease (simulated curves are
closer together at lower tilt angles). In addition, the simulated
curves also tend to coincide as the angle of incidence
decreases. Therefore, more weight is placed on finding the
best fit to the experimental data for the larger angles of
incidence as plotted in Figure 7.

Following protein adsorption for the m; = 10 mN/m
experiment, the dichroic ratio values yield a neck tilt angle
range of 20—45°. The tilt angle appears to be on the low
end of this range (~20°) for the 7z; = 25 mN/m experiment.
We suggest that the broadened range of tilt angles at the
lower pressure reflects the presence of two populations of
adsorbed hNCRD, each population defined by its orientation.
It is reasonable to assume, for example, that one pool of
protein molecules exists with a 0—20° neck tilt angle and
reflects the SP-D population associated with specific ligand
interactions, and a second pool adsorbed to the A/W interface
with a 90° tilt. This heterogeneity is observed when the lipid
was initially compressed to 10 mN/m, but diminishes at
higher pressures. A linear combination of these two popula-
tions would produce the measured dichroic ratio values as
plotted and yields the 20—45° tilt angle range. An analogous
procedure was previously utilized to describe the orientation
of helical pulmonary surfactant protein C in monolayer
environments (39).

The coupling of the overall Amide I contour simulations
with quantitative IRRAS tilt determinations leads to reason-
able results (0—20° neck tilt) for binding to LPS monolayers.
This geometry suggests that all three CRDs contact the
monolayer and that the coiled neck region extends into the
subphase approximately normal to the A/W interface. In
contrast, in the absence of LPS, the tilt angle of the neck
region of hNCRD was approximately parallel to the water
surface (90°). With this orientation, lateral CRD surfaces
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would contact the interface, precluding involvement of all
three ligand-binding surfaces (6, 10-13).

In summary, the IRRAS findings extend recent studies
showing that SP-D can bind to Rd-LPS (6). In particular,
the current findings demonstrate specific binding in the
context of a defined lipid layer. Poor binding to Lipid A
monolayers is consistent with preferential binding to the
heptose-rich inner core oligoscaccharide region. Specific
binding of hNCRD to Rd; LPS monolayers is Ca’*-
dependent and consistent with a molecular orientation that
places the trimer axis close to perpendicular to the monolayer
plane. In this orientation, all three CRD subunits are
positioned to form specific interactions between the lectin
sites and LPS core saccharides. Without ligand, the binding
interactions that promote the perpendicular orientation are
absent, as reflected by the vastly different tilt angle;
hydrophobic or other forces become key in orienting the
molecule adsorbed at the water surface. The findings are
relevant to interactions between pulmonary surfactant and
glycoconjugates present in micelles or associated with
microbial cell walls and viral envelopes.
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