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Background: Mannose-binding lectin (MBL) activates complement by recognizing sugar arrays on pathogenic surfaces.
Results: Solution structures for the MBL monomer, dimer, trimer, and tetramer were determined by synchrotron x-ray scat-

tering, analytical ultracentrifugation, and constrained modeling.

Conclusion: Near-planar solution structures were determined for the MBL dimer, trimer, and tetramer.
Significance: The structures clarify a likely molecular mechanism for MBL activation.

The complement system is a fundamental component of
innate immunity that orchestrates complex immunological
and inflammatory processes. Complement comprises over 30
proteins that eliminate invading microorganisms while main-
taining host cell integrity. Protein-carbohydrate interactions
play critical roles in both the activation and regulation of
complement. Mannose-binding lectin (MBL) activates the
lectin pathway of complement via the recognition of sugar
arrays on pathogenic surfaces. To determine the solution
structure of MBL, synchrotron x-ray scattering and analytical
ultracentrifugation experiments showed that the carbohy-
drate-recognition domains in the MBL dimer, trimer, and
tetramer are positioned close to each other in near-planar
fan-like structures. These data were subjected to constrained
modeling fits. A bent structure for the MBL monomer was
identified starting from two crystal structures for its carbo-
hydrate-recognition domain and its triple helical region. The
MBL monomer structure was used to identify 10-12 near-
planar solution structures for each of the MBL dimers, trim-
ers, and tetramers starting from 900 to 6,859 randomized
structures for each. These near-planar fan-like solution
structures joined at an N-terminal hub clarified how the car-
bohydrate-recognition domain of MBL binds to pathogenic
surfaces. They also provided insight on how MBL presents a
structural template for the binding and auto-activation of the
MBL-associated serine proteases to initiate the lectin path-
way of complement activation.
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Mannose-binding lectin (MBL*; also called mannan-binding
lectin or mannose-binding protein) is the primary recognition
molecule of the lectin pathway of complement activation.
Through its multiple carbohydrate-recognition domains
(CRDs), MBL is able to bind to sugar arrays on microorganisms
to activate the complement system. MBL circulates in the com-
plex with MBL-associated serine proteases (MASPs-1, -2, and
-3). Upon recognizing and binding appropriate sugars on the
target surface, MBL and/or MASP undergo a conformational
change that leads to activation of the MASPs. MASP-2 acts
similarly to C1s of the classical pathway whereby it cleaves C4
and C2, resulting in the formation of the C3 convertase of the
lectin pathway, C4b2a (1). Microorganisms are ultimately
cleared following opsonization and phagocytosis or are lysed
following activation of the membrane-attack pathway. Circu-
lating human MBL consists of large oligomers assembled from
structural monomers, each of which is formed from three iden-
tical polypeptide chains. The three polypeptide chains each
consist of an N-terminal cysteine-rich domain, followed by a
collagenous region containing 19 Gly-Xaa-Yaa triplet repeats,
an a-helical neck region, and a C-terminal calcium-dependent
CRD (Fig. 1A4) (2, 3). In the rat, MBL forms oligomers, ranging
only from monomers to tetramers, where the larger oligomers
activate complement more effectively (4). The human MBL
oligomers include dimers and trimers and extend up to hexam-
ers and octamers; the major forms of human MBL are also trim-
ers and tetramers, whereas pentamers and hexamers occur in
much lower amounts. Three naturally occurring mutations in
the collagenous region of MBL lead to reduced complement
activation through the lectin pathway as a result of low levels of
oligomerization of the structural units (5). MBL deficiency is
the most common human immunodeficiency identified to date,
and it increases the susceptibility to and the severity of infec-
tions or inflammatory diseases, including HIV (6), hepatitis (7),
and cystic fibrosis (8). MBL replacement therapy may be an

*The abbreviations used are: MBL, mannose-binding lectin; MASP, MBL-asso-
ciated serine protease; CRD, carbohydrate-recognition domain; PDB, Pro-
tein Data Bank.
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FIGURE 1. Monomer of MBL. A, schematic representation of the MBL poly-
peptide. Each polypeptide chain in rat MBL contains 221 residues and is com-
posed of an N-terminal cysteine-rich region, a collagenous region with 19
Gly-Xaa-Yaa triplet repeats, an a-helical neck region, and a C-terminal carbo-
hydrate recognition domain. B, MBL monomer is composed of three identical
polypeptide chains. Potential sites of flexibility in the monomer include the
swivel region, located between the collagenous and neck regions, the kink
region where there is an interruption in the triplet repeats of the collagenous
region, and the hub region between the N-terminal cysteine-rich region and
the collagenous region.

important application for the future to reduce the risk of spe-
cific diseases in children or immunosuppressed patients. For
this to be effective, a better understanding of the MBL structure
and oligomerization is required.

The three-dimensional structures of the different forms of
polymeric MBL are not well understood. Only the high resolu-
tion structures of the CRD and neck region of rat and human
MBL have been determined by x-ray crystallography (9, 10).
The size of MBL, together with its glycosylation, extended col-
lagenous region, and anticipated flexibility, suggests that the
crystal structure determination of intact MBL will be difficult to
achieve. The overall structure of MBL oligomers has been
observed by electron microscopy as either near-planar (termed
“sertiform”) or three-dimensional bouquet-like structures,
with rod-like collagen stems joined at a base and topped by
globular CRDs in proximity to each other (11, 12). Three sites of
potential flexibility have been identified within the MBL struc-
ture. Flexibility may arise in the swivel region between the
collagenous domain and neck region of MBL (9), within the
collagenous region at the site of an interruption in the Gly-Xaa-
Yaa triplet repeat (13), and/or at the junction between the
N-terminal cysteine-rich domain and collagenous domain (Fig.
1B) (14). Atomic force microscopy images suggest that the
N-terminal cysteine-rich regions of the MBL oligomers form a
small “hub,” and the structural monomers are splayed apart in
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near-planar structures from the start of the collagenous regions
(14). An angle of around 40° between the monomers was shown
to be preferred. These most recent images suggested that the
monomers did not extend outward from the central hub of
MBL in a symmetric fashion as proposed previously (15). How-
ever, the use of electron and atomic force microscopy may be
affected by the experimental conditions, which may be harsh
and may damage the sample or perturb the observed images.
The use of solution structural determinations offers a powerful
alternative approach.

The solution arrangement of the monomers in oligomeric
MBL was determined by the combination of x-ray scattering
and analytical ultracentrifugation data with their constrained
modeling. This is a well established method for the overall solu-
tion structural determinations of large multidomain comple-
ment proteins and antibodies, where the structures are often
verified by subsequent crystal structures. Examples include
human complement factors H and I, complement receptor type
2, heparin and heparan sulfate, and the monomer, dimer, and
secretory forms of human IgA (16, 17). Medium resolution
molecular models are determined that are deposited in the Pro-
tein Data Bank. To yield novel insights into MBL function, we
applied this approach here to determine the solution structure
of monomeric rat MBL that was defined starting from known
crystal structures for the CRD and collagen regions. Based on
this monomer structure, we determined mostly sertiform-like
near-planar structures for the dimeric, trimeric, and tetrameric
forms of rat MBL. The resulting structures indicate that the
CRD regions are positioned in proximity to each other and that
oligomeric MBL in solution presents a multivalent surface to
which the MASP proteins bind. These novel MBL structures
are discussed in terms of clarifying the molecular mechanism
for lectin pathway activation.

EXPERIMENTAL PROCEDURES

Purification and Composition of MBL Oligomers—Recombi-
nant rat MBL-A was produced in a Chinese hamster ovary cell
expression system and purified by affinity chromatography on
mannose-Sepharose columns (4, 18). Oligomers were initially
resolved by ion-exchange chromatography on a Mono Q HR
5/5 column (GE Healthcare) equilibrated in 50 mm Tris, pH 8.2,
containing 10 mm EDTA at a flow rate of 1 ml/min at 25 °C.
Oligomers were eluted from the column using a 0-500 mm
NaCl gradient in the same buffer over 45 min. The absorbance
was monitored at 280 nm, and 0.5-ml fractions were collected.
MBL dimers, trimers, and tetramers were eluted as overlapping
peaks from the column and were identified based on their
migration pattern on SDS-polyacrylamide gels, under nonre-
ducing conditions. The larger oligomers (dimers, trimers, and
tetramers) were further purified by gel filtration on a Superdex
200 column (16-60; GE Healthcare) equilibrated in phos-
phate-buffered saline, pH 7.2 (without Ca®>" or magnesium;
Invitrogen), at a flow rate of 1 ml/min. SDS-PAGE was used to
ensure the MBL oligomers were suitably pure for structural
experiments (4, 19), and the samples were stored at 4 °C. The
MBL amino acid composition was computed from its sequence
(Swiss-Prot accession code P19999). The glycosylation of MBL
was represented by four O-linked glucosylgalactosyl disaccha-
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rides per MBL polypeptide chain. The molecular mass of the
MBL monomer was calculated to be 74.3 kDa (24.8 kDa per
polypeptide chain), including these known post-translational
modifications (4). The unhydrated volume of the MBL mono-
mer was determined to be 94.9 nm®. Its hydrated volume was
calculated to be 125.2 nm?, based on a hydration of 0.3 g of
H,O/g of glycoprotein and an electrostricted volume of 0.0245
nm? per bound water molecule (20). A partial specific volume v
of 0.723 ml/g was obtained. The absorbance coefficient at 280
nm (1%, 1 cm path length) was calculated to be 6.16. X-ray
scattering and analytical ultracentrifugation experiments were
performed in 50 mm NaH,PO,, 150 mm NaCl, pH 7.3. The
buffer density at 20 °C was measured using an Anton-Paar
DMAS5000 density meter to be 1.011062 g/ml.

X-ray Scattering Data Collection and Analyses—X-ray scat-
tering data were obtained on the Beamline ID02 at the Euro-
pean Synchrotron Radiation Facility (Grenoble, France), oper-
ating with a ring energy of 6.0 GeV (21). Data were collected for
MBL oligomers in four-bunch mode using storage ring currents
of 22—-41 mA. The sample-to-detector distance was set to
2.0 m, which yielded a Q range from 0.04 to 2.4 nm™ " (where
Q = 4 wsin 6/A; 20 = scattering angle; A = wavelength). Con-
centration series for MBL oligomers were prepared in 50 mm
NaH,PO,, 150 mm NaCl, pH 7.3, with concentrations between
0.31 and 0.46 mg/ml for MBL monomers, 0.29 and 1.15 mg/ml
for MBL dimers, 0.23 and 0.92 mg/ml for MBL trimers, and 0.43
and 0.70 mg/ml for MBL tetramers. 100 ul of sample was loaded
into a capillary flow cell, with a diameter of 1.7 mm. The sample
was moved continuously during beam exposure to minimize
radiation damage. Experimental data were collected at 20 °C.
Four sets of 10 time frames, each of duration of 0.25 or 0.5 s,
were acquired for each sample. Buffers were measured in alter-
nation with the sample to minimize background subtraction
errors. Following on-line checks to confirm the absence of radi-
ation damage at low Q, the 10 frames were averaged for data
analysis. Other details including the data reduction procedure
have been described elsewhere (22).

In a given solute-solvent contrast, the radius of gyration R, is
a measure of structural elongation if the internal inhomogene-
ity of scattering densities within the protein has no effect.
Guinier analysis at low Q gives the R,, and the forward scatter-
ing at zero angle I(0) (23) as shown in Equation 1,

In 1(Q) = In1(0) — R, Q*/3 (Fq. 1)
This expression is generally valid in a Q"R, range up to 1.5. If the
structure is elongated, the mean cross-sectional radius of gyra-
tion R, and the cross-sectional intensity at zero angle
(I(Q)Q) 0 is obtained from the curve analyzed in a Q range
that is larger than and not overlapping with the Q used for the
Rg determination as shown in Equation 2,
In((Q) - Q) = In(l(Q) * Q)g—o — RQ/2 (Eq.2)
The R, and R, analyses lead to the triaxial dimensions of the
macromolecule if the structure can be represented by an ellip-
tical cylinder, where L = \/12(R,> — R,;”) and L is its length
(23). The R, and R, analyses were performed using an interac-
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tive PERL script program SCTPL7® on Silicon Graphics
OCTANE workstations. Indirect transformation of scattering
data I(Q) in reciprocal space into real space to give the distance
distribution function P(r) was carried out using the GNOM
program (24) as shown in Equation 3,

%

1
P(r) = 2JI(O)Qr sin(QndQ (Ea.3)

77_2

o

The P(r) curve corresponds to the distribution of distances r
between volume elements. For the MBL monomer, the x-ray
I(Q) curves utilized 167 points in the Q range between 0.1 and
1.2 nm™"'. For the MBL dimer, 174 points were used in the Q
range between 0.1 and 2.0 nm™~"'. For the MBL trimer, 213
points were used in the Q range between 0.0 and 1.5 nm ™ *. For
the MBL tetramer, 143 points were used in the Q range between
0.1and 1.1 nm™".

Analytical Ultracentrifugation Data Collection and Analyses—
Sedimentation velocity experiments were performed at 20 °C
using two Beckman XL-I analytical ultracentrifuges (Beckman
Coulter Inc., Palo, Alto, CA) at rotor speeds of 40,000 and
50,000 rpm. The instrument was equipped with an eight-hole
AnTi50 rotor with standard double-sector cells with column
heights of 12 mm. Sedimentation was monitored using absor-
bance optics at 280 nm and interference optics. The MBL dimer
and trimer samples were prepared in 50 mm NaH,PO,, 150 mm
NaCl, pH 7.3, at concentrations of 0.39 and 0.15 mg/ml, respec-
tively. The sedimentation boundaries were analyzed using
direct boundary Lamm fits of up to 300 scans using SEDFIT
software (version 11.7) (25, 26). The continuous c¢(s) size distri-
bution analysis algorithm assumes that all species have the
same frictional ratio f/f; in each fit. The final SEDFIT analyses
used a fixed resolution of 200 and optimized the c(s) fit by float-
ing the meniscus, bottom of the cell, the base line, and the
frictional ratio f/f, (initially 1.2) until the overall root mean
square deviation and visual appearance of the fits were deemed
satisfactory. The percentage of each MBL oligomer in the total
loading concentration was derived using the c(s) integration
function.

Generation of the MBL Monomer Model—The starting
model for the rat MBL monomer was created using the unmod-
ified crystal structure of the rat CRD/neck region (PDB code
1IRTM) (10) and the crystal structure of a synthetic collagen
triple helix peptide ((Pro-Hyp-Gly),-Pro-Gly-(Pro-Hyp-Gly)s),
(PDB code 1EI8) (27). The collagen triple helix was manipu-
lated using INSIGHT II 98.0 molecular graphics software
(Accelrys, San Diego) on Silicon Graphics OCTANE worksta-
tions. Collagen fragments were created that were superimposed
upon one another to obtain a structure with the sequence (Gly-
Xaa-Yaa);-Gly-Xaa-(Gly-Xaa-Yaa),, to correspond to that of
rat MBL collagen. The residues of this synthetic collagen triple
helix were then substituted with those of rat MBL using the
Biopolymer module in INSIGHT II. To join the CRD and col-
lagen structures, 5,000 conformationally randomized linkers

). T.Eaton and S. J. Perkins, unpublished software.
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88SRAI®! were created for superimposition onto the C-terminal
Ser residue on the collagen domain and the N-terminal Ile res-
idue on the CRD region. This linker peptide was initially cre-
ated in an extended B-strand conformation. The randomized
conformations were generated from this starting B-strand
model by molecular dynamics simulation using DISCOVER3 at
a temperature of 773 K (28, 29). First, the peptide structure was
subjected to energy minimization for 300 iterations. After a
temperature equilibrium step of 5,000 fs, the simulation was
run for 500,000 fs, saving this every 100 fs to produce the 5,000
models. A linear model of monomeric MBL was created by
defining one vector along the long axis of the collagen triple
helix region (Ca atoms of Gly-36 and Gly-86 on chains B and C)
and another on that of the CRD region (Ca atoms of Val-93 and
Thr-131 on chains B and C) and then measuring the angle
between the two vectors. Models with vector angles close to
180° were visually inspected to identify the most satisfactory
linear structure. The cysteine-rich N-terminal tails were con-
structed in extended 3-strand conformations using Biopolymer
and were superimposed onto the MBL collagen N-terminal
peptides. Four glycosylgalactosyl disaccharides were added to
residues Lys-44, Lys-47, Lys-79, and Lys-82 in each of the three
collagen polypeptide chains to create the starting model for the
rat MBL monomer.

Constrained Modeling of Monomeric MBL—The starting
model for the MBL monomer was optimized using four fit
searches to assess the interdomain linker structures. The first
search fit optimized the linker between the collagen triple helix
and the CRD of chain A of MBL. To enable the search of wider
conformational orientations, a longer six-residue linker peptide
8’DSRAIE®? was initially created in an extended B-strand con-
formation and then 5,000 random conformations were gener-
ated following the above procedure. Each of the 5,000 MBL
models for the MBL monomer was created by superimposition
of the N- and C-terminal residues of each linker conformation
onto the C- and N-terminal residues of the collagen and CRD
regions, respectively. After this, the duplicated superimposed
residues were deleted from the MBL monomer model prior to
carrying out the scattering calculations. The second, third, and
fourth search fits for the MBL monomer optimized the connec-
tion between the collagen triple helix and each of the three
cysteine-rich N-terminal peptides using the best-fit MBL
model from the first cycle of fits. A linker library containing
5,000 different conformations of the arbitrarily selected
sequence **CGRDGRD"" was generated as before. These link-
ers were used to connect the extended N-terminal peptides to
the collagen triple helix in chains A, B, and C. In each search fit,
the best-fit model for one N-terminal peptide was identified
and retained for the next search fit until all three N-terminal
peptides had been positioned.

To calculate the modeled x-ray scattering curves for compar-
ison with the experimental curves, each MBL monomer model
was converted into Debye spheres. A cube side length of 0.538
nm with a cutoff of four atoms consistently gave models within
3% of their total unhydrated volume of 94.9 nm?® (see above).
The hydration shell surrounding glycoproteins is detected by
x-ray scattering, and thus the sphere models were accordingly
adapted by adding spheres to the surface of the unhydrated
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models using HYPRO based on a hydrated volume of 125.2 nm?
(see above) (30, 31). The optimal total of hydrated spheres for
the MBL monomer was 828. The scattering curve /(Q) was cal-
culated using the Debye equation adapted to spheres. No
instrumental corrections were applied because these are negli-
gible for the pinhole optics of Beamline ID02. Potential steric
overlap between the CRD and collagen regions was assessed
using the number of spheres N in the models following grid
transformation, where models showing less than ~97% of the
required total of 828 spheres were discarded. In all four fit
searches, less than half the models met this “absence of steric
overlap” criterion. The models were then assessed by calcula-
tion of their R, and R,,_, values in the same Q ranges as were
used for the experimental Guinier fits. Models that passed the
N,R,and R, _, filters were then ranked using a goodness-of-fit
(R-factor) defined by analogy with protein crystallography
using the experimental curves in a Q range extending up to 1.2
nm~ . Sedimentation coefficients s, ,, for the best-fit scatter-
ing models were calculated directly from the atomic coordi-
nates in the HYDROPRO shell modeling program using the
default value of 0.31 nm for the atomic element radius for all
atoms to represent the hydration shell (32).

Constrained Modeling of Dimeric MBL—The best-fit MBL
monomer model was used to generate MBL dimer models
using a procedure employed for dimeric IgA1 (16). Initially, a
planar starting model for the dimer was formed by arranging
two monomers end-to-end in which the cysteine-rich peptides
were adjacent to each other. One MBL monomer was then
rotated about a dummy atom created between the cysteine-rich
peptides of the two monomers, whereas the other monomer
was held stationary. All orientations were tested using rotations
of 10° between 0 and 180° on each of the x, y, and z axes, in which
the two starting monomers shared a common y axis, resulting
in 192 or 6,859 models. The first search did not employ a
dummy atom, and the two monomers were directly superim-
posed upon one another. In the subsequent searches 2—4, the
monomer separations were set at 3.3, 4.8, and 6.6 nm, respec-
tively, between the Ca atoms of Glu-46 at the start of the two
collagen triple helix regions. The scattering curves from each
search were calculated and compared with the experimental
data. The unhydrated volume of dimeric MBL was 189.8 nm?,
whereas the hydrated volume was 250.5 nm?®. Using the same
cube side length and atom cut-off for the monomer, the dimer
coordinates were converted into Debye sphere models, with
1,219 spheres for the unhydrated structures and 1,609 spheres
for the hydrated structures. The models were filtered according
to N, followed by comparisons of their R, and R, _, values, and
the models that remained were again ranked according to their
R-factors.

Constrained Modeling of Trimeric and Tetrameric MBL—
The MBL trimer and tetramer modeling was performed using
the best-fit MBL monomer model. Search 1 for the MBL trimer
utilized the best-fit MBL dimer model as a starting point, to
which a third monomer was added and rotated about a dummy
atom to yield 6,859 trial models as above. Other trimer and
tetramer models were created by superimposing three or four
best-fit monomer models, respectively. By holding monomer 1
fixed at 0, 0, and 0, about the x, y, and z axes, monomers 2 and 3
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for the trimer or monomers 2—4 for the tetramer were then
rotated about the three axes. To create MBL trimers in search 2,
monomer 2 was rotated between 10 and 120° in 10° steps, and
monomer 3 was rotated between 20 and 240° in 20° steps. In
search 1 for the MBL tetramer, monomer 2 was likewise rotated
between 10 and 90°, monomer 3 was rotated between 20° and
180°, and monomer 4 was rotated between 30° and 270°. This
procedure resulted in 2,028 trial models for the MBL trimer and
900 trial models for the MBL tetramer. The x-ray scattering
curves were calculated as above. The number of hydrated
spheres N was calculated to be 2,413 and 3,217 for the MBL
trimer and tetramer, respectively. The best-fit models were
identified as above by ranking the models that passed the N, R,
and R, filters using the goodness-of-fit R-factor of the
model.

The 10-12 best-fit monomer, dimer, trimer, and tetramer
MBL models are currently available in the supplemental mate-
rial named 3UJU (monomer), 3UJV (dimer), 3UJW (trimer),
and 3UJX (tetramer).

RESULTS

Purification of Rat MBL Oligomers—Quantities of rat MBL
sufficient to enable a detailed study of its structural organiza-
tion were produced in Chinese hamster ovary cells and purified
by affinity chromatography on mannose-Sepharose. The four
MBL oligomers were first resolved by ion-exchange chroma-
tography, and each oligomer was then purified by gel filtration.
Previously, the collectins showed anomalous behavior on gel
filtration because of their highly extended triple helical colla-
gen-like structures (11, 33). Here, recombinant rat MBL, when
analyzed by SDS-PAGE under nonreducing conditions,
migrated as four major bands, one for each oligomer (data not
shown). This is in agreement with previous SDS-PAGE images
that reported predominant covalent monomer, dimer, trimer,
and tetramer, alongside the low levels of noncovalent interme-
diate oligomers (4, 19). Under reducing conditions, MBL
migrated as a single band with an apparent molecular mass of
29 kDa (data not shown). Thus, the major bands observed by
nonreducing SDS-PAGE confirm the purifications of disulfide-
linked MBL monomers, dimers, trimers, and tetramers as
described previously (4, 19).

X-ray Scattering Data for Rat MBL Oligomers—X-ray scat-
tering is a diffraction technique used to study the overall struc-
ture of biological molecules in random orientations in solution
(34). Solution scattering was used to identify the structures of
the MBL oligomers. The scattering data I(Q) were collected at
concentrations between 0.23 and 0.92 mg/ml for the MBL
oligomers with no radiation damage or x-ray-induced aggrega-
tion in the time frame analyses. The time-averaged runs were
thus used for data analyses. Guinier analyses of the /(Q) data
using three separate Q ranges gave the radius of gyration R, and
two cross-sectional radii of gyration R .

The R, value monitors the overall degree of elongation of the
MBL oligomers. At the lowest Q values, Guinier analyses of I(Q)
resulted in linear plots in Q ranges of 0.10—0.17 nm ™" for the
monomer, 0.08 —0.14 nm ™ ! for the dimer, 0.08 —0.15 nm ™~ for
the trimer, and 0.06 —0.10 nm ™' for the tetramer. The R, values
were measured within satisfactory Q-R, limits (Fig. 2, A-D).
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The mean of two to four R, values were 7.21 = 0.22 nm for
monomeric MBL, 10.42 * 0.21 nm for dimeric MBL, 12.43 =+
0.11 nm for trimeric MBL, and 13.80 = 0.11 nm for tetrameric
MBL. As expected, the R, values for the monomer, dimer, and
trimer increased with the size of the oligomer. The R, value of
the tetramer is, however, comparable with that of the trimer,
implying that both forms have related extended structures. As a
control, the Guinier 1(0)/c values (which are proportional to the
molecular mass) increased in proportion to the size of each
oligomer as expected. No change with protein concentrations
in either the 1(0)/c or R, values for the four MBL oligomers was
observed (data not shown). This indicated that neither self-
association of MBL nor conformational change in MBL
occurred as a result of increased protein concentration.

The x-ray cross-sectional R ,_; and R ,_, Guinier analyses
monitored the shorter dimensions of the MBL oligomers. The
In 1(Q)-Q versus Q* plots showed two different linear regions
(Fig. 2, E-L), in common with other extended proteins such as
complement factor H (35). The first R ,_, region corresponded
to a Q range of 0.41—0.65 nm ™ * for the MBL monomer and a
slightly lesser Q range of 0.42—0.58 nm ™" for the MBL dimer
and trimer, and 0.42—0.56 nm ™' for the MBL tetramer (Fig. 2,
E-H). The resulting R, , values for monomeric, dimeric, tri-
meric, and tetrameric MBL were 1.55 = 0.05, 1.84 *= 0.08,
1.95 = 0.06, and 2.20 = 0.03 nm, respectively. The R ., values
increased with the increasing size of the oligomer, showing that
these monitor the spatial interactions between the monomeric
subunits. The second R, _, region corresponded to a larger Q
range of 0.65-0.92 nm ™' for the monomer, 0.65—0.85 nm ™'
for the dimer and trimer, and 0.68 —0.85 nm ! for the tetramer
(Fig. 2, I-L). The R, _, values were less variable than the R ,_;
values, all being similar at 1.34 = 0.09, 1.51 = 0.03, 1.63 = 0.04,
and 1.67 = 0.15 nm for monomeric, dimeric, trimeric, and
tetrameric MBL, respectively. For only the monomer, the sim-
ilarity of the R ;_; and R, values is attributed to fitting two
different regions of the same linear plot. Thus, the similar R,
values for all four MBL oligomers is attributed to the cross-
sectional dimensions of the collagen triple helix, which is unal-
tered in the four MBL oligomers. This similarity shows that the
triple helices are independent in MBL, ie. they do not pack
side-by-side in the dimer, trimer, and tetramer forms. In dis-
tinction, the R ,_, values for the dimer, trimer, and tetramer
increase by up to 0.65 nm compared with the monomer. The
increase is attributable to the existence of one, three, and six
pairs of interactions between the monomers in the dimer,
trimer, and tetramer, respectively. The existence of different
R ,_, values shows that the monomers are positioned sepa-
rately from each other but are in sufficient proximity to each
other in the MBL oligomers to perturb the scattering curve.

The distance distribution function P(r) curve is calculated
from the full Q range of the /(Q) curve and represents all the
distances between pairs of atoms within the macromolecule.
This provides structural information in real space. The P(r)
curve provides an alternative calculation of the Guinier R, value
and leads to maximum lengths (L) following an assumption of
the maximum dimension (D,,,,,). The R, and 1(0)/c values from
the P(r) curve agreed with those obtained from the Guinier
analyses (Table 1). The maximum length L of the MBL oligo-
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FIGURE 2. X-ray Guinier R, and R, analyses for four MBL oligomers. In the Guinier analyses, the open circles correspond to the data points, and the
filled circles and lines correspond to the data points used to determine the R, and R, values. The Q-R; and Q-R,, values for the fit ranges are denoted by arrows.
The data are for concentrations of 0.31 and 0.46 mg/ml for monomeric MBL, 0.56 and 0.86 mg/ml for dimeric MBL, 0.46 and 0.69 mg/ml for trimeric MBL, and
0.43 and 0.70 mg/ml for tetrameric MBL. In all panels, the upper and lower plots correspond to the upper and lower concentrations respectively. For reason of
clarity, the Guinier plots are displaced by 1.5 units on their vertical axes. A-D, Guinier plots of In /(Q) versus Q? to obtain the R, values for MBL. The Q fit ranges
were 0.10-0.17,0.08-0.14, 0.08-0.15, and 0.06-0.10 nm " for the monomer (A), dimer (B), trimer (C), and tetramer (D), respectively. E-H, Guinier plots of In
1(Q)-Q versus Q* to obtain the R, _, values for MBL. The Qfit ranges were 0.41-0.65 nm ' for the monomer (E), 0.42-0.58 nm ™ for the dimer (F) and trimer (G),
and 0.41-0.56 nm~ " for the tetramer (H). I-L, Guinier plots to obtain the R,,_, values for MBL. The Q fit ranges were 0.65-0.92 nm ™' for the monomer (/),
0.65-0.85 nm~ " for the dimer (J) and trimer (K), and 0.68—-0.85 nm " for the tetramer (L).

mers was determined from the value of r when P(r) = 0 (Fig. 3). dimer forms a compact V-shaped solution structure with the
For monomeric MBL, LI was found to be 22 nm. Since L2 CRD heads in proximity at the two extremities, as opposed to
increased to only 31 nm for dimeric MBL, this showed thatthe an extended end-to-end arrangement of two monomers that
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TABLE 1

Experimental scattering and sedimentation parameters for the MBL
oligomers

Monomer Dimer Trimer Tetramer
R, (nm)* 721 2022 1042 *021 1243 *0.11 13.80*=0.1
729*+0.21 1048 £0.26 12.61 £0.19 14.82*0.35
R, ,(nm) 1.55*0.05 1.84=*0.08 1.95 * 0.06 2.20 = 0.03
R, ,(nm) 134*0.09 1.51=*0.03 1.63 * 0.04 1.67 £ 0.15
L (nm) 22 31 38 47
M1 (nm) 3.5 3.7 4.1 4.7
M2 (nm) 19.1 18.3 20.3 19.8
Sao (S) 2.8 *0.5 42 *+04 57+02 74 *0.1

“ The first R, value is from the Guinier fits, and the second R, value is from the
P(r) analyses.

200

r (nm)

FIGURE 3. X-ray distance distribution function P(r) analyses for the four
MBL oligomers. The P(r) curves correspond to concentrations of 0.46, 1.15,
0.92, and 0.70 mg/ml for the monomer, dimer, trimer, and tetramer, respec-
tively. The peak maxima M7 and M2 depict the two most common distances
within the MBL structures. The intensities of the four P(r) curves were normal-
ized to peak M1 to clarify the dependence of M2 and L on oligomer size. The
maximum length of the MBL oligomer is denoted by L at the r value where the
P(r) curve reaches 0. Their values for the monomer, dimer, trimer, and
tetramer (L7-L4) were determined to be 22, 31, 38, and 47 nm, respectively.

would have alength of 44 nm. For trimeric and tetrameric MBL,
L3 and L4 were increased to 38 and 47 nm, respectively. These
larger oligomers have a maximum length that is almost double
that of the monomer. Their conformation is best explained by
the successive addition of monomers in the same V-shape to
build up wider structures. A double peak with maxima M and
M2 was observed for all MBL oligomers (Fig. 3). M1 was located
at a similar 7 value 4.0 = 0.7 nm for all four oligomers, where
this r value is low compared with those for L1-L4. M1 therefore
represents the most common distance vectors within each
MBL monomer, principally within the CRD region. The inten-
sity of the broader peak M2 increased with the size of the MBL
oligomer. It was located at similar r values of 19.1, 18.3, 20.3,
and 19.8 nm for the monomer, dimer, trimer, and tetramer,
respectively. Given the globular structure of each CRD, the
intensity increases at 18 —20 nm represent the distance between
the CRD heads in each oligomer. Thus, the growth of the broad
peak M2 with oligomer size provides further evidence for an
assembly of V-shaped monomers to form the dimer, trimer,
and tetramer structures in MBL. If MBL assembly corre-
sponded to highly extended MBL structures or random
V-shaped pairings in solution, peak M2 would not show this
intensity increase.

Analytical Ultracentrifugation of Rat MBL Oligomers— Ana-
lytical ultracentrifugation is used to study macromolecular
structures in solution by monitoring the time course of sedi-
mentation under high centrifugal force (36). This provides
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information on the structure and oligomerization of MBL,
including an assessment of sample polydispersity. Sedimenta-
tion velocity experiments at 50,000 rpm were performed on the
MBL dimer (0.37 mg/ml) and MBL trimer (0.15 mg/ml) sam-
ples that were used for x-ray scattering experiments (Fig. 4).
The velocity data were analyzed using interference optics to
generate the size distribution analyses ¢(s) of the MBL dimer
and MBL trimer. The c(s) analyses identified the sedimenting
species present in the samples. The analysis of 300 boundaries
revealed excellent fits and satisfactory root mean square devia-
tions (Fig. 4, A and C). For the MBL dimer, the major peak (72%)
in the c(s) distribution corresponded to the MBL dimer,
together with three other small peaks with integrated intensi-
ties of 10, 11, and 7% for the monomer, trimer, and tetramer
(Fig. 4B). The presence of these minor species was also detected
in nonreducing SDS-PAGE (4, 19) and is attributable to the
elongated shapes of the MBL oligomers, which decreases
the ability of gel filtration methods to separate the oligomers.
The sedimentation coefficient s,,, provides an independent
measure of macromolecular elongation to that from the R,
value. The s, ,, values of the four resolved peaks in the MBL
dimer sample were 3.2, 4.6, 5.9, and 7.3 S (Fig. 4B). The c(s)
analyses also lead to molecular mass determinations. The
molecular masses of the four peaks were 88, 168, 238, and 292
kDa. These molecular masses agree well with the sequence-
predicted values of 74, 149, 222, and 297 kDa for the monomer,
dimer, trimer and tetramer respectively. In addition, the s, ,,
values for the four peaks were similar to those of 3.7, 5.5, 6.3,
and 7.7 S obtained previously for the individual oligomers (4),
where previously these peaks were not resolved for reason of
older data analysis software. Size distribution analyses of the
MBL trimer also showed four resolved peaks (Fig. 4D), and
integration showed that the major peak again represented 71%
of the total, with 15, 10, and 4% corresponding to the monomer,
dimer, and tetramer, respectively. The s, ,, values of the MBL
monomer, dimer, trimer, and tetramer were similar at 2.3, 3.8,
5.5, and 7.5 S, respectively. Variability in the individual s, ,,
values was attributable to the low proportions of the minor
species. In addition to providing the s, ,, structural data, it was
concluded from analytical ultracentrifugation that the x-ray
scattering data for each MBL oligomer corresponded to a major
species with small amounts of other forms. The control calcu-
lations reported below show that this low polydispersity did not
affect the outcome of the MBL modeling.

Modeling of the Rat MBL Monomer—The rat MBL sequence
and domain assignments are shown in Fig. 5. A structure for the
rat MBL monomer (Fig. 1) was constructed starting from crys-
tal structures for the trimeric CRD and neck region of rat MBL
(PDB code 1RTM) (10) and short collagen peptides (37). The
triple helix conformation of collagen consists of three polypep-
tide chains, each in an extended left-handed polyproline II-like
helix and stabilized by interchain hydrogen bonds between
C=0 and N-H groups (38, 39). Triple helix sequence con-
straints are strict, where glycine residues occupy every third
residue (37). Replacement of a Gly-Xaa-Yaa tripeptide by a Gly-
Xaa dipeptide creates an interruption site, and this occurs in
MBL. The crystal structure of a collagen sequence ((Pro-Hyp-
Gly),-Pro-Gly-(Pro-Hyp-Gly);)5 is available (PDB code 1EI8)
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FIGURE 4. Sedimentation velocity analyses of dimeric and trimeric MBL. The c(s) size distribution analyses correspond to the sedimentation velocity
experiments performed at a rotor speed of 50,000 rpm. The concentrations of dimeric and trimeric MBL were 0.37 and 0.15 mg/ml, respectively. A and C, black
outlines represent the experimental interference data, and the continuous white lines represent the boundary fits. For the dimer (A) and trimer (C), every 10th
boundary of up to 300 scans was fitted, and only every 20th boundary is shown for clarity. Band D, c(s) analyses for the MBL dimer (B) and MBL trimer (D). The
peaks corresponding to the monomer (M), dimer (D), trimer (Tri), and tetramer (Tet) are labeled.

to show that this has a linear structure (27). Truncations and
superimpositions were used to create a linear collagen triple
helix with the same number of tripeptides in rat MBL, including
the Gly-Xaa-Gly interruption in the correct position. The resi-
due sidechains of this triple helix were replaced with those in rat
MBL to form the triple helix structure used for scattering
modeling.

To model the four MBL oligomers, a linear starting MBL
monomer model was created. The crystal structure of the CRD
and neck region was first joined with the MBL triple helix
model. Direct superimposition was not possible due to a
sequence gap *?RA%® between the two models. To circumvent
this, 5,000 conformationally randomized peptides **SRAI®!
were generated to bridge the gap. Superimposition of the first
and last residues onto chain A in the two structures resulted in
5,000 randomized structures. Linear monomer models were
identified from the angle between the vectors defining the long
axis of the triple helix and the neck region (Fig. 54). Models
with angles close to 180° between these vectors were rapidly
identified and were visually inspected to determine the most
suitable model. The missing *’RA° residues in chains B and C
were subsequently attached. To complete the MBL model,
extended N-terminal B-strand cysteine-rich polypeptides were
superimposed onto chains A—C at the N terminus of the triple
helix (Fig. 5B). Twelve glucosylgalactosyl disaccharides were
added to the triple helix.

Constrained Modeling of the Rat MBL Monomer—The linear
MBL monomer model showed divergence from the experimen-
tal scattering data. The experimental R, value of 7.21 nm for the

2
MBL monomer was less than the calculated R, value of 7.69 nm
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for the linear model. It was concluded that the MBL monomer
adopted a bent conformation in solution.

The MBL modeling searches are summarized in Table 2. For
the monomer, a bend in the monomer was principally apparent
at the swivel between the collagenous and neck regions (Fig.
1B). This follows the evidence from atomic force microscopy
for large variations in the CRD region relative to the collage-
nous region and much less so at the collagen interruption (14).
The collagen interruption resulted in a linear crystal structure
for the collagen tripeptide (27), and this interruption is not
expected to be flexible. Accordingly, conformationally ran-
domized MBL monomer models were generated for trial-and-
error searches based on variations at the swivel region. Given
that there is usually some disorder at the end of triple helices,
and it is not known how triple helices and a-helices are con-
nected, a longer linker peptide ¥’ DSRAIE®? was used to ensure
the testing of a wider range of conformations at this location in
the MBL model. Calculation of the scattering curves from the
5,000 models confirmed that a sufficiently wide range of con-
formations had been tested (supplemental Fig. S1A). Superim-
position of the first 100 of the 5,000 models revealed visually
that a wide range of CRD conformations had been generated
(supplemental Fig. S2A). The best-fit models were identified by
applying filters to reject models with too few Debye spheres or
showed discrepant R, values. This left 348 models, from which
the best-fit 12 models were identified from their lowest R-fac-
tors (goodness of fit) (Table 3). All 12 best-fit models revealed
that the CRD/neck region is bent relative to the collagen triple
helix (supplemental Fig. S2B). The mean angle between the two
regions is 133°. The best-fit model showed an R, value of 7.14
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FIGURE 5. Generation of the starting linear rat MBL monomer model. A, crystal structure of the CRD and neck regions of MBL was joined to the collagen
region to create an initial MBL monomer. A total of 5,000 conformationally randomized models were created (see under “Experimental Procedures”). Vector 1
was defined by the Gly-36 pair and the Gly-86 pair on chains B and C of the collagen region, and vector 2 was defined by the Val-93 pair and the Thr-131 pair
on chains B and C in the CRD and neck region. Models with an inter-vector angle close to 180° defined the starting MBL model. B, starting MBL model was
completed by addition of the three N-terminal cysteine-rich peptides in B-strand conformations at the N-terminal residues of the collagen region and the
addition of four glycosylgalactosyl disaccharides to residues Lys-44, Lys-47, Lys-79, and Lys-82 in each of the three collagen polypeptide chains (gray). At the
bottom, the rat MBL sequence is aligned with the four regions of MBL. The N-terminal cysteine residues involved in oligomerization and the interruption in
the 19 Gly-Xaa-Yaa triplets are highlighted in gray.

. Cysteine rich tail?:

TABLE 2
Summary of modeling procedures for the MBL oligomers
Oligomer Search Conformational variable Conclusion
Monomer 1 Randomized CRD region at the swivel 12 best-fit models” were identified from 5,000 trials
2,3,4 Randomized N terminus at the hub Not used further
Dimer 1 Two monomers rotated in 10° increments; bases separated by 0 nm Not used further
2 Two monomers rotated in 10° increments; bases separated by 3.3 nm 12 best-fit models” were identified from 6,859 trials
3 Two monomers rotated in 10° increments; bases separated by 4.8 nm Not used further
4 Two monomers rotated in 10° increments; bases separated by 6.6 nm Not used further
Trimer 1 Rotated a monomer relative to the best-fit dimer which was kept fixed Not used further
2 Monomer 1 fixed; monomers 2 and 3 subjected to 10° and 20° rotational 12 best-fit models” were identified from 2,028 trials
increments respectively
Tetramer 1 Monomer 1 fixed; monomers 2—4 subjected to 10, 20, and 30° rotational 10 best-fit models” were identified from 900 trials

increments, respectively

“ PDB-formatted coordinates for the best-fit oligomer models are provided in the supplemental material.

nm and an R value of 1.60 nm in good agreement with the
experimental Guinier values of 7.21 * 0.22 and 1.55 =+ 0.05 nm,
respectively. The R-factor was 4.0%. This agreement is better
compared with the linear starting model of monomeric MBL
(R, value of 7.69 nm) that showed an R-factor of 5.9%. The
visual comparison of the experimental and modeled I(Q) curves
showed a very good fit from low Q out to a Q value of 1.2 nm ™'
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(Fig. 6A). The P(r) curve for the best-fit MBL monomer model
(Fig. 6A) reproduced the experimental P(r) curve (Fig. 3). The
length of the MBL model of 22 nm from the CRD to the collagen
N terminus agreed well with the maximum length of 22 nm
from the experimental P(r) analyses (Fig. 6B). As an indepen-
dent check of the scattering modeling, the s, ,, value of the
best-fit MBL monomer model was calculated to be 2.9 S using
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TABLE 3
X-ray modeling fits for the MBL monomer solution structure
Search Filter Models Hydrated spheres R, R, R-factor
nm nm %
Search 1, CRD-collagen optimization None 5,000 602—844 4.53-7.36 0.69-1.73 4.0-11.1
N, R, R 12 815-833 6.89-7.15 1.59-1.68 4.0-4.1
Best-fit 1 828 7.14 1.60 4.0
Linear model” 1 824 7.70 1.40 5.9
Experimental” NA® 828 721 =0.22 1.55 0.1 NA
Search 2, N-terminal chain A optimization None 5,000 782-885 6.80-7.38 1.48-1.73 4.1-6.6
N, R, R 12 816-853 7.05-7.31 1.57-1.66 4.1-4.2
Best-fit 1 827 7.14 1.59 4.1
Search 3, N-terminal chain B optimization None 5,000 783-882 6.73-7.38 1.55-1.81 4.2-6.5
N, R, R 12 833-870 7.06-7.25 1.64-1.71 4.2-4.3
Best-fit 1 833 7.20 1.64 4.2
Search 4, N-terminal chain C optimization None 5,000 784882 6.75-7.33 1.50-1.75 4.1-7.1
N R, R 12 825-859 7.08-7.21 1.58-1.70 4.1-4.3
Best-fit 1 825 7.16 1.61 4.1

“ The values for the linear model and the experimental values are the same in all four searches.

® NA means not applicable.

HYDROPRO. This value was in good agreement with the mean
experimental value of 2.8 = 0.5 S (Table 1), being within an
acceptable precision of = 0.21 S (40). In conclusion, abent MBL
monomer structure (available in the supplemental material)
accounted well for its scattering curve and sedimentation s, ,
value.

Other searches 2—4 investigated the conformation of the
extended N-terminal cysteine-rich peptides (Table 3). Starting
from an arbitrary sequence *>CGRDGRD*', which was confor-
mationally randomized, the scattering curve was calculated for
all 5,000 monomer models. The best-fit conformation from
search 2 (chain A) was used for search 3 (chain B), and the
best-fit structure from search 3 was used in search 4 (chain C).
No detectably improved MBL monomer fits were obtained. It
was concluded that these N-terminal peptides were either too
small in size to influence the curve fit or their conformations
were ill-defined.

Constrained Modeling of the Rat MBL Dimer—Although it is
possible that MBL is flexible, the existence of the broad peak
M2 in the P(r) curves (Fig. 3) indicates that flexibility between
the MBL monomers is limited. Previous structural proposals
for MBL oligomers include “bouquet-like” arrangements or
cruciform-like structures with several degrees of symmetry
(10). Although the x-ray data indicate that the two monomers
form a V-shaped structure, all possible arrangements of two
monomers in the dimer were nonetheless tested (16). This uti-
lized the best-fit MBL monomer model (Fig. 6B), which was
assumed to be unchanged when incorporated into the dimer.
Although the combination of monomer and dimer fitting
would optimize the monomer conformation within the dimer,
the required calculations were beyond our present computa-
tional capacities.

Four dimer searches were performed to evaluate a sufficient
range of MBL models for comparison with the experimental
x-ray scattering data (Table 2). In all four searches, the two
MBL monomers were initially superimposed upon one
another. Next, monomer 1 was held fixed, whereas monomer 2
was systematically rotated about monomer 1 to explore all pos-
sible orientations between monomers 1 and 2. To allow for the
unknown separation between the MBL monomers, search 1
had no separation, although searches 2—4 had separations of
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3.3, 4.8, and 6.6 nm, respectively, between the N-terminal
Glu-46 a-carbon residues.

Search 2 with the 3.3 nm separation yielded the best results
(Table 4). Superimposition of a selection of models in Search 2
visually revealed that a wide range of randomized MBL dimer
conformations had been generated as required (supplemental
Fig. S2C). A broad minimum was seen in the R-factor versus R,
analysis of all the models (supplemental Fig. S1B). Many good-
fit models were identified. The 12 best-fit models were identi-
fied by comparison of the modeled R, values with the experi-
mental R, values of 10.42 and 10.48 nm (supplemental Fig. S1B).
These 12 models showed R-factors from 8.7 to 9.1% (Table 4),
with these being lower than for the other three searches. The
best-fit MBL dimer model of the 12 has an R-factor of 9.0%,
being defined by , y, and z axis rotations of 90, 60, and 10°,
respectively (Fig. 6D). This model gave reasonable curve fits out
to a Q value of at least 0.9 nm ' (Fig. 6C), although there was a
minor inflection at 0.25 nm ™", It also reproduced the double-
peaked P(r) curve. Small discrepancies in the experimental and
modeled P(r) curves in the region of peak M2 were best
explained by either flexibility in the dimer structure at the hub
region, similar to that proposed for complement C1q (41), flex-
ibility in the swivel region (14), or sample polydispersity (4 and
see below), any of which would cause peak M2 to become
broader. Inspection of the 12 models revealed similar V-shaped
dimer structures held together at the base of the collagen triple
helix by a mean angle of 69 * 17° (supplemental Fig. S2D). The
maximum dimension of the 12 models was 28 nm, in fair agree-
ment with that of 31 nm obtained experimentally. The 12 mod-
els gave a mean s, ,, value of 4.14 + 0.06 S, in good agreement
with the experimental value of 4.2 = 0.4 S (Table 1). In conclu-
sion, good curve fits were obtained with a V-shaped dimer
structure.

Constrained Modeling of the Rat MBL Trimer and Tetramer—
The modeling of the MBL trimer and tetramer solution struc-
tures required a different strategy (Table 2). In illustration of
this, a first search for the MBL trimer based on the best-fit MBL
dimer model, to which a third monomer was added in all rota-
tions, was tested (Table 4). Even though a good fit was obtained,
an insufficient range of trial MBL trimer conformations were
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FIGURE 6. X-ray curve fits for the best-fit models of MBL oligomers. A, C, E, and G, black open circles represent the experimental /(Q) scattering curves, and
the gray continuous lines represent the best-fit MBL modeled /(Q) curves. The modeled P(r) curves in continuous gray lines are shown as insets in the upper right,
with the experimental P(r) curves shown in black. A and B, best curve fit for the MBL monomer is shown, together with its best-fit structure, based on the
CRD-collagen optimization search for the MBL monomer (Table 2). C and D, best curve fit for the MBL dimer is shown, together with its best-fit structure.
The 2nd lower curve fit corresponds to 20% monomer and 80% dimer (see text), and the resulting P(r) curves is shown as a dashed gray line in the inset.
The approximate angle between the two collagen helices is also shown. E and F, best curve fit for the MBL trimer is shown, together with its best-fit
structure. The 2nd lower curve fit corresponds to 10% monomer, 10% dimer, and 80% trimer (see text). G and H, best curve fit for the MBL tetramer is
shown, together with its best-fit structure.

The observation of a minimum in the R factor versus R, analysis
for the 2028 models also showed that a sufficient number of

generated, and it could not be assumed that the dimer was
unchanged in conformation within the trimer.

Search 2 for the MBL trimer was based on equivalent rota-
tions for the second and third monomers while holding the first
monomer fixed (see under “Experimental Procedures”). This
strategy ensured that all trimer conformations were investi-
gated. Superimposition of every 36th model from the 2,028 cre-
ated confirmed visually that a broad range of trial trimer con-
formations were formed as required (supplemental Fig. S2E).
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models were tested (supplemental Fig. S1C). Twelve best-fit
models were identified that had the lowest R-factor values
between 7.1 and 8%. Interestingly, the 12 best-fit models con-
sistently showed near-planar conformations, and five best
models were mirror images of the other seven models (green
and purple in supplemental Fig. S2F). The R, values of the best-
fit models were consistent with the experimental Guinier R,
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TABLE 4
X-ray modeling fits for the MBL dimer, trimer, and tetramer solution structures
Search Filter Models Hydrated spheres R, R, R-factor
nm nm %

MBL dimer search 1 (0 nm separation) None 6,859 1,471-1,755 7.40-12.30 0.05-2.88 10.9-15.6
N, R, R,y R 12 1,527-1,733 7.60-11.38 1.67-2.30 10.9-11.6
Best-fit 1 1,695 9.88 2.11 11.9
Experimental® NA® 1,609 10.42 1.84 NA

MBL dimer search 2 (3.3 nm separation) None 6,859 1,596-1,756 7.39-11.83 0.13-2.69 8.7-16.6
N, Rg, R, R 12 1,659-1,731 10.43-11.12 1.70-2.09 8.7-9.1
Best-fit 1 1,710 10.43 2.09 9.0

MBL dimer search 3 (4.8 nm separation) None 6,859 1,592-1,748 7.42-12.10 0.02-2.76 9.5-16.3
N, Rg, R, R 12 1,673-1,718 10.66-11.01 2.01-2.22 9.5-9.9
Best-fit 1 1,717 10.79 2.10 9.5

MBL dimer search 4 (6.6 nm separation) None 6,859 1,416-1,747 7.35-13.80 0.01-2.86 9.9-16.0
N, Rg, R, R 12 1,660-1,712 10.25-10.97 1.97-2.44 10.2-10.4
Best-fit 1 1,684 10.46 2.32 10.2

MBL trimer search 1 None 6,859 2,269-2,554 10.74-14.79 0.61-2.99 7.1-17.2
N, Rg, R, R 12 2,416-2,524 10.96-12.26 1.34-2.49 7.1-7.5
Best-fit 1 2,518 12.25 2.03 7.4

MBL trimer search 2 None 2,028 2,253-2,591 0.34-15.80 0.04-3.17 7.1-79.0
N, Rg, R, R 12 2,507-2,552 12.33-12.89 1.21-2.15 7.1-8.0
Best-fit 1 2,530 12.60 1.87 7.1
Experimental” NA 2,413 12.43 1.95 NA

MBL tetramer search 1 None 900 3,033-3,411 1.20-44.28 0.01-7.50 14.2 to >100
N, R, R, R 10 3,221-3,344 14.12-17.85 1.17-4.1 14.5-17.6
Best-fit 1 3,296 17.08 1.43 14.5
Experimental NA 3,217 13.80 2.20 NA

“ The experimental values are the same in the four dimer and two trimer searches.
? NA means not applicable.

value of 12.43 nm (Table 4). The best-fit trimer MBL model has
the lowest R-factor of 7.1% (Fig. 6F). This near-planar structure
is defined by monomer 1 with a rotation of 0, 0, and 0° about the
x, y, and z axes, respectively, and monomer 2 with a rotation of
110,70, and 10°, and monomer 3 with a rotation of 220, 140, and
20°. This best-fit model gave visually good curve fits out to a Q
value of 1.6 nm ™' (Fig. 6E). The modeled P(r) curve reproduced
the major M1 and M2 peaks (Fig. 6E); note that the experimen-
tal M2 peak is broader than the modeled one, probably for rea-
son of flexibility or polydispersity as for the MBL dimer. The L
value of the best-fit model (40 nm) was in good agreement with
the experimental value (38 nm). In the 12 best-fit models, the
mean angle between the collagen helices in monomers 1 and 2
was 36 * 7°, whereas that between monomers 2 and 3 was 88 =
11°. Both angles are close to that of 69 = 17° for the MBL dimer.
The mean experimental s, ,, value of 5.7 = 0.4 S for the MBL
trimer was in good agreement with the mean s,,, value of
5.26 * 0.04 S for the 12 best-fit MBL trimer models. In conclu-
sion, near-planar best-fit trimer models were determined that
resembled the MBL dimer structure.

The search for the MBL tetramer structure used the same
rotational strategy used for the MBL trimer to give 900 models
(see under “Experimental Procedures”). Superimposition of
every 18th model (50 in total) showed that a broad range of trial
conformations had been generated as required (supplemental
Fig. 52G). A minimum in the R-factor versus R, analysis con-
firmed that best-fit structures could be identified (supplemen-
tal Fig. S1D). The 10 best-fit models all showed near-planar
structures with similar arrangements of the four MBL mono-
mers within each tetramer (supplemental Fig. S2H). The best-
fit MBL tetramer model had an R-factor of 14.5% (Fig. 6H). The
best-fit model was defined by monomer 1 with a rotation of 0, 0,
and 0° about the x, y, and z axes, monomer 2 with a rotation of
20, 40, and 10°, monomer 3 with a rotation of 40, 80, and 20°,
and monomer 4 with a rotation of 60, 120, and 30°. This best-fit
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model gave a good curve fit to a Q value of 1 nm ™' (Fig. 6G). Its
P(r) curve could not be determined for reason of instabilities in
the 1(Q) transformation. The longest dimension in the best-fit
structure was 40 nm, which is comparable with the experimen-
tal L value of 47 nm (Fig. 6H). In the 10 best-fit near-planar
structures (Table 4), the mean angle between monomers 1 and
2 was 43 * 7°, that for monomers 2 and 3 was 46 * 6°, and that
for monomers 3 and 4 was 58 * 6° (Fig. 6H). These angles are
similar to those for the dimer and trimer (above) and also with
atomic force microscopy that reported the average angle
between the MBL monomers to be 40° (14). The s, , value of
the 10 best-fit tetramer models was 6.52 = 0.12 S, which is
comparable with the experimental s, , value of 7.4 S = 0.1 S for
the MBL tetramer. In conclusion, despite the reduced quality of
this curve fit, the modeling indicated that this tetramer struc-
ture is also near-planar and related in appearance to the dimer
and trimer.

Effect of Polydispersity on the X-ray Fits—In the above mod-
eling of the four oligomer solution structures, it was assumed
that each scattering curve was monodisperse, i.e. free from
small amounts of the other MBL oligomers. The three minor
peaks and one major peak observed in the sedimentation c(s)
analyses showed low polydispersity with as much as 10% of each
of the three minor species being present when either the dimer
or trimer was observed as the major species (Fig. 4). Accord-
ingly, each curve fit in Fig. 6 was re-evaluated by allowing for the
presence of all four oligomers in each scattering curve. The
proportions of each oligomer was optimized in 5% increments
to follow previous scattering procedures used to analyze mix-
tures of proteins (42). For the MBL monomer, the R-factor was
not improved from 4.0% when 5-10% of dimer or trimer
was included in the curve fits. For the dimer, the R-factor was
improved from 9.0 to 8.0%, and the curve fits were visually
much improved by optimizing a fit based on 20% monomer and
80% dimer (Fig. 6C). For the trimer, the R-factor of 7.1% was
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unchanged either with no other oligomers present or by adding
5% monomer and 5% dimer or 10% monomer and 10% dimer,
although the visual agreement with the P(r) curve was
improved. It was concluded that the reliability of the x-ray
modeling fits was unaffected by the low polydispersity seen in
the c¢(s) analyses of Fig. 4.

DISCUSSION

By this study, we have identified for the first time the molec-
ular solution structures of the four major oligomeric forms of
rat MBL. The experimental x-ray data showed that the MBL
oligomers formed V-shaped structures, for which the evidence
in the length L values and the observation of peak M2 (Fig. 3)
showed that the CRD/neck regions were on average separated
by about 20 nm in the oligomers. Next, constrained molecular
modeling was performed to identify molecular structures for
the four MBL oligomers. The MBL monomer was readily mod-
eled using the combination of crystal structures for the CRD/
neck region and a linear MBL-like collagen triple helix (10, 27).
In accord with atomic force microscopy (14), the modeling of
the monomer showed that the bend in MBL could be readily
located at the swivel between the CRD/neck and triple helix. In
further modeling curve fits (Table 2), this best-fit MBL mono-
mer structure accounted for the scattering curves for the MBL
dimer, trimer, and tetramer. These oligomer models showed
near-planarity and structural similarity with each other in
terms of V-shaped structures. Some flexibility in the MBL olig-
omers at the hub or swivel regions is possible, given the breadth
of peak M2 in Fig. 3. These MBL structures are termed serti-
form, in which they show a central hub from which the two,
three, or four monomers fan outward in a near-planar arrange-
ment, and the CRD heads are in proximity to each other (14).
The experimental sedimentation coefficients were well
explained by these models. Small imperfections in the x-ray
curve fits for the dimer, trimer, and tetramer were explained in
terms of low amounts of the other oligomers that could not be
removed by gel filtration. The outcome of near-planar MBL
structures for the oligomers is clear, and this provides strong
support for an activation mechanism in which dimeric MASP2
binds to at least two sites in a near-planar rat MBL structure
(43).

Protein crystallography to date has provided high resolution
atomic structures for smaller parts of MBL, namely a single
CRD/neck region and a related triple helix structure for a single
MBL monomer. Up to now, electron microscopy and atomic
force microscopy have been major techniques that provided
structural insights on the MBL oligomers (14). The atomic
force microscopy study in 2009 (14) studied MBL as a hydrated
protein on a mica surface and showed that human MBL existed
mostly as tetramers, but dimer to octamer were also present.
Our solution structural model for rat MBL readily accounts for
the addition of further monomers at the side of the hub to
create wider sertiform structures with the CRD/neck regions
positioned on one side of this structure. The 2009 (14) study
also reported the most common angle between human MBL
monomers to be 47 = 24°. This is in good agreement with our
value of 63° for the dimer, 36 and 86° for the trimer, and 54, 47,
and 51° for the tetramer (Fig. 6). The length of the human MBL
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monomer was reported to be 19 = 4 nm in the 2009 study (14).
Although this is shorter than our value of 24 —25 nm from the
P(r) curve and the best-fit monomer model, the difference is
explained by the 2009 measurement (14) being made between
the center of the hub to the center of the CRD, and not between
the extremities of the MBL monomer as in our study. We con-
clude that many features of our solution structure are in agree-
ment with the 2009 atomic force microscopy study (14). Unlike
microscopy, our solution structures show that the MBL oligo-
mers are near-planar in appearance. Unlike microscopy, we are
able to deposit MBL molecular structures in Protein Data Bank
format to facilitate further investigations (see supplemental
material).

We believe that the present x-ray scattering and analytical
ultracentrifugation study is improved compared with an earlier
x-ray scattering and microscopy study in 2007 (15) of oligo-
meric human MBL. We have studied the separated monomer,
dimer, trimer, and tetramer forms of rat MBL, and the 2007
study analyzed human MBL on the assumption that this was a
single trimer. In fact, the 2009 atomic force microscopy study
(14) reported that tetramers were more abundant in the same
human MBL preparation used for the 2007 scattering study (15)
than trimers. The reliability of the synchrotron x-ray scattering
data for rat MBL at 0.23-1.15 mg/ml is indicated by the very
short data acquisition times of 2.5-5 s and extensive checks for
the absence of radiation damage, including the use of flow cells.
The 2007 x-ray data (15) used a laboratory-based x-ray source
for human MBL at higher 2.12—-4.25 mg/ml concentrations
with very long data acquisition times, and precautions against
radiation damage were not described. Our R, and L values for
rat MBL trimer were 12.5 and 38 nm respectively (Table 1),
which differ from the 2007 study (15) that reported 11.0 and
32 nm, respectively, for the human MBL trimer. The present
MBL structural modeling utilized crystal structures for the
triple helix that included the Gly-Xaa-Gly interruption and
the CRD in a constrained modeling procedure that assumed
that these structures were preserved in solution. This con-
strained modeling revealed near-planar sertiform MBL
structures that were consistent with the 2009 structures
from atomic force microscopy and our sedimentation coef-
ficients. The 2007 study (15) performed structural modeling
with nonconstrained approaches using DAMMIN, GASBOR,
and SASREEF, in which no account was taken of these prior
known crystal structures within MBL. Consequently the lack of
restraints in the 2007 modeling produced curved collagen triple
helix structures from a scattering curve that was assumed to
correspond to only MBL trimer; such a model appears to be
implausible(15). The 2007 modeling also resulted in nonplanar
structures with a 3-fold rotational symmetry that were at vari-
ance with both the 2009 structures from atomic force micros-
copy and our present scattering modeling.

The constrained modeling of MBL resulted in sertiform-
shaped molecular models for its monomer, dimer, trimer, and
tetramer. The reliability of the scattering modeling assumes
that the two crystal structures for collagen and the CRD are
unchanged in solution. Previous studies have sometimes
assumed that the Gly-Xaa-Gly interruption will lead to a major
kink in the MBL triple helix. Because the same sequence inter-
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(A)
CRD-3

CRD-2

MBL tetramer

D)

FIGURE 7. Model of the MASP-2 interaction with the rat MBL tetramer. The best-fit MBL tetramer model is shown in dark blue with the MASP-binding motif
Hyp-Gly-Lys-Leu-Gly-Pro highlighted in pink on the collagen triple helix. MASP-2 is constructed from six domains in the order CUB1-EGF-CUB2-SCR-1-SCR-2-SP
(CUB, C1r/C1s, Uefg, and bone morphogenetic protein-1; EGF, epidermal growth factor; SCR, short complement regulator; SP, serine protease). The MASP-2
model was created from crystal structures for the CUB1-EGF-CUB2 dimer, with each monomer shown in yellow or purple (PDB code 1NTO0) (56). The remaining
SCR-1-SCR-2-SP domain pair is shown in red and green (PDB code 1ZJK) (58). A, face-on view of the near-planar MBL tetramer in which the four CRD regions
CRD-1to CRD-4 are visible, and the linear MASP-2 dimer is shown end-on. B, view of A is turned by 90° about the x axis so that the full length of the MASP-2 dimer
is seen together with its two serine protease and four short complement regulator domains. C, in an auto-activation model for MASP-2, the two serine protease
domains of the MASP-2 dimer are folded back relative to the CUB-EGF domains that are positioned on the triple helical collagen regions. The two serine
protease domains form contacts with each other in the plane of the MBL tetramer, as required for an auto-activation mechanism. D, view of C is turned by 90°

about the x axis so that the postulated contact between the green and red serine protease domains is seen more clearly.

ruption is present in all three MBL polypeptides, there is no
reason to expect the disruption of a linear MBL triple helix. This
was confirmed by the collagen crystal structure (27). Most MBL
molecules studied by atomic force microscopy do not show a
kink, and the 30% that do show such a kink exhibit a modest
bend of only 40° (14). Mutation studies have shown that resto-
ration of the Gly-Xaa-Gly motif to Gly-Xaa-Yaa does not affect
the biological activity of MBL (44). In contrast, the interruption
in the triple helix of complement Clq occurs in only one of its
three polypeptide chains, thus facilitating the bending of the
Clq triple helix at this point (41). The satisfactory outcome of
the MBL modeling is best illustrated by the limited range of
conformations found in the best-fit structures (supplemental
Fig. S2). All 12 best-fit models for the MBL monomer showed
that the CRD/neck region is bent relative to the triple helix
region, although there is a limited range of bent structures that
fit the scattering curve equally well. All 12 best-fit MBL dimer
models show similar V-shaped structures within a narrow
angular range. The trimer and tetramer modeling consistently
showed similar V-shaped arrangements of monomers. A
strength of scattering modeling is its ability to exclude poor-fit
models; this MBL study has ruled out MBL structures that are
cruciform-like or linear end-to-end assemblies of monomers.
The reliability of the MBL modeling is supported by our pre-
vious constrained scattering modeling analyses of other multi-
domain proteins. Thus, the scattering modeling of the three-
domain SCR-6/8 domains of complement factor H predated
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the crystal structure of the same fragment; the scattering mod-
eling showed the same inter-SCR domain arrangement found
in the subsequent crystal structure (45, 46). The J-shaped scat-
tering structure of the five-domain SCR-1/5 fragment of com-
plement factor H was used to help solve the crystal structure of
its complex with complement C3b (47, 48). The J-shaped struc-
ture of the five-domain SCR-1/5 rat CrrY protein was likewise
confirmed by crystallography (29, 49). The scattering modeling
of the compacted folded back five-domain arrangement of
complement factor I was confirmed by its recent crystal struc-
ture (50, 51). At present, constrained scattering modeling has
been applied to a broad spectrum of over 30 antibody and com-
plement proteins, as well as two polyanionic oligosaccharides.
The resulting molecular structures are available in the Protein
Data Bank as a record (37, 40).

The four MBL solution structures provide new insights on
the MBL interactions with mannose-coated pathogen surfaces,
followed by the interaction of MBL with the MASP homodimer
that leads to the activation of MASP. Although necessarily
speculative in the absence of detailed structures for the MBL-
pathogen and MBL-MASP complexes, three points can be
made as follows.

(i) First, the flexibility at the hub and swivel regions of the
MBL tetramer will facilitate the ability of the 12 CRD regions in
the tetramer to interact with mannose residues at pathogen
surfaces. Each single CRD-mannose interaction has a low affin-
ity with a dissociation constant K, of about 1 mm. The multiple
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binding of CRD regions to a pathogen surface will increase the
affinity by several orders of magnitude. In theory, two separate
binding events with weak millimolar affinities will become a
stronger interaction with a micromolar affinity (the product of
the two K, values) if both weak sites bind simultaneously to the
same cell surface (52). A third binding event is theoretically able
to attain nanomolar affinity levels, and 2.6-3.2 nMm affinities
have been observed experimentally (53, 54). Accordingly, the
availability of multiple CRD domains presented in flexible ori-
entations within a near-planar and flexible MBL tetramer is
considered to be key for optimal binding interactions.

(ii) Second, the near-planar MBL structures will facilitate the
binding of the MASP dimer between two MBL monomers. A
MASP monomer is composed of six CUB1-EGF-CUB2-SCR1-
SCR2-SP domains in that order. Sequence alignment of MBLs
and ficolins from a variety of species and subsequent mutagen-
esis experiments identified the ®*Hyp-Gly-Lys-Leu-Gly-Pro®®
motif within the collagen triple helix of rat MBL to form the
binding site for MASP-2 (55). Crystal structures of the MASP
fragments reveal a head-to-tail arrangement for the intact
MASP dimer (Fig. 7). In this, the CUB1-EGF region is necessary
for both MASP-2 dimer formation and the interaction of
MASP-2 with MBL (56). There are four MBL collagen-binding
sites on each MASP-2 (or MASP-1) dimer, and one MBL site
within each CUB domains that is near a Ca®* site (57, 58). The
CUBI1-EGF-CUB2 domains form an elongated X-shaped struc-
ture at their center, with an MBL-binding site at the end of each
stem. Although not all four MBL sites are necessarily involved
in the MBL-MASP interaction, the comparison of the MASP
dimer with the near-planar MBL tetramer may account for
their interaction (Fig. 7). The paired CUB1-EGF domains of the
MASP dimer may lie between two MBL collagenous regions,
given that their binding sites for MBL are on opposite sides of
the MASP dimer. This interaction would make the long axis of
the MASP dimer perpendicular to the plane of the MBL
tetramer (Fig. 7).

(iii) Finally, the activation of MASP after binding to MBL
is clarified by our model. Trimers and tetramers of MBL are
more effective at activating complement than dimers. This
observation may be explained by the improved chance that
two adjacent MBL triple helices bind to the pathogen at an
angle best suited for the self-activation of MASP. Auto-acti-
vation of the serine protease domains of the MASP may
occur through their ability to approach each other in such a
MBL-MASP complex (Fig. 7, C and D) that is not possible out-
side this interaction, thereby triggering the lectin pathway of
complement activation.
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