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Ficolin is a plasma lectin, consisting of a short N-
terminal multimerization domain, a middle collagen do-
main, and a C-terminal fibrinogen-like domain. The col-
lagen domains assemble the subunits into trimers, and
the N-terminal domain assembles four trimers into 12-
mers. Two cysteine residues in the N-terminal domain
are thought to mediate multimerization by disulfide
bonding. We have generated three mutants of ficolin « in
which the N-terminal cysteines were substituted by
serines (Cys?, Cys?%, and Cys*/Cys2%). The N-terminal
cysteine mutants were produced in a mammalian cell
expression system, purified by affinity chromatography,
and analyzed under nondenaturing conditions to re-
solve the multimer structure of the native protein and
under denaturing conditions to resolve the disulfide-
linked structure. Glycerol gradient sedimentation and
electron microscopy in nondenaturing conditions
showed that plasma and recombinant wild-type protein
formed 12-mers. The Cys* mutant also formed 12-mers,
but Cys?* and Cys*/Cys?* mutants formed only trimers.
This means that protein interfaces containing Cys?* are
stable as noncovalent protein-protein interactions and
do not require disulfides, whereas those containing
Cys?%-Cys?* require the disulfides for stability. Proteins
were also analyzed by nonreducing SDS-PAGE to show
the covalent structure under denaturing conditions.
Wild-type ficolin was covalently linked into 12-mers,
whereas elimination of either Cys* or Cys? gave dimers
and monomers. We present a model in which symmetric
Cys?%-Cys?* disulfide bonds between trimers are the ba-
sis for multimerization. The model may also be relevant
to collectin multimers.

In the past decade, many ficolin family proteins have been
discovered in several species including pig (ficolins a and ) (1),
human (ficolins H, L., and M) (2—6), mouse (ficolins A and B) (7,
8), and frog (ficolins 1-4) (9). Ficolin-like proteins have been
reported in invertebrates such as horseshoe crab and the soli-
tary ascidian (10, 11). Tachylectin (ficolin-like protein in horse-
shoe crab) lacks a collagen domain, and solitary ascidian ficolin
has only a very short collagen domain (five Gly-X-Y repeats).
Ficolin family proteins are functionally very similar to collectin
(collagenous lectin) family proteins such as mannose-binding
protein (MBP),! conglutinin, collectin-43 (CL-43), and surfac-
tant proteins A and D (SP-A and SP-D) (12-14). Both families
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of proteins have a lectin activity that is important for binding
to the surface of microbes, which may contribute to innate host
defense by enhancing the opsonic activity (3, 12-16). MBP and
ficolins L and H seem to activate the complement pathway by
associating with serine proteases (12, 13, 17, 18). Ficolins and
collectins also show similar tissue distribution. MBP, congluti-
nin, and CL-43 are serum proteins produced by the liver (12,
13). Ficolins «, L, H, and A have been purified from plasma,
and their expression has been confirmed in the liver (2, 3, 8).
SP-A and SP-D are expressed in the lung, as are ficolins «, M,
and H (8, 12-14).

In addition to similarities of function and tissue distribution,
ficolin and collectin family proteins have structural similari-
ties. Ficolins and collectins consist of a short N-terminal do-
main, which may be used for multimerization, a middle colla-
gen domain, and a C-terminal globular domain that binds
carbohydrate (19—26). This structure is also similar to comple-
ment protein Clq (21). The primary difference between ficolins
and collectins is that the C-terminal globular domain of ficolin
is a fibrinogen-like (fbg) domain, whereas that of collectins is a
carbohydrate recognition domain (12-14, 26). In addition, col-
lectin family proteins have a short a-helical neck region be-
tween the collagen and C-terminal domains, whereas ficolins
lack this region. The a-helical neck regions of collectins seem to
be important for trimerization (27-30). Both families of pro-
teins form trimer-based multimers; CL-43 and MBP-C form
trimers as the native form, whereas ficolins, conglutinin,
MBP-A, and SP-D form tetratrimers (12-mers), and SP-A and
C1q form hexatrimers (18-mers) (19-26, 31, 32). In some cases,
larger multimers have been found for ficolin (26), MBP (25),
and SP-D (19). Collectin trimers are linked to each other by
disulfide bonds in the N-terminal domain (32-34). Although
there is no obvious sequence similarity between the N termini
of collectins and ficolins, ficolins also have cysteines that ap-
pear to mediate multimerization by disulfide bonding.

It is generally accepted that the cysteines in the N-terminal
domain mediate multimerization, but the connectivity pattern
has not been completely determined for either collectins or
ficolins. In the present study, we have used site-directed mu-
tagenesis to determine how the two cysteine residues in the N
terminus of ficolin «, Cys* and Cys?%, contribute to multimer-
ization. The pattern of connectivity we determined may be
relevant to collectins as well as to ficolins.

EXPERIMENTAL PROCEDURES

Mammalian Cell Expression Protein—Ficolin a« cDNA (pSVFCa) (1),
kindly provided by Hidenori Ichijo (Cancer Institute, Japan), was used
as template for site-directed mutagenesis (Stratagene). Two sets of
oligonucleotides (5'-CCCTCGACACCTCTCCAGAGGTCAAG-3' and 5'-
CCATCCTCCGAGGCTCCCCGGGGCTGCCTGG-3' and their reverse
complements) were designed for generating the Cys®*, Cys?4, and Cys?*/
Cys?* double mutants. The mutated cDNAs were cloned into the pEE14

collectin-43; DTT, dithiothreitol; fbg, fibrinogen-like: SP-A, surfactant
protein A; SP-D, surfactant protein D; TBS, Tris-buffered saline.

This paper is available on line at http://www.jbc.org



Ficolin Multimerization

1 23456 7 8
A

1. 2
-

Fic. 1. GIcNAc affinity purification of recombinant ficolin and
N-linked glycosylated ficolin. A, a GlcNAc column was loaded with
conditioned medium from cells transfected with wild-type ficolin and
eluted with 150 mm GlcNAc. Samples from each fraction were applied to
SDS-PAGE (10%) under reducing conditions. The gel was stained with
Coomassie Blue. Lane numbers correspond to eluted fractions. B, puri-
fied ficolin before (lane 1) and after digestion with N-glycosidase F
analyzed by Western blotting after SDS-PAGE (12%) under reducing
conditions.

B

expression vector with the glutamine synthetase gene as a selectable
marker (35). The expression vector was transfected into Chinese ham-
ster ovary K1 cells, using Lipofectamine (Invitrogen). The transfected
cells were cultured with a-minimal essential medium without gluta-
mine (BioWhittaker) containing 10% dialyzed fetal bovine serum (In-
vitrogen) and selected in the presence of a glutamine synthetase inhib-
itor, L-methionine sulfoximine (Sigma). The highest expressing clones
were identified by Western blot. The conditioned media from the clones
were collected, passed through a GlcNAc-agarose column (Sigma), and
eluted with 150 mm GlcNAc in 20 mM Tris buffer containing 150 mMm
NaCl, pH 8.0 (TBS). However, some mutants did not bind to the GlcNAc
column. These inactive mutants were purified with an antibody affinity
column as reported previously (26). SDS-PAGE was carried out using
standard techniques.

Western Blots—Proteins were transferred from the SDS gel to poly-
vinylidene difluoride membrane (Millipore) using a semidry electrob-
lotter (Multiphor II; Amersham Biosciences). The membrane was incu-
bated with the polyclonal antibody Fica4325 (26) at a dilution of 1:2,000
and then with horseradish peroxidase-conjugated secondary antibody
at a dilution of 1:1,000 (BIOSOURCE) and stained with diaminobenzi-
dine, H,0,, and NiCl,.

Estimation of Sedimentation Coefficient and Electron Microscopy—
Sedimentation coefficients were estimated by glycerol gradient sedi-
mentation. The samples were sedimented at 20 °C on 15-40% glycerol
gradients in 0.2 M ammonium bicarbonate at 38,000 rpm for 16 h in a
Beckman SW-55.1 rotor. The glycerol gradients were calibrated with
standard proteins of known s values (catalase, 11.3 S; aldolase, 7.3 S;
bovine serum albumin, 4.6 S; chymotrypsinogen, 2.6 S).

For rotary shadowing, purified ficolin from a glycerol gradient was
sprayed onto freshly cleaved mica, dried under vacuum, and rotary-
shadowed with platinum (36).

Reduction, Reoxidation, and Trypsin Treatment—Recombinant wild-
type ficolin at 0.5 mg/ml was reduced with 50 mm dithiothreitol (DTT)
for 1 h at room temperature. For reoxidation, the reduced proteins were
dialyzed against TBS containing 1 mM reduced glutathione and 0.3 mm
oxidized glutathione for 24-36 h at room temperature. In order to block
free cysteine, some reduced samples were dialyzed against TBS con-
taining 10 mM iodoacetamide for 24-36 h at room temperature. Sam-
ples were further dialyzed against TBS for 24-36 h at room tempera-
ture to remove reagents. For estimation of the sedimentation coefficient
of the reduced ficolin, 1 mM DTT was added to the glycerol gradient to
prevent reoxidation.

Recombinant wild-type ficolin at 0.5 mg/ml was digested with trypsin
at 0.1 mg/ml for 2 h at room temperature, and the digestion was quenched
with 2 mM phenylmethylsulfonyl fluoride. Protease digestion is often used
to evaluate the stability of a collagen triple-helical structure (37).

RESULTS

The recombinant wild-type ficolin was purified by GlcNAc
affinity chromatography (Fig. 1A). Less than 10% of the ficolin
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Fic. 2. The covalent structure of wild-type ficolin and Cys
mutants analyzed by nonreducing SDS-PAGE. Ficolin samples
were analyzed by 10% (A) and 5% (B) SDS-PAGE under nonreducing
conditions and 10% SDS-PAGE under reducing conditions (C) followed
by Western blotting with polyclonal antibody Fica4325. The recombi-
nant ficolin and mutants in conditioned media were also analyzed by
10% SDS-PAGE under nonreducing conditions followed by Western
blotting (D). Lane 1, plasma ficolin purified from pig. Lane 2, recombi-
nant wild-type ficolin. Lane 3, Cys* mutant. Lane 4, Cys®* mutant. Lane
5, Cys*/Cys®* mutant. M, monomer; 2, 4, 6, 8, and 12, positions for
different multimers based on independent molecular weight standards.

in the conditioned medium bound to the GleNAc column, so this
purification selected for the small fraction of active protein.
Unlike in plasma ficolin purification (26), no obvious contami-
nating protein was detected in this one-step preparation. We
did not detect any ficolin in fetal bovine serum by GlcNAc
affinity chromatography and Western blot prior to this study,
suggesting that the fetal serum may have low levels of ficolin.
The recombinant ficolin always showed doublets in SDS-PAGE
and on Western blots. Treatment with N-glycosidase indicated
that the upper band was N-glycosylated, whereas the lower
band was not (Fig. 1B). The Cys* mutants were also purified
with a GleNAc column. However, Cys2* and Cys*/Cys?* mu-
tants did not bind to the GIcNAc column. They were purified by
antibody affinity chromatography as reported previously (26).

Fig. 2 shows purified ficolin on a Western blot under nonre-
ducing conditions. The plasma and recombinant wild-type fico-
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TaBLE 1
Estimated molecular masses for recombinant ficolins
Protein Molecular mass s Smax/S
kDa

Native ficolin® 420 (12-mer) 12 1.7
Recombinant ficolin 420 (12-mer) 11.7 1.7
Cys*-substituted mutant 420 (12-mer) 11.3 1.8
Cys?*-substituted mutant 105 (trimer) 4.5 1.8
Cys*/Cys?*-substituted mutant 105 (trimer) 4.7 1.7
Reduced ficolin 105 (trimer) 4.6 1.7
Reoxidized ficolin 420 (12-mer) 11.3 1.8
Trypsin-digested ficolin 420 (12-mer) 11.7 1.7

“ The ratio of maximum sedimentation coefficient, calculated for an
unhydrated sphere of protein of the same mass, to the measured sedi-
mentation coefficient.

® The molecular weight for native ficolin has been reported previously
(26).

lin migrated mainly as monomers and 12-mers with a small
fraction migrating as tetramers, hexamers, and 8-mers (Fig. 2,
lanes 1 and 2). This demonstrates that the recombinant wild-
type ficolin is covalently cross-linked by disulfide bonds, but
the presence of smaller multimers suggests that some of the
interchain disulfide linkages are not formed, as found previ-
ously for plasma ficolin (26). A small fraction of protein mi-
grated above 12-mers, suggesting that ficolin is able to form
covalently linked larger multimers. The Cys* mutant migrated
primarily as monomers and dimers, with a small and decreas-
ing fraction of higher multimers, up to some 12-mers (Fig. 2,
lane 3). Some of the intermediate multimers ran in different
positions from those of the wild-type protein. The Cys?* mutants
showed monomeric and dimeric forms and a small fraction of
tetramers (Fig. 2, lane 4). The Cys*/Cys2* mutant showed a
similar pattern but with an apparently much larger monomeric
pool (Fig. 2, lane 5). Note that the minor bands described here are
mostly invisible on Coomassie Blue-stained SDS gels.

Because only 10% of the recombinant wild-type ficolin bound
to the GlcNAc column, we were concerned that this column
might be selecting for disulfide-bonded multimers. We there-
fore checked the disulfide bonding pattern of protein in condi-
tioned media by Western blotting (Fig. 2D). For both the wild-
type and mutant proteins, the pattern was identical to that of
the proteins purified by GlcNAc or antibody affinity chroma-
tography. This suggests that the lack of GIcNAc binding of the
recombinant wild-type ficolin is not due to incomplete disulfide
bond multimerization.

Samples were analyzed by glycerol gradient sedimentation
to determine the sedimentation coefficients. Results for all
proteins are given in Table I, and individual examples are
shown in Fig. 3. Purified recombinant wild-type ficolin sedi-
mented as a sharp peak at 11.7 S (Fig. 3A) the same as plasma
ficolin 12-mers (note that the majority of plasma ficolin forms
24-mers and sediments at 19.5 S) (26). The Cys* mutant
showed a similar s value of 11.3, suggesting that it forms
12-mers despite the altered disulfide bond formation (Fig. 2).
On the other hand, the Cys?* mutant sedimented at 4.5 S,
suggesting that it forms only trimers. The Cys*Cys?* mutant
sedimented at 4.7 S, essentially the same as Cys®* (Fig. 3B). In
Table I, we have calculated an s, ./s for each protein based on
the above size estimate. They all have the same value of about
1.7, characteristic of a moderately elongated protein (38).

Reduced and reoxidized samples were also analyzed by glyc-
erol gradient sedimentation (Fig. 4). Reduced ficolin sedi-
mented at 4.6 S (Fig. 4A). Samples from the gradient ran as
monomers on nonreducing SDS-PAGE, which was expected,
since the gradient contained DTT. To determine the extent of
reduction, we treated a sample with iodoacetamide and dia-
lyzed away the DTT. This sample migrated as monomers on
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Fic. 3. Glycerol gradient sedimentation of purified ficolin.
Fractions from the gradients were analyzed by SDS-PAGE (10%) under
reducing conditions. A, recombinant wild-type ficolin. B, Cys*/Cys®*
mutant. Lane numbers correspond to gradient fraction numbers. The
positions of standard proteins (from the left, catalase (11.3 S), aldolase
(7.3 S), bovine serum albumin (4.6 S), and chymotrypsinogen (2.6 S))
are indicated by the arrows.

SDS-PAGE (data not shown), indicating that the intersubunit
disulfides were fully reduced.

The multimeric structure could be fully restored by reoxidiz-
ing the reduced ficolin with a mixture of reduced and oxidized
glutathione. The reoxidized ficolin sedimented at 11.3 S and
migrated as 12-mers and monomers in SDS-PAGE under non-
reducing conditions (Fig. 4B), the same as wild-type ficolin
(Fig. 40).

We also examined the effect of mild trypsin digestion on
ficolin structure. The trypsin-digested ficolin sedimented at
11.7 S and migrated as monomers and dimers in SDS-PAGE
(Fig. 4D). This is the same as the Cys4 mutants (Fig. 2 and
Table I), which suggests that trypsin digestion eliminates the
Cys*-mediated disulfide linkages. Trypsin probably digests the
carboxyl side of Lys®, because the digestion produced no obvi-
ous molecular weight shift in SDS-PAGE under reducing con-
ditions (data not shown).

Electron microscopy of rotary-shadowed recombinant wild-
type ficolin showed parachute-like structures (Fig. 5A), the
same as plasma ficolin 12-mers reported previously (26). The
small glob at the bottom of the parachute consists of the asso-
ciated N-terminal domains, and the parachute itself contains
the four trimers of the C-terminal fbg domains. The thin, elon-
gated collagen domains between the N- and C-terminal do-
mains are mostly invisible in rotary-shadowed images. Approx-
imately 9% of molecules (35 of 396) showed disrupted
parachute-like structures (Fig. 5F). Larger multimers that
seemed linked at the N terminus were infrequently seen
(<1%), and some showed bouquet-like structures (Fig. 5G).
These larger multimers linked at the N terminus had not been
seen in plasma ficolin (26), suggesting that it may be due to the
overexpression of ficolin in the mammalian cell expression sys-
tem. On the contrary, 24-mers linked at the C-terminal domains,
which were seen in plasma ficolin (26), were rarely observed in
the recombinant protein (Fig. 5H). This result is consistent with
the estimated sedimentation coefficients (Table I).

The Cys* mutant showed parachute-like structures identi-
cal to wild-type ficolin (Fig. 5B), confirming the suggestion
from sedimentation that it forms normal 12-mers. The Cys*/
Cys?* mutant showed lollipop-like structures (Fig. 5C), con-
sistent with individual trimers. In these trimeric forms, the
collagen domains are clearly seen. The N-terminal globs are
almost invisible, although in some cases they appear as tiny
globs (Fig. 5I). We were unable to visualize the Cys?* mutant
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Fic. 4. Glycerol gradient sedimen-
tation of reduced, reoxidized, and
trypsin-digested ficolin. A, reduced fi-
colin; B, reoxidized ficolin; C, recombi-
nant wild-type ficolin; D, trypsin-digested
ficolin. Lane numbers correspond to gra-
dient fraction numbers. The positions of
standard proteins (bovine serum albumin
(A) and catalase (B-D)) are indicated by
arrows.
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by EM, due to the low concentration of purified protein. These
EM images agree with the multimeric structures estimated
in Table I.

Electron microscopy of the reduced ficolin showed dumbbell-
like or V-shaped structures (Fig. 5D), which we interpret as
being two trimers connected at their N-terminal domains.
Some proteins also revealed trimeric lollipop-like structures
similar to the Cys*/Cys?* mutants. Interestingly, the estimated
sedimentation coefficient 4.6 S of the reduced ficolin is identical
to that of the Cys*/Cys2* substitute mutants that showed a
trimeric form in EM. We suggest that the reduced ficolin shows
a weak tendency to associate at the N-terminal domain but that
this is blocked by the hydrostatic pressure during sedimentation.
When the pressure is reduced following sedimentation, the trim-
ers reassociate. This effect has been reported in gradient sedi-
mentation of tubulin (39) and FtsZ (40). The reoxidized and
trypsin-digested ficolin showed parachute-like structures (Fig.
5E), the same as recombinant wild-type ficolin (Fig. 5, A and B).
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Fic. 5. Electron micrographs of ro-
tary-shadowed recombinant ficolin.
The recombinant wild-type ficolin (A) and
Cys* mutant (B) show a tetratrimeric
parachute-like structure (12-mer), the
same as plasma ficolin 12-mers (26). The
recombinant wild-type ficolin also showed
occasional  disrupted parachute-like
structure (F), bouquet-like structure (G),
and 24-mers (H). The Cys*/Cys>* mutant
showed a lollipop-like structure corre-
sponding to trimers (C and I). Reduced
ficolin (D) showed dumbbell-like or
V-shaped structures that we interpret as
hexamers. Some reduced molecules ap-
peared as trimeric lollipop-like struc-
tures, the same as Cys*/Cys®*. Trypsin-
digested ficolin (E) showed tetratrimeric
parachute-like structures, the same as
wild-type ficolin and the Cys* mutant.
Bars, 50 nm.

We also attempted to measure the number of free sulfhydryls
in the recombinant wild-type ficolin by DTNB assay (41). Free
cysteine and fibronectin type III domains 7-10 (FN7-10) (42)
were used as positive controls. FN7-10 has a single sulthydryl,
which was detectable in the presence of urea or guanidine HCI,
as reported previously (43). On the other hand, we did not
detect any free sulfhydryl in the recombinant wild-type ficolin,
even in the presence of urea or guanidine HCI (data not shown).
These measurements were able to detect sulthydryls at a con-
centration of 2-3 uM, so at the protein concentrations we had
available we could detect one free sulfhydryl per subunit, but
we would not have detected ~2—4 free sulthydryls per 12-mer.

DISCUSSION
A small fraction of recombinant wild-type and Cys* mutant
ficolin bound the GlcNAc column, but the Cys?* and Cys?*/Cys?*
mutants did not bind at all. Since the inactive mutants are
trimers, it seems that efficient binding to the GlcNAc column
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may require assembly into the 12-mer. The simplest explana-
tion might be that binding GlcNAc is very weak, and binding to
the column requires multivalent attachment. However, this is
contradicted by the observation that individual fbg domains,
expressed in bacteria and renatured, showed some binding
(16).2 In addition, we are unable to explain why the majority of
recombinant wild-type ficolin did not bind the GlcNAc column.
The GlcNAc binding activity may involve a conformational
change of the fbg domain that is not well controlled in our
system.

The Cys*/Cys?*-substituted mutants showed a small amount
of dimeric and tetrameric forms on nonreducing gels, suggest-
ing that two more cysteine residues are able to form interchain
disulfide bonds. The Cys*/Cys?*-substituted mutants still have
six cysteine residues in the C-terminal fbg domain. Presum-
ably, Cys®®, Cys!'?, Cys2*!, and Cys2°* form intrachain disul-
fide bonds, because they are well conserved in all fbg modules.
The DTNB assay showed no exposed sulthydryls, suggesting
that the two other cysteines (Cys®2 and Cys''®) are either
buried or form a disulfide bond. The atomic structures of fibrin-
ogen vy and tachylectin 5A (44, 45) show that the positions of
residues 82 and 110 may be close enough to form intrachain
disulfide bonds, although fibrinogen y and tachylectin 5A do
not have cysteine residues at these positions. If the six cysteine
residues are all engaged in intrachain disulfides, the observa-
tion of a small fraction of dimers and tetramers may be due to
disulfide exchange. Since the majority of Cys*/Cys2* protein
ran as monomers on nonreducing gels, we conclude that disul-
fide bonding between fbg domains contributes very little to the
covalent structure of ficolin. Hence, the cysteine residues in the
N-terminal domain appear to be the major players in intermo-
lecular disulfide bonds in ficolin. This is consistent with collec-
tin multimerization in which all interchain disulfide bonds are
formed in the N-terminal domains (32—-34).

When SP-A was reduced in nondenaturing conditions, it
separated into trimers, and these did not reassociate when
reoxidized (46). When ficolin was reduced, it also separated into
trimers and hexamers as shown in Fig. 5D. When the reduced
ficolin was reoxidized, however, it was able to reform 12-mers.
This demonstrates that at least some disulfide bonds between
trimers are essential for stabilizing the 12-mer structure. Our
mutant analysis suggests that Cys?? is essential for 12-mer
formation but that Cys* is dispensable, since the Cys* mutant
and trypsin-digested ficolin showed the 12-mer structure. It is
important to note that this 12-mer structure refers to that in
solution, under nondenaturing conditions, where noncovalent
protein-protein interactions may suffice to hold subunits to-
gether. The interfaces that contain Cys24-Cys* contacts appar-
ently require the disulfide linkages to be stable. However, the
subunit interfaces containing the Cys*-Cys* and Cys*-Cys?*
disulfides are apparently stable as noncovalent protein-protein
bonds and do not require the disulfides.

A model for the disulfide linkages in ficolin multimers is
suggested in Fig. 6. We suggest that two of the Cys?* residues
in each trimer form disulfide bonds to Cys2* in adjacent trim-
ers. These bonds would link four trimers with 4-fold symmetry
(Fig. 6B). We postulate that the third Cys?* forms a bond to a
Cys* within the trimer. If the remaining two Cys* residues form
a disulfide bond within the trimer, the 12 subunits would all be
covalently connected. Note that if one bond were missing, there
would still be a linear 12-mer, but if two or more were missing,
the multimers would be smaller. The high fraction of 12-mers
seen in nonreducing SDS-PAGE of plasma or recombinant ficolin
suggests that most disulfides are efficiently formed.

2T. Ohashi and H. P. Erickson, unpublished observation.
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FiG. 6. Possible disulfide linkages for ficolin multimerization.
A, proposed disulfide bonds are shown connecting four trimers. Two
Cys®* in each trimer form disulfide bonds to Cys®* in the adjacent
trimers. Two of the Cys* residues form a disulfide bond within the
trimer. The third Cys* forms a disulfide bond with the unpaired Cys24
within the trimer. The collagen domain sequence is underlined. B, a
structural model was constructed from the atomic structures of syn-
thetic peptides of type III collagen, obtained from the Protein Data
Bank (1BKV). The collagen domain was displayed as an a-carbon back-
bone (black), looking down the helix axis, and Cys®* is represented as
space-filling. We used a leucine to indicate the position and orientation
of the Cys side chain, because it was the side chain that projected most
clearly. The smaller Cys side chains would be shorter and would bring
the trimers in much closer contact. The four Cys** disulfide bonds are
all identical in structure and hence symmetric.

This model is also consistent with the nonreducing gel re-
sults for our mutants (Fig. 2). If one eliminates Cys4 in the
model, the remaining Cys?*-Cys?* links will give only dimers,
and one-third of the chains will be left as monomers. The
nonreducing gel (Fig. 2) shows primarily dimer and monomer,
with approximately twice as much protein in the dimer band.
The model explains a similar pattern for the Cys?* mutant.
Again, the nonreducing gel shows almost exclusively dimer and
monomer, although there appears to be an excess of monomer.
This may mean that in the Cys?* mutant, some of the Cys*-
Cys* bonds are not formed. This speculation may be extended
to the wild-type protein, to explain the rather abundant mono-
mers. These monomers must be subunits that have formed no
disulfide. We suggest that a fraction of subunits fail to form a
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disulfide with Cys?* and that this may block disulfide bonding
of Cys* of the same subunit.

The lack of symmetry in disulfide bonding within the trimer
has a well established precedent in CL-43 and MBP-C. These
collectins form trimers but not higher multimers, and the two
cysteines in each chain are fully engaged in disulfide bonds. In
CL-43, there were three different disulfide links: Cys'®-Cys'?,
Cys'-Cys?°, and Cys?°-Cys?° (47). Wallis and Drickamer (31)
deduced a similar asymmetric linkage for MBP-C (Cys!!-Cys!?!,
Cys!6-Cys!é, and Cys'!-Cys!®) and presented the important
argument that one should not expect a symmetric arrange-
ment, because the molecule does not have 3-fold symmetry. The
collagen molecule has a 3-fold screw axis, in which the three
chains are staggered. It is therefore not surprising to find an
asymmetric bonding pattern in the N-terminal domain of col-
lectins and ficolins, since the collagen imposes a break from
rotational symmetry.

MBP-A has three cysteines in its N-terminal domain. Two of
these (Cys'® and Cys'®) are involved in forming cross-links
within a trimer, and Cys® mediates association of trimers into
multimers of 1-4 trimers (32). MBP-A Cys® is thus similar to
Cys?* of ficolin. Only one or two of the three Cys® residues per
trimer could participate in bonding between trimers. Since no
free cysteine was detected, the remaining Cys® is probably
bonded internally to Cys!® or Cys®®.

SP-A has only a single universal cysteine (Cys®) in its N-
terminal domain, although about 20% of the chains have an
N-terminal extension with an additional cysteine at position
—1. Elhalwagi et al. (34) have proposed that Cys® forms disul-
fide bonds both within and between trimers. In their model,
two of the three cysteines formed disulfides within the trimer.
However, this would leave only one cysteine to form disulfide
bonds between trimers, which would not form multimers larger
than dimers of trimers. We would suggest that Cys® is primar-
ily involved in symmetric bonding between trimers, similar to
Cys2* in our model for ficolin. This would leave one chain in
each trimer without a disulfide bond, which is consistent with
the published gel results (34).

The collectins and ficolins thus seem to have in common the
use of a single cysteine in the N-terminal domain to cross-link
the trimers into multimers. In a closed circular structure, these
disulfides between trimers utilize two of the three cysteines,
with the third one either unbonded or bonding to another
cysteine within the trimer. In addition, most of these molecules
have a second cysteine that forms disulfides within each
trimer.

A remarkable feature of the ficolin multimerization is that it
can be reversibly altered by reducing and reoxidizing the di-
sulfide bonds. Whereas the structure of the trimer is main-
tained by the noncovalent bonding within the collagen helix,
association between trimers is highly dependent on disulfide
bonds. The assembly of subunits first into trimers, followed by
association into multimers, which are finally stabilized by dis-
ulfides, is probably the pathway of assembly in the rough
endoplasmic reticulum.
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