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ABSTRACT: Human factor | is a multidomain plasma serine protease with one factoembrane attack
complex (FIMAC) domain, one CD5 domain, two low-density lipoprotein receptor (LDLr) domains, and
one serine protease (SP) domain and is essential for the regulation of complement. The domain arrangement
in factor | was determined by X-ray and neutron scattering on serum-derived human factor | (sFl) and
recombinant insect cell factor | (rFl). While the radii of gyration of both were the same at 4.05 nm and
both had overall lengths of 14 nm, the cross-sectional radii of gyration were different at 1.70 nm for sFI
and 1.57 nm for rFl. This difference was attributed to their different means of glycosylation which is
complex-type for skl and high-mannose-type for rFl. Homology models were constructed for the FIMAC,
LDLr, and SP domains of factor | using related crystal structures, and CD5 was represented as a globular
protein by referencing its electron microscopy dimensions. In these models, 38 of the 40 Cys residues in
factor | were predicted to form internal disulfide bridges. The two remaining Cys residues at the N
terminus of the FIMAC domain and at the center of the first LDLr domain were potentially not bridged.

It was postulated that, if these two Cys residues were bridged to each other, the FIMAC, CD5, and LDLr-1
domains would form a compact triangular arrangement. This hypothesis was tested by automated scattering
curve fit searches based on 9600 bilobal models, setting the FIMAC, CD5, and LDLr-1 domains as one
lobe and the large SP domain as the other lobe. The searches gave a single small family of similar
structures with a separation of 5.9 nm between the centers of the lobes which gave similar good X-ray
and neutron fits for both sFI and rFI, despite the different glycosylations of skl and rFl. These best-fit
structures for factor | showed that this domain model is plausible, and suggested that the SP and the CD5
and LDLr-1 domains may present exposed surfaces in factor | whose roles are to interact separately with
its substrates C3b and C4b and with cofactor proteins.

Factor | of the complement system of immune defense is of the heavy and light chains (Figure 1), giving a total
a five-domain serine protease which is involved in the molecular weight of 85 000 and an extent of glycosylation
regulation of the C3 convertase of the classical or alternative of 26% (w/w) 6). The four domains in the heavy chain
pathways of activationl( 2). It specifically cleaves the' (Figure 1) are the factor-Imembrane attack complex
chains of C3b and C4b into smaller fragments in the presence(FIMAC)* domain, the CD5-type domain (also known as the
of the cofactor proteins factor H or C4b-binding protein, scavenger receptor cysteine-rich domain), and two low-
respectively. Other cofactors for factor I-mediated cleavage density lipoprotein receptor (LDLr-1 and -2) domains.
of C3b and C4b include complement receptor type 1 (CR1, Additional 24- and 32-residue sequences are present at the
CD35) and the membrane cofactor protein (MCP, CD45). N terminus and C terminus of the heavy chain, respectively,
Unusually, factor | is not inhibited by any known plasma the latter of which is strongly species-depend&n8]. The
protease inhibitors, and is specific only for C3b and C4b. light chain contains a serine protease (SP) domain which is
The importance of factor | is demonstrated in deficiencies disulfide-linked to the heavy chain. To appreciate the
that lead to the excessive consumption of C3 and recurrentfunction of the five domains in factor |, we have expressed
pyogenic infections3). and characterized recombinant factor | (rFl) in a baculovirus

Human factor | contains a heavy chain with 317 residues system 9). rFl was determined to be folded correctly, but
(including 27 Cys residues) and a catalytic light chain with differed in its molecular weight from serum-derived factor |
244 residues (including 11 Cys residues), 6). An (sFl). This can be attributed to the replacement of the
18-residue signal sequence and a four-residue RRKR linkercomplex-type oligosaccharide chains by high-mannose-type
between the heavy and light chains are removed duringchains in baculovirus1().
processing. Three glycosylation sites are present on each

1 Abbreviations: sFI, serum factor I; rFl, recombinant factor I,
*To whom correspondence and requests for reprints should be FIMAC, factor I-membrane attack complex; LDLr, low-density
addressed. lipoprotein receptor; SP, serine protease.
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52 85 outdated human plasma for each ohg9). Using separate
apparatus to avoid cross contamination with sFI, four
preparations of purified active rFlI were obtained from a
recombinant baculovirus expression system using 2 of
culture for each one. Full details are presented elsewhere
(9). Samples were stored frozen-a20 °C. When needed

446 476 528 for scattering, samples were subjected to gel filtration to
remove trace aggregates using a Superdex-200 Prep grade
column (1.6 cmx 60 cm) (Pharmacia) and stored at@.
For X-ray scattering and neutron scattering igO-buffers,
samples were dialyzed into Dulbecco’s phosphate-buffered
saline at pH 7.0 (137 mM NaCl, 2.7 mM KCI, 8.1 mM Na

c HPQ,, and 1.5 mM KHPQOy) (Sigma) together with 0.1 mM

Pefabloc-SC (Pentapharm) and 0.5 mM EDTA. For neutron

Ficure 1: Possible domain structure of factor I. This is constructed scattering, the samples were dialyzed as above but now using

from the FIMAC, CD5, LDLr-1, LDLr-2, and SP domains. Cys15 -H20 buffers with four buffer changes over 36 h af@.
and Cys237 are predicted to be bridged to link the FIMAC, CD5, Before and after data collection, samples were checked by
and LDLr-1 domains in a triangular arrangement. The heavy and SDS-PAGE. Fourier transform infrared and circular dichro-

light chains are linked by Cys309 and Cys435. Putative N-linked gy spectroscopy was performed on rFl and sFl to verify
oligosaccharide chains are located at Asn52, Asn85, and Asn159the similarity of their folded protein structure8)(

in the heavy chain and at Asn446, Asn476, and Asn528 in the light . . h ,
chain. There are 561 residues in processed factor I. The number of TO assay for free Cys residues in factor I, using Ellman’s
residues in each part of factor | is indicated in brackets. reagent [5,5dithiobis(2-nitrobenzoic acid)] with 1.5 nmol

) ] ~_ of sFlin 0.1 M sodium phosphate (pH 7.3), using-91®
The three-dimensional arrangement of the domains in nmo| of reduced glutathione as a reference, we detected less

factor I is poorly understood. X-ray and neutron scattering than 0.3 free thiol group per sFin 5 M guanidine, similar
studies of factor I in solution had shown that its overall length ragits were obtained for unfolded sFI and rFl. In addition,
is between 12.8 and 15 nm, and electron microscopy of factorihe yse of 24Ci of “C-labeled iodoacetamide with 28y
l'in vacuo stained with uranyl acetate had shown that factor of genatured sFI wit 8 M guanidine in 0.2 M Tris (pH 8.2)
I was 13 nm in length and bilobal; however, no molecular confirmed this. A second sFl sample was previously
explanation of these findings had been providgd.(). Since  jncubated with 0.5 mM iodoacetamide for 10 min at°&7
that time, solution scattering has been improved by the fojlowed by dialysis (negative control). A third sFI sample
establishment of a procedure for calculating scattering curves,yas previously incubated with 40 mM dithiothreitol for 2 h
from known crystal structures.g—14). A new automated jn the dark (positive control). The three samples were
curve-fit procedure employs constraints based on homolo- gjglyzed extensively and counted for bound radioactivity.
gous atomic structures for individual domains and their sjgnificant radioactivity was present only in the dithiothrei-
known covalent connectivity to yield molecular models for ig|.-treated sample.
domain arrangements in the intact proteib{17; reviewed (b) X-ray and Neutron Scattering Data CollectioX-ray

in ref 18). This constrained modeling method can now be a4 were obtained in one beam session at Station 2.1 using
applied to factor | as the result of recently determined crystal ;5 -amera with a quadrant detector at the Synchrotron

structures that are relevant for the FIMAC, LDLr, and SP Rggiation Source (Daresbury, U.K.). A samptietector
domains of factor | and the recently determined disulfide Gistance of 3.58 m was used, with beam currents of-154
bridges in the globular structure of the CDS domaiS- 184 mA and a storage ring energy of 2.0 GeV. This resulted
23). Here, homology modeling and a consideration of j, 5 usableQ range of 0.£2.3 nnTt (Q = 4 sin 6/4,
disulfide bridges in factor | suggested that the FIMAC, CD5, scattering angle of @ wavelength of). Samples were
and LDLr-1 domains may form a compact triangular ar- measyred between 1.7 and 3.3 mg/mL at@sn cells with
rangement stabilized by a disulfide bridge between Cys15 4 path thickness of 1 mm with mica windows. Data
and Cys237. Together with the SP domain, this defined two 4¢qisition times were 10 min, obtained as 10 time frames
globular entities that would constitute a bilobal structure in 4t 1 min each to confirm the absence of radiation damage.
factor I. The feasibility of such a structural model was tested Neutron data were obtained in one session on Instrument
using automated X-ray and neutron curve fit analyses of pp7 4t the Institut Laue-Langevin (Grenoble, France) which
possible bilobal structures for sFl. Since solution scattering g analogous to Instrument D124). Sample-detector
is sensitive to oligosaccharide conformatiod3)( and rFI distances of 1.4 and 5.6 m were used. Using af 1.00
contained a different oligosaccharide structure, an indepen-nm, a 64 cmx 64 cm detector, and a rectangular beam
dent set of X-ray and neutron curve fits for rFl could be aperture of 7 mmx 10 mm, the two detector positions
used to test the outcome of the sFI analysis. The outcome,ggited in a usabl® range of 0.06-2 nnTL. Samples were
of these analyses showed that this bilobal structure for factor j,e5sured between 0.3 and 1.4 mg/mL at@5n rectangular
| was plausible, and the functional significance of such a quartz Hellma cuvettes with a path length of 2 mm for
domain structure is discussed. acquisition times between 10 and 30 min. Neutron data were
also obtained in two sessions on the LOQ instrument at the
MATERIALS AND METHODS pulsed neutron source ISIS at the Rutherford Appleton
(a) Expression and Purification of Factor | for Scattering  Laboratory (Didcot, U.K.), using a proton beam current of
Four preparations of skl were obtained from 0.6 L of 170-185uA to generate neutrons. On the basis of a fixed

3095 S435
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sample-detector distance of 4.3 m, the usaQleange was 1 v 50
1 . Factor I KVTYTSQEDL VEKKCLAKKY THLSCDKVFC QPWQRCIE.. ... GTCVCKLPYQCP
0.1-2.0 nnT!. For concentrations between 1.7 and 4.3 Mg/ spare i i s PCQNHHC KHGKVCELDE NNTPMCVCQDPTSCP
mL, the data acquisition time was—3& h at a sample 51 cho 81> C;;”’ 100
temperature of 15C. Other details, data reduction, and  ractor 1 K...NGTAVCATN RRSFPTYCQQ KSLECLHPGT ...... KFLANGTCTA_EGKFSVSLKH
H SPARC APIGEFEKVCSND NKTFDSSCHF FATKCTLEGT KKGHKLHLDYIGPCK. ..........
references are given elsewhefel)( _ @3 BO eoAles —pr> <85>
(c) Guinier and Distance Distribution Function Analyses 101 150
Guinier analyses at |O\@ VaIUeS gaVe the radiUS Of gyration Factor 1 GNTDSEGIVE VKLVDQDKTM FICKSSWSMR EANVACLDLG FQQGADTQRR
i . 151 ch.o 200
RG and the forWard Scattenng at Zero anQﬂ@) (25) Factor 1 FKLSDLSINS TECLHVHCRG LETSLAECTF TKRRTMGYQD FADVVCYTQK
_ 22 201 * e o * ooV 250
In I(Q) - |n I(O) - RG Q /3 Factor 1 ADSPMDDFFQ CVNGKYISQM KACDGINDCG DQSDELCCKA CQGKGFHCKS
L.DLr-5 .. PCSAFEFH CLSGECIHSS WRCDGGPDCK DKSDEENCAP CSAFEFHCLS
This expression is valid in ®Rs range of up to 1.5. The 251% o e e 300
H H i H Factor 1 GVCIPSQYQC NGEVDCITGE DEVGCAGFAS VAQEETEILT ADMDAERRRI
RG Value IS a measure Of StrUCturaI elongat|0n If the Internal LDLr-5 GECIHSSWRC DGGPDCKDKS DEENCA.... +evevvnien vonvvannnn

inhomogeneity of scattering densities has no effect. The -
: . 301 7 322 5
[(0)/c values (wheret is the sample concentration) lead t0  ¢,ceor KSLLPKLSCG VKNRMHIrrk rIVGGKRAQL GOLPWQUAIK DA.....SGITCGGI

molecular weightdvl,. For elongated macromolecules, the  Flas Act €6 QKTLRP.  TIGGEFTTI ENQPUFAAILY RRHRGGSVTYVCGES
mean radius of gyration of the cross sectityg and the mean 351 4 400
- i i i Factor I YIGGCWILTA AHCLRASKTH RYQIWTTVVD WIHPDLKRIV IEYVDRIIFH
CrOS_S SeCtlonaI IntenSIty at zero anQI@Q]Q_'O (26) were Plas Act LMSPCWVISA THCFIDYPKK EDYIVYLGRS RLNSNTQGEM KFEVENLILH
obtained from <D-> £ o> < o>
401 # cho50
> o Factor I ENYNAG..TYQN DIALIEMK.KD GNKKDCELP.R SIP.ACVPHSP YLFQPNDTCI
= — Plas Act KDYSADTLAKHN DIALLKIRSKE GR...CAQPSR TIQTICLPSMY NDPQFGTSCE
In[I(Q)Q] = [IN[I(Q)Q] g0 — Rxs™ Q72 e PRsN R T weTE
451 c..ho 500
H - . - Factor 1 VSGWGREK. .DN ERVFSLQWGE VKLISN..CSK.F YGNRFYEKEM ECAGTYDGSI
Combination of theRs and Rxs analyses lead to triaxial Plas Act ITGFGKENSTDY LYPEQLKMTV VKLISHRECQQPH YYGSEVTTKM LCAADPQUKT
dimensions 26). Indirect transformation of the scatterin J-> <o- K-o> < -L->
. . Z ) . . g 501 # cho 550
data in reciprocal spadé€Q) into that in real spacB(r) was Factor I DACKGDSGGP LVCMDANNVT YVWGVVSWGE NCGKPEFPGY YTKVANYFDM
performed USing GNOMZ?) Plas Act DSCQGD;GGZ E;E?I;QGTT ETN(_SEY?EGR GCALKDKPGZ (‘;IRVSHFLPW
551 565
1 0 . Factor 1 ISYHVGRPFI SQYNV
P(r) = —zfml(Q)Qr sm(Qr) dQ Plas Act IRSHTKEE
27

FIGURE 2: Sequence alignment used for homology modeling of
o ) factor I. The numbering is that of human factor I. The domain
P(r) corresponds to the distribution of distancelsetween sequences are aligned with those corresponding to crystal structures

volume elements, from which tt&; andl(0) values can be  for human SPARC (PDB code 1bmo), the fifth domain of the
determined as well as the maximum dimensionA range human low-density lipoprotein receptor (LDLr-5; PDB code 1ajj),

. and human plasminogen activator (Plas Act; PDB code 1Imw).
of assumed maximum lengths for skl and rFl were tested to Underlined sequences do not correspond to known homologous

optimize the calculation of the(r) curve (4). crystal structures, although the disulfide bridges in CD5 are known.
(d) Homology Modeling of the Domains of Factor I Symbols above the factor | sequence denote the locations of two

Homology models for the FIMAC, LDLr, and SP domains exposed unpaired Cys residues, Gee the text), the four acidic

were constructed using the sequence alignment of Figure oresidues that constitute a potential?Cainding site in the LDLr

domain @ andO for nonconserved residues and * for other related
and INSIGHT 11 95.0, BIOPOLYMER, HOMOLOGY, and residues), and six putative N-linked oligosaccharide sites (cho). The

DISCOVERY software (Biosym/MSI, San Diego, CA) on  catalytic triad at His362, Asp411, and Ser507 is marked by #.
Silicon Graphics INDY workstations. Loops were built using

the pdb_select.1995-jun-01 database derived from 349 crystato represent the N terminus of factor I, while six additional
structures at 0.2 nm resolution or bett@B,(29). Energy residues were added at the C terminus as a designated loop
refinements were based on the consistent valence force fieldbased on the 1bmo structure to facilitate the connection of
Iterations were made using combinations of the steepestthe FIMAC and CD5 domains (Figures 1 and 2). Since these
descent and conjugate algorithms to improve the connectivity constitute 30 residues of the 61663 amino acid and
of the model and minimize bad contacts or stereochemistry. carbohydrate residues in factor I, their contribution to the
Models were stereochemically verified using PROCHECK scattering curve modeling was considered to be low (see
(30). Solvent accessibilities were calculated using COM- below). Energy refinements were performed at the six loop
PARER @31, 32). Electrostatic maps were calculated using splice junctions, and then the five disulfide bridges were
DELPHI (Biosym/MSI). created. The final energy refinements were performed on
The FIMAC model (residues 2489) was constructed the side chain atoms of mutated residues in the structurally
using residues 54159 in the crystal structure of SPARC conserved regions, the side chain atoms of both types of loop
(Brookhaven Protein Data Bank code 1brfi®; 20). Using residues, and the added N- and C-terminal residues. The
the rigid body fragment assembly method, nine structurally secondary structure backbone was retained by fixing the main
conserved regions based arhelix andg-sheet residues and  chain atoms in the conserved regions, and tethering these in
Cys residues (total of 27 residues) and eight designated loopghe loop regions. The length of this model is 4.14 nm
(total of 27 residues) were defined. Three loops (11 factor (between Ser24 and Thr89).
| residues, 3740, 50-53, and 79-81) that correspond to The globular CD5 structure visualized by electron mi-
deletions were constructed using database searches. A totatroscopy 23) was represented by the coordinates of an
of 24 conformationally unassigned N-terminal residues were immunoglobulin fold since this is the same size as that of
added to the FIMAC model using the end repair command CD5. Residues 3107 in the \{ domain of human IgG1



Domain Structure of Factor | Biochemistry, Vol. 37, No. 40, 19983921

HIL (PDB code 8fab; chain A) were used because their total Cys309-Met315 fragment of the SP model on a common
was close to the 102 residues found in the CD5 superfamily axis in arbitrary rotational orientations about this common
(see below). Since the construction of a Debye sphere modelaxis. Bent domain models without steric overlap between
required the correct total of amino acids within the coordi- the models were created from this by manually rotating the
nates to set the volume correctly (see below), residues inFIMAC and CD5 models about the N-terminatcarbon

the 1IgG1 HIL sequence were directly replaced one by one atom of the LDLr-1/2 model as the origin.

by those in the CD5 sequence of factor | (Figure 2). Inthe In the bilobal domain model for factor |, one lobe was
homology modeling procedure, this structure was treated asrepresented by a triangular domain arrangement in which
a designated loop, and energy refinements were performedhe FIMAC and LDLr-1/2 domains were positioned to create
on all atoms to minimize bad contacts. a disulfide bridge between Cys15 and Cys237, and the CD5

The LDLr-1 and LDLr-2 domains (residues 206376) model was inserted into the 2.7 nm gap betweernticarbon
were constructed as a double-domain structure LDLr-1/2 atoms at Thr89 (C terminus of the FIMAC domain) and
using residues 440 in the single-domain crystal structure Ser203 (N terminus of the LDLr-1/2 domains). Cartesian
of LDLr-5 (PDB code 1ajj;21, 33). Since no gaps or axes were assigned with the origin set asdhgarbon atom
insertions occurred in the sequence alignment, and the linkerof Lys249 (LDLr-2); theX-axis was defined by the C2 atom
region between the two domains is flanked by Cys247 and of the GIcNAc residue on one of the four antennae of the
Cys250 with no additional residues between them (Figure oligosaccharide at Asn159, and tliglane was defined by
2), both were combined into a single structure. An extended thea-carbon atom of GIn258 (LDLr-2). This set the longest
link between the two domains was created, since (as shownaxis of the triangular model as th¥-axis, which is
by Ramachandran plots) less extended or bent links wouldapproximately equivalent to the long axes of the FIMAC
not be favored because of the resulting steric obstruction and LDLr-1/2 domains. For the SP model used to represent
between the two domains. The N-terminal residue of the the other lobe, the origin was set as the C-termirabrbon
LDLr-2 domain Pro4 was changed into Ala4 to permit this atom of Val565 (Figure 2), and théaxis andY-plane were
connection to be made. The side chains were replaced withdefined by thea-carbon atoms of Lys368 and Ser367,
those in factor I. The connection with the CD5 domain was respectively. This defined thé-axis of the SP domain so
facilitated by adding six N-terminal linker residues to LDLr-1 that the three oligosaccharide chains were located in a single
by an end repair. Energy refinements were performed asZ—Y quadrant that was easily moved using® 96tations
for the FIMAC domain, all residues being considered as a about theX-axis.
structurally conserved region. The length of this double-  Automated conformational searches optimized the best
domain model is 4.25 nm (between Ser203 and Ala276). relative position of the two lobes in the bilobal model for

The SP domain (residues 36965) was constructed from  factor | (18). Models for factor | were created using
residues +245 in the two-chain crystal structure of the translations of the SP model as one lobe relative to the
human urokinase-type plasminogen activator (PDB code triangular model as the other lobe using an INSIGHT MSI/
limw; 22). This was based on 12 conserved regions Biosym Command Language (BCL) macro in conjunction
corresponding to the 12-strands and the single-helix of with Unix shell scripts. The origins of the two lobe models
a SP domain34) and 12 Cys residues (total of 201 residues), were positioned 9.66 nm apart, and Keaxes and th&xX—2Z
together with three designated loops (total of 11 residues). planes of both lobe models were set parallel to each other.
Nine searched loops (factor | residues 4425, 439, 443, The SP model was translated in 20 sn0.5 nm steps along
458-461, 475, 476, 479481, and 523, a total of 25 theZ-axis and in 30 nnx 0.5 nm steps along thé-axis for
residues) corresponding to insertions and deletions wereeach of four 99 X-axis orientations of the triangular model
constructed from database searches. Five disulfide bridgesto create 4 x 600 factor | models. The translations
were created. The C terminus of the heavy chain (residuespositioned the SP model on all sides of the triangular model
309-317) was modeled independently, and then combined as well as passing through it, while the foHaxis rotations
with the light chain by creating the Cys36€ys435 disulfide of the triangular model explored the consequence of the
bridge. Energy refinements were performed at the 18 loop asymmetric positioning of oligosaccharides on it. Other
splice junctions, and then on the side chain and main chainsearches were performed for three furthet 8@xis rotations
residues as for the FIMAC domain except that the catalytic of the triangular model which were equivalent to parallel
triad (His362, Asp411, and Ser507) was fixed in position. X-axis rotations of the SP model. This gave a final total of
Seven unassigned residues were added at the C terminus by x 4 x 600 (9600) bilobal models to provide a compre-
an end repair. hensive test of possible structures.

The oligosaccharide chains were modeled on the nine- (f) Scattering Cure Modeling of Factor | The Debye
residue structure in the Fc fragment of human 1IgG1 KOL sphere models and the scattering curve calculations were
(PDB code 1fc135), to which extra residues were added to derived as follows 18). To generate the spheres, each
generate a tetraantennary complex-type structure NegNAc coordinate model was placed in a three-dimensional grid of
GaliMansGIcNAcs. The high-mannose-type structure was cubes with a side length of 0.3775 nm. By use of a cutoff

formed by an adaptation of this structure to M@itNAC,. scheme, a sphere of the same volume as the cube was created
The chains were positioned at Asn residues in extendedat the center of each cube if a specified number of atoms in
conformations from the protein surface (Figure 1). the coordinates were present in the cube. The cutoff was

(e) Construction of Extended and Bilobal Domain Struc- based on the constraint that the total volume of the spheres
tures in Factor | The linear extended domain model for equaled that of the 561 amino acid and 102 complex-type
factor | was formed by positioning the long axes of the carbohydrate residues in sR36), and this minimized the
FIMAC, CD5, and LDLr-1/2 models and the N-terminal contribution of the 30 unassigned N-terminal and C-terminal
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Table 1: Experimental and Modeled Scattering Analyses for sFI 14 (8 (QRs=09 X-rays 10 (© |QR=07 X-rays
and rFl @ \l/Q.RG=1.6
Guinier GNOM 12 - -
analyse$Rg analysesRg B
experiment (nm) Rxs (nm) (nm) 10F L\yQ'RG' 08 QR=16
sFI (X-rays) 4.04-027(4) 1.70:£015  4.31+0.31 Ea 90 y .
sFl (neutrons) ~ 4.0&:0.14 (6)  1.51:0.08  4.08+0.21 8 Pl
rFI (X-rays) 4.06+0.12(6) 1.57+0.10  4.35+0.29 ~ o
rFl (neutrons)  4.180.07 (4) 1.22£0.06  4.29+ 0.12 2o PN SR " T4 TR N E—
— < (b) QR.=08 Neutrons = (d) QRG=06 qR =r1\le1utrons
Guinier 5 QR 14 £ v Rys= 1.
analysefs 2 M | W
modeling (nm) Rxs(nm)  R-factor (%) eestaees, | i 2
linear sFl model 6.14 0.88 16.1 -4+ \l/Q-Rcf 0.9 BF QRGOS R =09
partly bent sFI model 5.32 0.93 13.2 QRg=15 SR L
half-bent sFI model 475 1.73 12.2 . W i et
fully bent sFI model 3.71 2.25 14.2 i
best-fit sSFl model
X-rays 4.10 1.85 10.2 -8 — -12 T EE—
neutrons 417 1.44 10.2 0.00 0.01 0.02 0.00 0.04 0.08
best-fit rFl model Q2 (nm®)
;(eruat)r/gns ‘1;10210 li§215 111(5.40 Ficure 3: X-ray and neutron Guinier analyses of sFl and rFI. Filled

- - circles between the indicat€@Rs andQR«s ranges show the data

~ 2The number of scattering curves measured for each sample is shownyoints used to determine tiRe andRys values (Table 1). Statistical

in parentheses. THg range used for thBs determinations was 0.20 error bars are shown when they are large enough to be visible. (a

0.35 nm! (Figure 3a,b),_ while that used for thes determlnatlon_s and c¢) X-ray GuinielRs andRxs plots are shown for sFI and rFl

was 0.45-0.81 nm* (Figure 3c,d)” The Rfactor goodness-of-fit gt concentrations of 3.3 and 2.0 mg/mL, respectively. (b and d)

parameter corresponds to X-ray data in @eange between 0.20 and  Neutron GuinierRs and Rys plots are shown for sFl and rFl in

2.0 nnT* and neutron data in th@ range between 0.29 and 1.8 nin 100% 2H,0 buffer at concentrations of 0.5 and 1.7 mg/mL,

'(I'Fh_ese c‘cl))rresponded to tiieranges used to calculate tR¢r) curves respectively, measured using Instruments D22 and LOQ, respec-
igure 4). tively.

FIMAC residues and the unavailable coordinates for the 32 RESULTS AND DISCUSSION

C—_terminal residues of the heavy ch_ain to the scattering curve  (5) X-ray and Neutron Scattering Data for sFI and rFl
(Figure 1). The sFI models contained about 1904 spheresx-ray and neutron scattering were used to compare the
(102.5 nm). Models that incorporated the 54-high mannose- domain structures of sFl and rFl. The X-ray data depict a
type carbohydrate residues in rFl were obtained using cubeshydrated structure in a high positive sokatolvent contrast,
with a side length of 0.371 nm and contained about 1751 while the neutron data depict a dry structure in a high
spheres (89.4 nfh Next, using these Debye sphere models, negative solutesolvent contrast. These opposite contrasts
the X-ray and neutron scattering curdé®) were calculated  act as a control for large internal density effects that may be
using the program SCT3(). Dry models were used for  caused by the 26 and 15% carbohydrate contents of sFl and
neutron curve fits since hydration shells are not visible by Fl, respectively {7, 36). X-ray and neutron studies of sFl
neutron scattering3), while a hydration of 0.3 g of ¥D/g and rFl also compared the effect of the replacement of the
of glycoprotein was used for X-ray curve fits2—14). The complex-type ollgosza_ccharldgs in skl with h.|gh-mannqse-
high carbohydrate content of factor | may affect the curve type ones in rFl that is established to occur in baculovirus
fits. As no significant differences were observed in the X-ray €XPression systemg,(10). - .

and neutron curve fits that would have reflected scattering DPuring X-ray data acquisition on Station 2.1, analyses of
density differences between the protein and carbohydrate,th® 10 time frames of 1 min each revealed small time-
single-density spheres were used in modelifglé, 17). dependent effects due to |rrad_|at|on. _Only_ the first time
For neutron fits of the D22 and LOQ data, corrections for frame was used for data analysis to avoid this effect. X-ray

wavelength spread or beam divergence were performed asg::\?veagnlolw;?a\rlsjlus? 2 (r?r? /S‘nfll_ n}gﬁjseudre: g%c;?unéri?ons
described in refl5. For X-ray fits, no instrumental correc- ' : 9 y

: . . o 4.04 £ 0.27 nm from linear Guinier plots in an acceptable
tions were applied as these are considered negligible. TOQRG range of 0.9-1.6 (Figure 3a and Table 1). Those for
evaluate the models, th&; andRxs values were calculated £\ measured at 2.0 mg/mL also yielded a mean X+Ray
from Guinier fits of the modeled curves in the sa@eanges value of 4.06+ 0.12 nm, in good agreement with the sFI
used for experimental data. These values were filtered t0gata. The X-ray data showed that the overall domain
retain only those models for which 3.9 nimRs < 4.3 nm,  structures of sFl and rFl were similar and were unaffected
1.55 nm = Rgs(X-rays) = 1.85 nm, and 1.4 nms by the change in oligosaccharide content.

Rxs(neutrons)= 1.6 nm (Table 1), and at least 95% of the  The neutron scattering data from Instruments D22 and
expected total of 1810 spheres were present. After this, the 0Q also resulted in linear Guini& plots for sFl and rF

filtered models were sorted and ranked using Rafactor in 100% 2H,0 (Figure 3b), from which similar meaRg
goodness-of-fit parameter for curve fits, where Byéactor values of 4.00+ 0.14 and 4.18t 0.07 nm, respectively,
is defined by analogy with crystallography, for whit{®) were obtained (Table 1). In molecular weight calculations

was set to 10001Q). based orl(0)/c values from the D22 Guinier fits, thg0)/c
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values were determined to be 0.280.02 for sFl and 0.23 120 —
+ 0.03 for rFI on the basis of absorbance coefficients (280 100 b (M Y
nm, 1%, 1 cm) of 14 and 12, respective).( The 18% A

reduction in the D22(0)/c value for rFl confirmed the 80F L

expected 13% reduction in the molecular weight of rFl when ok £ N

the complex-type oligosaccharides were replaced by high- ; Ay
mannose-type ones. The mean neutr(@)/c value from “Or f I

the LOQ Guinier fits was 0.07& 0.008 for skl and rFI 20 b Me L
relative to a polymer standard. This value corresponds to = dilh
the molecular weight range of 74 500 for rFl and 85 300 for T 120 — '\;I T T eutone

sFI by comparison witt(0)/c values measured on LOQ for 100
nine other proteins with molecular weights of 27600
254000. It is concluded that the neutrBa values validate
the X-rayRg values, and that both sFI and rFI are monomeric 60
in solution with molecular weights that are expected from
their carbohydrate content.

As factor | has an elongated structur@ (L1), cross- 20
sectional analyses were performed to provide information
on the mean dimensions of the two shorter axes of factor |
(26). Linear cross-sectional X-ray and neutron Guirigs r (nm)
plots were obtained for both sFI and rFl in an acceptable fgyre 4: X-ray and neutron distance distribution functid?(s)
QR«s range of 0.5-1.2 (Figure 3c,d). The decreaseRgs for sFI and rFl. The fouP(r) curves were calculated from théQ)
on going from X-rays to neutrons is consistent with the curves used in Figure 3. The dotted X-ray and neuR@m curves
observation of both a dry structure by neutron scattering andgorﬁsgﬁe”?nfsf']fr'ed%té‘hgh%gﬁﬂmu’gigtfafr':(g()a Cvt/Jirtﬁniss gfg‘r’ltdefﬂ
a small contrast effect. Both the X-ray and neutia axd the maximum gimengion is dengotedlb)Representative error ’
values (Table 1) were 0.23.29 nm larger for sFl compared  pars are shown for the X-ra(r) curve for sFI.
to those for rFl. This difference can be attributed to the
altered oligosaccharide structures of sFl and rFl on the basiswith the P(r) analyses. This study is consistent with the
that these are predominantly located on the two shorter axeprevious neutron contrast variation study of sB). ( The
of factor I. The antennae in the branches of a typical presentRs values of 4.05 nm from Guinier analyses are
complex-type structure (NeuNAGaLkMansGIcNACs) are slightly higher than the previous values, but they are now
two residues longer than those in a high-mannose-type oneconsistent with the present and previd(s) analyses.
(Man,GIcNACc,) and contain extendg®(1,4) linkages instead (b) Homology Modeling for the FIMAC DomainThe
of sterically benta(1,2) linkages. Molecular graphics FIMAC domain was modeled on the basis of a follistatin
showed that the maximal dimensions of this complex-type domain in the recent crystal structure of SPARO)( since
structure are 2.8 nnx 4.2 nm, while those for the high-  previously a distant sequence relationship had been noted

80

40

mannose-type structure are 2.4 nml.7 nm. between the follistatin and FIMAC sequence&d)( The
The distance distribution functiorfd(r) calculated from sequence identity is 27% in Figure 2. Evidence supporting

the entire scattering curvelQ) up to aQ of 2 nm? a structural relationship with this crystal structure was

confirmed the Guinier analyses at Idvvalues (Figure 4).  obtained as follows.

The P(r) analyses resulted in simil&s values of 4.08 (i) The follistatin structure is a hybrid of an N-terminal

4.35 nm. The most frequently occurring interatomic vector epidermal growth factor (EGF) domain with a C-terminal

in skl and rFI corresponds to the peak maximihof the ovomucoid domain. The disulfide bridge pattern in the EGF

P(r) curve. The mean values bf for the X-rayP(r) curves domain is -3, 2—4, and 5-6, the first two of which occur

of skl and rFl were 3.% 0.2 and 3.4 0.2 nm, respectively.  in the follistatin structure. Sequence comparisons had
Those for the neutroR(r) curves were smaller with values already shown that this region was very similar to the EGF
of 3.5+ 0.2 and 2.8+ 0.2 nm, respectively. In parallel domain @).

with the slightly smalleM values for rFl, bottP(r) curves (ii) The consensus secondary structure prediction from 52
in Figure 4 showed greater intensities at lowalues between  follistatin and FIMAC sequences gavefgffo pattern

0 and 3 nm for rFI than for sFl. The greater proportion of (20). This was in agreement with the follistatin crystal
short interatomic vectors in rFl compared to that in sFl is structure, being 81% accurate on a residue-by-residue basis.
consistent with the shorter oligosaccharide structures presenThe consensus predictions made from each of the follistatin
in rFl. The slight decrease iNl on going from X-rays to and FIMAC sequences were also similar, in particular for
neutrons is consistent with both a change to a dry structurethe C-terminafsa3 motif corresponding to the ovomucoid
by neutron scattering and a small contrast effect. domain.

The distance distribution functioriyr) also provide the (iii) Construction of the FIMAC model involved only
lengthL of skl and rFl. The bed®(r) analyses suggested deletions at three surface loops in the follistatin crystal
that the maximum dimensidnfor both sFl and rFl was 14  structure without disruption of the structural core (Figure
nm. Further sets of. values were calculated from the 2). The S-hairpin between thes-strands B1 and B2 is
Guinier analyses). From the X-rayRs andRxs values,L shortened and the sequence PIG removed to give a loop that
was 14.2+ 0.6 nm, and from the neutrd®; andRys values, is the same length as that in ovomucoid, and the exinalix
L was 13.5+ 0.7 nm, both of which were in good agreement A2 containing the C& binding site in SPARC could be
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100
PROTEIN NAME e T e ST B e e B T T e e
FACTOR I (Human) VSLKH.GN. TDSEGIVEVKLVDQDKTMFICKSSWSMRE «...ANVACLDLGFQQGADTQR.RFKLSOLSIN.......... STECLHVHCRGLE. . TSLAECTFTKRRTMG. . ... YQDFADYVCYT
FACTOR I (Xenopus) FTLTQ.NG. EPGKGIIKVKLPTFEQELFLCGKQWSNRE . . . . . . . . ANVVCRQLGSTKGADASA. SDKVFSLVTEK. .... ... PPEHCIQATCRGLE. . NSLAECALRKLPMQD. . . ... NQVAKVTCYT
FACTOR I (Mouse) VSLIY.GR. TKTEGLVQVKLVDQDERMFICKNSWSMAE . . . ... . .ANVACVDLGFPLGVRDIQGSFNISGNLHIN. ........ DTECLHVHCRGVE . . TSLAECAFTKRRTEL. . ... SNGLAGYVCYK
MACROPHAGE SCAVENGER RECEPTOR (Human)  VRLVG.GS.GPHEGRVEILH..SGQWGTICDDRWEVRV........GQVVCRSLGYPGVQAVH..KAAHFGQGTG.......... PIWLNEVFCFGRE. . SSTEECKIRQWGTRA.CS . . HSEDAGVTCTL
RESIDUE CONSERVATION (using 52 sequences)----+ -- —-t-coobooe  odooodocoodbonoo E R Rt e SRR EL ST ] B e I L LTt LT S SR bR
90% conserved A ID 1 IC [ [ Ic
70% conserved T * x kw * xkx o * okAk ok x * % * x * * %
DISULFIDE BRIDGE CONNECTIONS ( 10 | | 44 85 | | 90

(Four predicted from 52 sequences)( 26 | | 65
( 26 | | 90
(Experimentally determined in CD5)( 70 | | 80

( 26 | | 90

( 39 | | 100
PREDICTED ACCESSIBILITY R e e GO L s N it ] B R A TU LTS P L L SUEEIE SO EEL SEEEL ST
Hydropathy ioiio io ooioioioiio oooioioo ioiiiooiiiioiioii dJoiiiioioi iiiiooioioice ooiioicooiiiocoo io oocooitiiioo
PHD Solvent Accessibility 0.ii0 00 ioioi.i0i.0 oo.iiiiiooo.o0io0 ioiiioiioicoiioi. o.iiioo..0 .iiiioiiioico ooiioioico.o00i io .ocoiiiiico
SAPIENS Solvent Accessibility ioiio oo ooooioiiioo ooooooiioooicooo ooiiiooioicoiioio ooooiocoooo oiiicoioiocoo ooiioiocoooicsoo oo ooooicioioo
Averaged Accessibility (using 52 seqs.) ioiio oo ooioioioico oooiioiicooioioo ioiiiooioicoiioii ooiiicoioo iiilooioioioe ooiioicoooiocooo io ooocoiiiiico
PREDICTED STRUCTURE P T s CE LI BT SRS FY TS L LT TR e e e Y L Tr Srre
GOR-I EEEtt tc cctccEEEEEt ttttctEtttttectt HHEEEEttttttEEEEC ccccccc*ce ctEEttttttttt tttttittttttttt tt tttttEEEEtt
GOR-111 EEEEt tc ccttt*EEEEE ttttEEEEcctHccHt HHHHEEtttccccEEEc  ccEEEccecce ccEEtEEHHttct ttEEHHttttttttt tt cctttEEEEEC
Chou Fasman E*EHt tt ttttHHHHHHt tttEEEEEtttHHHRH *EEEEEEEttttHHHHH HHHHHtHttH HHHHHHEEttttH HHHEHE*HEHEEttt tt HHHHEEEEEtt
SAPIENS ioEio oo 0oioioEEEEE ooo0iooiicooioooo ooiijooioicoiioli RiHHHoooo0o oiiiooioicooo ooiioicoooicooo io oosoioiiioo
PHD T1E17 11 1T1T1EEEEET  1111EEEEEININN HHEHHHHTTTTT1EETT VHTTEENIN TEEEEEEEEETIT 1111111111131111 11 1171EEEEEE]
Averaged Structure (using 52 sequences) E EEEE EEEE EE EE EE E EEEE

R I e I et e R R etk ] R e e R S S LT N et
5 0 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Ficure 5: Summary of multiple sequence alignment and secondary structure analysis of 52 CD5 sequences. The full version is provided
as Supporting Information, in which the sequences are identified by their accession codes on the left. The alignment shows the consensus
sequence length of 102 residues which is conserved in more than 50% of the sequences, in which 10 residue types that show a 90%
conservation level are identified, and 27 that show a 70% conservation level are marked with an asterisk. The outcome of three averaged
hydropathy and/or accessibility and five averaged secondary structure predictions is summarized below the alignment, together with their
consensus. The hydropathy and/or accessibility predictions are reported as solvent accessible (0) and solvent inaccessible (i). The consensus
secondary structure prediction is based on the preserzéefix (H) or 5-strand (E) in at least three of the five predictions at each residue
position. Other abbreviations are as follows: |, loop; c, coil; and t, turn.

excised (Figure 2 in re20). The FIMAC model contained  accessibility predictions (Figure 52@, 33). In the number-
two semiconserved N-linked oligosaccharide sites at Asn52ing of Figure 2, the disulfide bridges in factor | correspond
and Asn84 in human, mouse, aKénopudactor I, both of to Cys136 and Cys196, Cys123 and Cys163, and Cys168
which were solvent-exposed as shown by accessibilities ofand Cys178.
80% and 50% as required to support this modeling. Scattering curve modeling was based on the dimensions
(c) Modeling of the CD5 DomainNo atomic structure is  of the CD5 domain of 5.4 1.0 nmx 3.5+ 0.9 nm from
presently known for the CD5 domain. As the disulfide electron microscopy2@d). To identify a suitable known
bridge connectivity of factor | is important for modeling its ~ structure that was similar in size and could be used in
structure (see below), a multiple sequence alignment of 52 scattering modeling, structure predictions were performed.
CD5 sequences was constructed to investigate this withinlts consensus predicted secondary structure from 52 se-
CD5 (Figure 5; see the Supporting Information for the full quences using five different averaging methad{3 83) gave
alignment). The CD5 consensus length was found to be 102a content of 19%8-sheet with six3-strands and no-helix
residues, and an alignment was readily obtaird&139). In (Figure 5). The protein fold recognition program THREADER
this, 10 residues were conserved in more than 90% of thewas used to score the 52 CD5 sequences for their compat-
cases (including four Cys and five other hydrophobic ibility with 254 known protein folds. No strong matches
residues), and 27 residues were conserved in more than 70%vere identified; however, the five best-scoring folds all
of the cases. In a typical CD5 sequence, between six andpossessed predominanflysheet structures. As both analy-
eight Cys residues occur at 10 positions (positions 10, 26, ses favore3-sheet proteins, we decided to use an immu-
39, 44, 65, 70, 80, 85, 90, and 100 in Figure 5). The noglobulin fold structure with the same dimensions (4.4 nm
conservation pattern of Cys residues in the sequence align-x 3.4 nm) and the same volume as the CD5 domain for
ment showed that Cys10 and Cys44, Cys26 and Cys65,scattering curve modelin@g, 36). A recent predicted model
Cys26 and Cys90, and Cys85 and Cys90 were predicted tofor this domain was based on an immunoglobulin fold,
be bridged, and this left the connectivities of Cys39, Cys70, although this identification is not unequivocal at pres&s (
Cys80, and Cys100 unassigned (Figure 5). The recent40).
experimental determination for the CD5 domain in the (d) Homology Modeling of the LDLr DomainsThe
macrophage scavenger receptor showed that Cys26 and.DLr-1 and LDLr-2 domains in factor | were modeled on
Cys90, Cys39 and Cys100, and Cys70 and Cys80 werethe basis of a multiple sequence alignment and one crystal
bridged @3), and this resolved the unassigned disulfide and two NMR structures2(l, 33, 41, 42). The three LDLr
bridges (Figure 5). In application to factor I, the Cys26  disulfide bridges create a compact fold which is stabilized
Cys90 bridge is replaced by one predicted between Cys26by C&*" in the crystal structure. In factor I, amino acid
and Cys65 because of a deletion at residues 90 and 91. Thehanges in LDLr-1/2 make it unlikely that €abinds, in
presence of this bridge in factor | is consistent with the agreement with functional studie4d). In LDLr-1, even
predominantly hydrophobic nature of residue 65 found in though four acidic C&-binding residues and Asp231 are
the alignment as the result of performing three different conserved, Glu215 is missing and two conserved Cys
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SP
FIMAC $

CD5 ™ LDLr-1/2

residues are missing from positions 204 and 216 (Figure 2).
In LDLr-2, a C&*-binding residue is replaced by Asn261,
while Glu252 and Asp268 are missing (Figure 2). Nonethe-
less, since the sequence length of the LDLr crystal structure
coincided exactly with each of LDLr-1 and LDLr-2 in factor
I, and the sequence identities with the crystal structure were
high at 38 and 45%, respectively, homology models were
readily constructed. The LDLr-2 model predicted 100%
solvent accessibility of the N-linked oligosaccharide site at
Asn244 in mouse factor |, as required (Lys244 in Figure 2).
In the LDLr-1 model, it was notable that the solvent
accessibilities of the adjacent Cys237 and Cys238 residues
were 100 and 10%, respectively. Cys237 clearly protruded
from the surface of the LDLr-1 domain and was unbridged,
while Cys238 formed a buried internal link with Cys223. It
was also notable that the absence of linker residues betweer
the LDLr-1 and LDLr-2 domains meant that an extended
domain arrangement had to be modeled, as otherwise a beni
arrangement would result in steric conflicts between these
two domains.

(e) Homology Modeling of the SP DomainThe SP
domain in factor | contains a pair of four-strandégheet
Greek key motifs, each adjacent topahairpin with two

Part-bent

Linear

6

~

2

0.0 2.0

Q (nm™
) Ficure 6: Comparison of the calculated and experimental wide-
p-strands 84). p-Strands B-D and F form the first Greek  angle scattering curveiQ) for inappropriate linear, partly bent,
key with S-hairpin G-H, followed by -strands 3M and half-bent, and fully bent extended domain models for sFl. The
jrhaitin ¥ O, respectely (Fgure 2. 1ts modeing s Co e e o s s o e
based on _the crystal st_ructure of the uro_klnfase—_type plasml-a schem%tim-carbon E)/iew of eagh domain structure is shownF,) in '
nogen activatord2). This has the same six disulfide bridges 5 four of which the SP domain is fixed in position.
as those in factor I, and its observed secondary structure
calculated from the coordinate4?) contained 123-strands multidomain serine proteases factor Vlla and IXa of blood
that agreed with those predicted for factor I. The alignment coagulation were not appropriate for factordb( 46).
of Figure 2 showed 34% sequence identity, and homology A bilobal structure had been observed in factor | by
modeling showed that all the main insertions or deletions electron microscopy, although it had not been explained
occurred in loop regions and could be readily accommodatedpreviously how such a structure could be formgt)( Here,
(Figure 2). The validity of the model was supported by the the present homology modeling and sequence analyses for
high solvent accessibilities of 60, 50, and 70% at the putative the FIMAC, CD5, LDLr, and SP domains showed that 19
N-linked oligosaccharide sites at Asn446, Asn476, and disulfide bridges could be identified, and accounted for 38
Asn528, respectively. All three Asn residues were located of the 40 Cys residues in factor | (Figure 1). The two Cys
on the face of the SP model opposite that containing the residues remaining were Cys15 and Cys237, where Cys15
catalytic triad of His362, Asp411, and Ser507, and all three is N-terminal to the FIMAC domain, and Cys237 was found
Asn residues were close to the attachment point of the SPto be surface-exposed at the C terminus of the LDLr-1 model.

domain with the heavy chain via Cys368ys435.

(f) Constrained Scattering Cue Modeling of the Domain
Arrangement in Factor.l The domain arrangement of sFl
and rFl in solution was assessed using curve fits of the X-ray

Experimentally, the strong inhibition of factor | by dithio-
threitol or 2-merceptoethanol showed that the integrity of
all 20 disulfide bridges was required for activig3d). Here,

the absence of free Cys residues in sFI was further confirmed

and neutron data that were constrained by the above modeldy two experiments based on Ellman’s reagent and radio-

for the five domains. Initially, an extended five-domain
linear arrangement was investigated, in which the long axes
of each domain were aligned on a common axis. Its overall
length was 18 nm which is larger than the observed value
of 14 nm (Figure 4). This linear model gave Bgvalue of
6.14 nm and aiRxs value of 0.88 nm which deviated widely
from the observed values of 4.04 and 1.70 nm, respectively
(Table 1). The curve calculated from this model gave a poor
fit to the experimental X-ray data & values above 0.5
nm™%, and theR-factor was high at 16.1% (Figure 6 and
Table 1). Efforts to improve this by using partly bent, half-
bent, and fully bent models likewise gave differdf and

Rxs values, poor curve fits & values above 0.5 nm, and
high R-factor values (Figure 6 and Table 1). This showed
that structures with extended domain arrangements similar
to the linear or bent four-domain structures found in the

labeled iodoacetamide (Materials and Methods). It was
accordingly considered plausible that Cys15 and Cys237
were disulfide bridged to create a triangular domain structure
for the FIMAC, CD5, and LDLr-1 domains (Figure 1). The
existence of this triangular domain structure together with
the large SP domain would account for the bilobal structure
seen by electron microscopy for sFl. Molecular graphics
showed that such a model was readily constructed from the
FIMAC, CD5, and LDLr-1 models (Materials and Methods).
The formation of the model was stereochemically constrained
by the predicted Cys15Cys237 bridge, the polypeptide links
between the four domains, the retention of solvent-exposed
glycosylation sites at Asn52, Asn85, and Asn244, and the
surface attachment of the LDLr-2 domain. These constraints
permitted few structural variants in the construction of this
triangular model, and this meant that the relative positions
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of these domains were defined within the structural resolution 16
of solution scattering.

The creation of the triangular and SP models now
permitted the molecular modeling of a bilobal structure for
sFl and rFl by a consideration of the possible arrangements
between the two models, using automated curve-fit searches
The modeling tested whether better curve fits could be
obtained compared to those based on the extended domaii
structures in Figure 6. The searches were simplified to test
the major features of this bilobal model. The orientations
of each of the triangular and SP models were represented
by 9C° rotational steps to correspond to the six sides of a 4}

12

cube with six different faces. This meant thak@ relative e o 1dbo ® T

arrangements were possible, making a total of 36, within < 1669 ’ .

which four sets of four arrangements were identical for & | O e 1 0 10 /
reason of symmetry (24 unique arrangements). Four morez © R‘\(n'm) : R Factor %

sets of four arrangements potentially correspond to similar % e

structures if there is an approximate symmetry axis within %

each of the triangular and SP models in which four cube >
faces are similar to each other. In the triangular model, this
would correspond to its longest axis. In the SP model, this
corresponds to the grouping of three oligosaccharide chains
on one side of a nearly spherical structure. This means that
as few as 12 searches were required. It was found that a
comprehensive test of bilobal models could be performed
on the basis of 16 different relative 9fbtations of the two
models using translational searches (Materials and Methods) 4
with redundancy as a control. In each of these 16 searches
the SP model in a series of fixed orientations was translated
in 20 nm x 30 nm x 0.5 nm steps in a common plane
relative to the triangular model which was held fixed in a 0
series of fixed orientations, and this generated 600 bilobal
models per search. This tested a total of 9600 different ) .
FIGURE 7: Contour maps from a curve-fit search to determine the

bilobal arrangements in a_‘"' domain structure in sFI. The contours correspond to the number of
Each of the 16 curve-fit searches for sFl was evaluated spheres and ths, Rys, andR-factor values calculated for the 600
using contour maps that showed the distribution in the models in an automated search in #eZ plane. In the spheres

translational search of the number of spheres in each of thegsgﬁg tg?tr?éot?ig%nz?gr ;ﬂggiggmm gg;gSPT%gdgztooghdeﬁtc?nngré':lt;
673;) 0 'Tf?edi:,etrc])?liﬁt%rf]? ﬁﬁ):/Salfléfst’haengJg%;?cé?r;;geﬂ; i are de%_oted b to ghqw the positions of the SP dgmain relative

: . to the triangular domain after the use of filters. The best-fit model
each model and thig; andRxs values retained only the good  shown in Figure 8 is marked with an arrow.
curve-fit structures (Materials and Methods). This showed
that 12 searches gave between 10 and 22 solutiong%@ up to 0.5 nm?. TheR-factors were at least 2% smaller than
of the total), while four searches gave no solutions. Thesethose for the extended domain models (Table 1). The
solutions @) were all clustered together in the region of the separation between the centers of mass of the heavy chain
lowest R-factors in the contour maps (see the fourth panel and SP domain models in sFl was 5.9 nm, and its longest
of Figure 7). This showed that the searches had produceddimension was 13 nm.
sensible outcomes. Interestingly, even though the 16 searches Significant differences are visible between the X-ray and
involved independent sets of translations and orientations, neutron curves in Figure 8 because of the different instru-
all the solutions from the 16 searches corresponded to amental geometries in use and the observation of hydrated
single structural family in which the SP domain was and unhydrated structures by X-ray and neutron scattering,
positioned close to the C terminus of the LDLr-2 domain, respectively. The large effect of this is represented by the
although the relative orientations of the triangular and SP dotted lines in Figure 8. In addition, the scattering curve of
models were different in each search. This proximity is rFl is distinct from that for sFl in that an inflection is
consistent with the covalent connection between the LDLr-2 observed at 0.9 nm in the rFI curve (marked with an arrow
and SP domains (Figure 1). There was no evidence for anyin Figure 8) that is less pronounced in the sFI curve, which
other minima. From this single family of structures, a best- can be attributed to the much altered oligosaccharide
fit bilobal model is presented in Figure 8 which corresponded structures present in rFB)Y. The consequences of these
to the smallesR-factor of 10.2% in the search of Figure 7 differences were explored in three further searches using the
(marked with an arrow). This model gave a good curve fit neutron curve of sFl and the X-ray and neutron curves of
over aQ range of up to 1.5 nnt (top curve of Figure 8),  rFl and the above 9600 models. In the neutron searches,
which was visually much improved compared to the four unhydrated models were used. In the rFl searches, the
fits for extended domain models in Figure 6 that only went oligosaccharide structures were converted to high-mannose-

12 r

e

-8 -4 0 -8 -4 0
Z-axis translation (nm)
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8 plasma serine proteases of the complement, coagulation, and
fibrinolysis cascades, the five factor | domains do not form
an extended linear arrangement, and this hypothesis was ruled
out by scattering curve fits (Figure 6). Instead, good curve
fits were obtained on the basis of a bilobal structure for factor

| that was derived by the consideration of homology models.
The combination of multiple sequence alignments for the
four domain superfamilies in factor | and homology modeling
for three of them identified 19 disulfide bridges from the 40
Cys residues present in factordQ 33, 34; Figure 5). The
homology modeling is supported by the high sequence
identities of 27-45% in the alignments used for the FIMAC,
LDLr, and SP models50). These analyses suggested that
Cys15 and Cys237 were unpaired, yet no free Cys residues
could be detected in our biochemical assays of factor I. The
combination of this result with the earlier observation of a
bilobal structure in factor | by electron microscopy1)
suggested that a predicted CysiBys237 disulfide bridge
would lead to the formation of a compact triangular assembly
of the FIMAC, CD5, and LDLr-1 domains as one of the
two lobes in the structure of factor | (Figure 1). The mean
Q () diameter of the SP model is 5.3 nm while that of the

Ficure 8: Comparison of the calculated and experimental wide- triangular model 4.6 nm, and both values agree well with

angle scattering curve$Q) for sFl and rFl. For sFl and rFl, the  the diameters of 5.4 and 4.9 nm for the two globular
continuous lines represent the curves calculated from the best-fitstructures observed by electron microscopdy)( Four

modeled structure, while the points correspond to the X-ray and experimental tests of this bilobal structural model resulted

neutron experimental data as indicated. The dashed line shown within satisfactory X-ray and neutron scattering curve fits for
each neutron curve corresponds to the modeled X-ray curve to show,

the joint effect of the corrections for hydration and instrumental Oth rFl and sFl, despite the four different sets of physical
geometry. The pronounced inflection in the rFl curves is marked conditions, and these provide support for the bilobal model,
with an arrow. For the best-fit sFI structure, the sphere model, an even though strictly it is not possible to derive unique

(licarbon Vie\_N, and a schematic dom.ain outline are_ shown. Outline structures from Scattering measurements. In Conc|usi0n, the
oligosaccharide structures are bold in thearbon view. present scattering analyses resulted in a plausible model for
the domain arrangement in factor | that can now be used for
the rational planning of future work, in particular disulfide
bridge mapping to test the predicted CysiBys237 bridge,

and the synthesis of smaller fragments of factor | for
structural studies. Already, on the basis of these structural
' analyses, we have been able to express a FIMAC domain
(52).

The multiple sequence alignments for the four domain
types in factor | 20, 33, 34; Figure 5) provide complemen-
tary information that is consistent with the scattering
analyses. Summation of the Asp, Glu, Lys, and Arg residues
in the three FIMAC domains of human, mouse, afahopus
factor | shows that these are basic (net charge4fo+7).

The corresponding summation for the LDLr-1 and LDLr-2
domains in factor | shows that these are acidic (net charge
of —2 to —5 each). The CD5 and SP domains exhibit
variable net charges but are close to neutral. The calculation
of electrostatic maps using DELPHI for the homology
models of the FIMAC and LDLr-1/2 domains showed that
their surfaces were almost entirely basic and acidic, respec-
tively. The opposite charges on the FIMAC and LDLr
domains would enable them to attract each other, and this
would be consistent with the domain arrangement in factor
CONCLUSIONS | shown in Figures 1 a_nd 8. _ o

The proposed domain model of factor | provides insights

The combination of neutron and X-ray scattering data, into the roles of (i) the CD5, LDLr-1, and SP domains and
correctly sized domain structures from homology modeling, (ii) the oligosaccharide chains in the function of factor I.
and constrained scattering curve fit analyses has revealed-actor | cleaves C3b or C4b at two or three sites in the
new insights into the domain arrangement of the multidomain presence of a cofactor, which is either the soluble proteins
protein factor 1. Unlike the majority of the multidomain factor H or C4b binding protein, or the membrane-bound

Neutron

In Q)

type (Materials and Methods). Despite these changes, all
three further searches resulted in good curve fits with similar
R-factors of 10.2, 11.4, and 10.0% (Table 1). The best-fit
models from all three searches again placed the LDLr-2 and
SP domains in proximity to each other like the first search
within a positional precision of 2.7 nm in thé-Z plane.
The best rFl model gave an unchanged X{rRaywalue when
compared with the best sFl model, while its X-iays value
was reduced by 0.24 nm to 1.61 nm, in agreement with the
experimental value of 1.57 nm (Table 1). This difference
is explained by the change from complex-type to high-
mannose-type carbohydrate. Both neutron models for sFI
and rFl gave reduceBys values that were 0.360.41 nm
lower than those of the X-ray models, in good agreement
with the 0.19-0.35 nm smalleRxs values seen experimen-
tally. This difference is explained by the observation of
hydrated structures in X-ray scattering and unhydrated
structures in neutron scattering. Since all four different
modeling analyses consistently resulted in the same bilobal
structure for factor I, this supports the conclusion that factor
| possesses a bilobal domain structure in solution, as
illustrated in Figure 8.
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proteins complement receptor type 1 or membrane cofactorfact, one of these two glycosylation sites is located in the

protein.

These cleavages control the activities of the ovomucoid-like scissile loop of the homology model for the

convertase enzymes C3bBb and C4b2a within which C3b FIMAC domain that would block its interaction with a

and C4b are incorporated, (). By analogy with the tissue
factor—factor Vlla complex of blood coagulatiom®), the

potential target if it were to be a protease inhibitor.

cofactors may induce a conformational change in C3b, C4b, ACKNOWLEDGMENT
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scattering modeling of the oligosaccharide chains at the

center of factor | (Figure 8). The oligosaccharides may REFERENCES

contribute to the structure of the interlobal region in factor

| (48), and evidence to support this is suggested by the 55%
activity of rFl when compared with that of sF)( Such a
central location for the oligosaccharides implies that protein
surfaces will be left exposed for functional interactions.
Figure 8 suggests that these will primarily involve regions
surrounding the catalytic triad on the SP domain and most
of the CD5 and LDLr-1 domains in the triangular region.
As the pH optimum for factor | function is maximal at pH
4—6 and decreased sharply at pHB, His residues have
been implicated in the proteirprotein interactions involved

in factor I-mediated cleavagd?). Interestingly, summations

of the His residues in the domains of factor | showed that
these are most abundant in the SP domain. Given the ionic
strength dependence of the factor I-mediated cleavage of C3b
(47), itis interesting that there are as many as nine conserved
charged groups in well-aligned regions of the three CD5
sequences from factor I, several of which are not conserved
in the remainder of the CD5 superfamily (Figure 5).

The domain modeling also provides functional insight
about the FIMAC domain in factor I. Follistatin domains
in connective tissues can act as spacdg @9). The
molecular domain arrangement in factor | suggests that this
may constitute the most likely function of the FIMAC
domain to link the CD5 and LDLr-1 domains. An alternative
viewpoint is a proposal that the FIMAC domain may act as
a protease inhibitor in view of its structural similarity with
ovomucoid. Despite the intriguing presence of the SP
domain in factor | 19, 20, 49), this is considered to be
unlikely from the scattering curve fits. The molecular
arrangement of the domains in the best curve-fit factor |
model places the FIMAC and SP domains far apart (Figure
8). Ifthe FIMAC and SP domains were placed in proximity
to each other, poor curve fits were obtained (Figure 6).
Inhibition has not been detected in functional assays using
osteonectin or factor 110, 49, C. G. Ullman and S. J.
Perkins, unpublished results). In addition, the FIMAC
domain is masked by two oligosaccharide sites and the
LDLr-1 and LDLr-2 domains in the best-fit model, and this
would hinder possible interaction with the SP domain. In

1. Sim, R. B., Day, A. J., Moffatt, B. E., and Fontaine, M. (1993)
Methods Enzymol. 2233—-35.

2. Law, S. K. A., and Reid, K. B. M. (1995Fomplement2nd

ed., IRL Press, Oxford, U.K.

Vyse, T. J., Morley, B. J., Barko |., Theodoridis, E. L.,

Davies, K. A., Webster, D. B., and Walport, M. J. (1996)

Clin. Inyest. 97 925-933.

Catterall, C. F., Lyons, A,, Sim, R. B., Day, A. J., and Harris,

T. J. R. (1987)Biochem. J. 242849-856.

5. Goldberger, G., Bruns, G. A. P., Rits, M., Edge, M. D., and
Kwiatkowski, D. J. (1987). Biol. Chem. 26210065-10071.

6. Perkins, S. J., Smith, K. F., and Sim, R. B. (1988)chem.

J. 295 101-108.

Kunnath-Muglia, L. M., Chang, G. H., Sim, R. B., Day, A.

J., and Ezekowitz, R. A. (1993Y1ol. Immunol. 30 1249-

1256.

Minta, J. O., Wong, M. J., Kozak, C. A., Kunnath-Muglia, L.

M., and Goldberger, G. (199&)lol. Immunol. 33101-112.

9. Ullman, C. G., Chamberlain, D., Ansari, A., Emery, V. C.,

Haris, P. 1., Sim, R. B., and Perkins, S. J. (198®)l. Immunol.

(in press).

Jarvis, D. J., and Finn, E. E. (1998)ology 212 500-511.

DiScipio, R. G. (1992). Immunol. 1492592-2599.

Smith, K. F., Harrison, R. A., and Perkins, S. J. (1990)

Biochem. J. 26,7203-212.

Perkins, S. J., Smith, K. F., Kilpatrick, J. M., Volanakis, J.

E., and Sim, R. B. (1993Biochem. J. 29587—99.

Ashton, A. W., Boehm, M. K., Gallimore, J. R., Pepys, M.

B., and Perkins, S. J. (1993) Mol. Biol. 272 408-422.

Mayans, M. O., Coadwell, W. J., Beale, D., Symons, D. B.

A., and Perkins, S. J. (199B8jiochem. J. 311283-291.

Beavil, A. J., Young, R. J., Sutton, B. J., and Perkins, S. J.

(1995) Biochemistry 3414449-14461.

Boehm, M. K., Mayans, M. O., Thornton, J. D., Begent, R.

H. J., Keep, P. A, and Perkins, S. J. (1996Mol. Biol. 259

718-736.

Perkins, S. J., Ashton, A. W., Boehm, M. K., and Chamberlain,

D. (1998)Int. J. Biol. Macromol. 221—16.

19. Hohenester, E., Maurer, P., and Timpl, R. (198K)BO J.

16, 3778-3786.

20. Ullman, C. G., and Perkins, S. J. (198chem. J. 3260039—
941.

21. Fass, D., Blacklow, S., Kim, P. S., and Berger, J. M. (1997)

Nature 388 691—-693.

3.

4.

7.

8.

10.
11.
12.
13.
14.
15.
16.

17.

18.



Domain Structure of Factor |

22.

23.
24.
25.

28.
29.

30.
31
32.
33.
34.

Spraggon, G., Phillips, C., Nowak, U. K., Ponting, C. P.,
Saunders, D., Dobson, C. M., Stuart, D. I., and Jones, E. Y.
(1995) Structure 3 681-691.

Resnick, D., Chatterton, J. E., Schwatz, K., Slayter, H., and
Krieger, M. (1996)J. Biol. Chem. 27,126924-26930.

Lindner, P., May, R. P., and Timmins, P. A. (19%2%)ysica

B 18Q 967—-972.

Glatter, O., and Kratky, O., Eds. (1983nall-angle X-ray
Scattering Academic Press, New York.

.Hjelm, R. P., Jr. (1985). Appl. Crystallogr. 18452—-460.
. Semenyuk, A. V., and Svergun, D. I. (1991) Appl.

Crystallogr. 24 537-540.

Hobohm, U., and Sander, C. (19%4ptein Sci. 3522-524.
Hobohm, U., Scharf, M., Schneider, R., and Sander, C. (1992)
Protein Sci. 1409-417.

Laskowski, R. A., McArthur, M. W., Moss, D. S., and
Thornton, J. M. (1993). Appl. Crystallogr. 26283-291.

. Lee, B., and Richards, F. M. (1971) Mol. Biol. 55 379—

400.

Sili, A., and Blundell, T. L. (1990). Mol. Biol. 212 403—
428.

Ullman, C. G., Haris, P. I., Smith, K. F., Sim, R. B., Emery,
V. C., and Perkins, S. J. (1995EBS Lett. 371199-203.
Perkins, S. J., and Smith, K. F. (198pchem. J. 295109~
114.

. Deisenhofer, J. (198Biochemistry 202361-2370.
. Perkins, S. J. (198@ur. J. Biochem. 157169-180.
. Perkins, S. J., and Weiss, H. (1983Mol. Biol. 168 847—

866.

38.
39.

Biochemistry, Vol. 37, No. 40, 19983929

Resnick, D., Pearson, A., and Krieger, M. (1994¥nds
Biochem. Sci. 195—8.

Aruffo, A., Bowen, M. A,, Patel, D. D., Haynes, B. F., Starling,
G. C., Gebe, J. A., and Bajorath, J. (199@)munol. Today
18, 498-504.

Williams, A. F. (1987)mmunol. Today 8298-303.

. Daly, N. L., Djordjevic, J. T., Kroon, P. A., and Smith, R.

(1995) Biochemistry 3414474-14481.

. Daly, N. L., Scanlon, M. J., Djordjevic, J. T., Kroon, P. A.,

and Smith, R. (1995proc. Natl. Acad. Sci. U.S.A. 98334
6338.

43. Crossley, L. G. (1980ylethods Enzymol. 8§A12-124.

44,
45.

46.

47.
48.
49.
50

51.

Kabsch, W., and Sander, C. (19&ppolymers 222577
2637.

Brandstetter, H., Bauer, M., Huber, R., Lollar, P., and Bode,
W. (1995)Proc. Natl. Acad. Sci. U.S.A. 99796-9800.
Banner, D. W., D’Arcy, A., Chene, C., Winkler, F. D., Guha,
A., Konigsberg, W. H., Nemerson, Y., and Kirchofer, D.
(1996) Nature 380 41—-46.

Soames, C. J.,, and Sim, R. B. (19819chem. J. 326553~
561.

Varki, A. (1993)Glycobiology 3 97—130.

Lane, T. F., and Sage, E. H. (199ASEB J. 8163-173.

. Martin, A. C. R., MacArthur, M. W., and Thornton, J. M.

(1997) Proteins: Struct., Funct., Genet. Supp).14—28.
Hinshelwood, J., Ullman, C. G., Chamberlain, D., and Perkins,
S. J. (1998Mol. Immunol.(in press).

BI19805184



