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ABSTRACT: Fourier transform infrared spectroscopy was used to investigate the secondary structure of human 
complement component factor H in H20 and 2H20 buffers. The spectra show a broad amide I band which 
after second-derivative calculations is shown to be composed of three components a t  1645, 1663, and 1685 
cm-I in H 2 0  and a t  1638,1661, and 1680 cm-' in 2H20. The frequencies of these components are consistent 
with the existence of an extensive antiparallel P-strand secondary structure. The exchange properties of 
the amide protons of factor H as measured in 2H20 buffers are rapid and lead to an estimate of N H  proton 
nonexchange that is comparable with those for small globular proteins. Human factor H is constructed 
from a linear sequence of 20 short consensus repeats with a mean of 61 residues in each one. To investigate 
the secondary structure further, secondary structure predictions were carried out on the basis of an alignment 
scheme for 101 sequences for these repeats as found in human factor H and 12 other proteins. These 
predictions were averaged in order to improve the reliability of the calculations. Both the Robson and the 
Chou-Fasman methods indicate significant ,&structural contents. Residues 21-5 1 in the 6 1-residue repeat 
show a clear prediction of four strands of P-structure and four P-turns. A structural model based on 
antiparallel P-strands in the secondary structure is proposed and discussed. This is able to account for the 
pattern of hydrophobic and hydrophilic residues in the repeats, the location of strongly conserved residues 
and some insertion sites, and the length of 4.5 nm of the 61-residue repeat as determined from previous 
electron microscopy and synchrotron X-ray scattering studies. 

F a c t o r  H is a regulatory component of the complement 
cascade of immune defense and functions as a cofactor for the 
enzyme factor I in the breakdown of C3b of complement to 
form iC3b [for recent reviews, see Reid (1983, 1986) and 
Holers et al. (1985)l. The sequences of mouse and human 
factor H have been determined from the cDNA (Kristensen 
& Tack, 1986; Ripoche et al., 1988). Both these proteins are 
composed entirely of 20 repetitive sequences of polypeptide 
known as short consensus repeats (SCRs),' where each se- 
quence is 61 residues long. These sequences have also been 
found in other complement components which have the 
property of binding to C3b or C4b, namely, C2, factor B, Clr ,  
and Cls. The SCRs feature most prominently in other com- 
plement regulatory proteins, namely, C4BP and the comple- 
ment receptors types 1 and 2 and the decay accelerating factor, 
and have been proposed to constitute a structural superfamily 
(Reid et al., 1986; Caras et al., 1987). The SCR also occurs 
in the noncomplement proteins &-glycoprotein I, interleukin 
2 receptor, factor XIII, and haptoglobin. The three-dimen- 
sional structure determination of the SCR would therefore be 
of great significance in clarifying the nature of the very specific 
interactions between the complement SCRs and C3b and C4b 
and the reasons for the occurrence of the SCR in noncom- 
plement proteins. 
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Factor H is ideal for solution studies of the structural 
properties of the SCR for reason of its solubility and the 
simplicity of its chemical structure. Circular dichroism studies 
have not lead to any inferences of any a-helical or @-sheet 
conformations (DiScipio & Hugli, 1982). Partial reduction 
of the protein altered the circular dichroism spectrum to show 
mainly @-structure and some a-structure. Possibly therefore, 
and bearing in mind the discussion of systematic errors by 
Hennessey and Johnson (1982), the relatively high amount 
of 80 Cys residues (out of a total of 121 1) obscures the in- 
terpretation of the circular dichroism work. Fourier transform 
infrared (FTIR) spectroscopy is however able to lead to direct 
conclusions on the secondary structure in factor H from studies 
of the fine structure of the amide I band (Susi, 1972; Susi & 
Byler, 1986; Lee & Chapman, 1986). In FTIR, the use of 
modem second-derivative methods (Susi & Byler, 1983; Hark 
et al., 1986) permits the accurate assessment of the number 
and positions of the component peaks in the amide I band. The 
application of FTIR spectroscopy to factor H is complemented 
by comparisons with secondary structure predictions of the 
main-chain conformation in the SCR. While the accuracy of 
these methods is variously estimated to lie in a range of 
50-60% (Busetta & Hospital, 1982; Kabsch & Sander, 1983a; 
Nishikawa, 1983), here the predictive method is applied si- 
multaneously to compute the average prediction for all 101 
SCR sequences that are currently available in order to improve 
the precision of the calculations. It is shown from the FTIR 

' Abbreviations: SCR, short consensus repeat; FTIR, Fourier trans- 
form infrared spectroscopy; EDTA, ethylenediaminetetraacetic acid; 
Tris-HCI, tris(hydroxymethy1)aminomethane hydrochloride. 
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1500 and 1700 cm-' (Pouchert, 1981). The spectra recorded 
in H 2 0  buffers (800 scans in 119 min) were signal-averaged 
at a resolution of 4 cm-', while those measured in 2H20 buffers 
(200 scans in 55 min) were averaged at a resolution of 2 cm-I. 
Other details of the methods used for spectral subtraction and 
for obtaining second-derivative spectra are described in Haris 
et al. (1986). In order to eliminate noise, the second derivative 
(rate of change of slope) was calculated over a 13 data point 
range (13 cm-I). 

Secondary Structure Predictions. The complete amino acid 
sequences of 12 proteins were used as follows: a-chain of 
human haptoglobin (Kurosky et al., 1980); human and mouse 
interleukin 2 receptor (Miller et al., 1985; Leonard et al., 
1985); human plasma P2-glycoprotein I (Lozier et al., 1984); 
b subunit of human factor XI11 (Ichinose et al., 1986); human 
C l r  (Leytus et al., 1986; Journet & Tosi, 1986; Arlaud & 
Gagnon, 1983; Arlaud et al., 1987); human Cls  (Mackinnon 
et al., 1987); human C2 (Bentley, 1986); human factor B 
(Morley & Campbell, 1984); human C4BP (Chung et al., 
1985); human and mouse factor H (Ripoche et al., 1988; 
Kristensen & Tack, 1986). A partial sequence for human CR1 
encompassing 23 SCRs of a total of 30 was used (Klickstein 
et al., 1987). Between them, these 13 proteins contain a total 
of 101 SCRs. 

Secondary structure predictions were performed by the 
methods of Robson and Chou-Fasman (Garnier et al., 1976; 
Chou & Fasman, 1974a,b, 1977, 1978). The programs 
ROBSON and CHoul as employed here were implemented on 
the VAX 11-750 minicomputer system of Birkbeck College, 
University of London. For each residue, ROBSON sums up 
terms extending f 8 residues from the residue, which will 
specify the prospensity of these neighboring residues to in- 
fluence the secondary structure of the residue in question. 
These terms correspond to each of the four states, extended, 
helix, turn, and coil. After summation of all the terms over 
all residues, the highest scoring of the four states for each 
residue determines which state it is in (Figure 4). Decision 
constants can be used as cut-offs to bias the predictions in favor 
of @-structure (Figure 4) or a-helices. CHOUl assesses short 
sequences for a-helix and @-sheet nucleation sites on the basis 
of standard probabilities Pa, Pb, and Pt for each residue. Once 
these nucleation sites are identified, the secondary structure 
is extended until structural breakers occur. Conflicts between 
overlapping a ,  @, and turn regions can be resolved on the basis 
of comparing the Pa, Pb, and Pt values for the residues in 
question, although in this study this was not done (Figure 5). 
Additional programs PREDRB and PREDCF were written to edit 
the output from ROBSON and CHOUl: (a) to align the se- 
quences of the 101 SCRs and their structural predictions; (b) 
to sum up the predictions and provide an analysis of this; (c) 
to provide statistical and graphical breakdowns of the fre- 
quencies of the residue type and their chemical properties and 
structural analysis. For Chou-Fasman analyses, the structural 
classes were summed with unit weights if classified as definite 
and with half-weights if classified as probable or possible. 

RESULTS AND DISCUSSION 
Infrared Spectroscopy of Factor H .  Difference infrared 

spectra of factor H dissolved in H 2 0  and 2H20  buffers are 
shown in Figure 1. The spectra in 2H20 were recorded after 
3 h of exchange at room temperature. In H20,  the difference 
spectrum shows the maxima of the amide I and amide I1 bands 
to occur at 1647 and 1552 cm-', respectively (Figure 1). In 
2H,0 buffers, there is a dramatic reduction in the intensity 
of the amide I1 band at 1552 cm-', which shifts to approxi- 
mately 1456 cm-' (not shown). These changes are attributed 

and predictive methods that @-structure can be clearly iden- 
tified in most of the SCR sequence, and a structural model 
is proposed and discussed in terms of the properties of factor 
H. 

MATERIALS AND METHODS 
Purification of Human Factor H. Factor H was purified 

by monoclonal antibody affinity chromatography (B. E. 
Moffatt and R. B. Sim, in preparation), with fresh citrated 
human plasma as the starting material. Factor H purified in 
this way is equivalent in purity, stability, and activity to factor 
H purified by the conventional chromatography procedures 
described by Sim and DiScipio (1982). Plasma was made 5 
mM with EDTA and then depleted of plasmin/plasminogen 
by passage over a column of Sepharose-lysine, in the conditions 
described by Tack and Prahl (1976). The plasma was then 
passed through a column of Sepharose-horse IgG (10 mg of 
IgG/mL of Sepharose; 20-mL column for 350 mL of plasma), 
equilibrated in 25 mM Tris-HC1, 140 mM NaCl, and 5 mM 
EDTA, pH 7.4. This procedure removes material which in- 
teracts with nonimmune aggregated IgG. The plasma was 
finally passed through a column (10 mL) of Sepharose to 
which was bound (8.8 mg/mL of Sepharose) the anti-factor 
H monoclonal antibody MRC OX23 (Sim et al., 1983). The 
column was washed with 20 column volumes of the starting 
buffer (as above) and then with 10 column volumes of the 
same buffer made 0.5 M NaC1. Finally, factor H was eluted 
with 1.2 column volumes of 3 M MgC12. This material re- 
quired no further purification. 

Preparation of Concentrated Factor H. For FTIR spec- 
troscopy, 30 mg of factor H (0.9 mg/mL) in 25 mM Tris-HC1, 
140 mM NaCl, and 5 mM EDTA was made 15% (w/v) with 
poly(ethy1ene glycol) 4000 (Sigma Chemical Co. Ltd.) by 
addition of the solid, stirred for 40 min at 4 OC, and then 
centrifuged for 30 min at 15OOOg. The pellet was redissolved 
by homogenization with a glass rod in 12.5 mM sodium 
phosphate containing 200 mM NaCl, pH 7.0. The concen- 
tration of this preparation was now 14 mg/mL, calculated 
from the absorption coefficient A280( lcm,lmg/mL) of 1.42 
(Sim & DiScipio, 1982). A further sample was concentrated 
in the same way to 36 mg/mL. This more concentrated so- 
lution was stable at room temperature, but the protein pre- 
cipitated reversibly on being cooled to 4 "C. This procedure 
leads to a small contamination of the samples with poly- 
(ethylene glycol) wich may be present at a maximum con- 
centration of 1.4 or 3.6 mg/mL in the concentrated protein 
samples. Deuterium exchange experiments were performed 
by dialyzing the factor H solutions against several changes of 
the same buffer prepared in 2 H 2 0  at room temperature for 
2 days and thereafter for 6 days at 4 OC (14 mg/mL) or 20 
"C (36 mg/mL). 

FTIR Spectroscopy. Infrared spectra were recorded on a 
Perkin-Elmer 1750 Fourier transform infrared spectrometer 
equipped with a TGS detector. A Perkin-Elmer Model 7300 
data station was used for data acquisition, storage, and 
analysis. Samples were placed in a thermostated Beckman 
FH-01 CFT microcell fitted with CaF2 windows and a 6-pm 
tin spacer. The protein samples and its buffer were measured 
with identical scanning parameters after equilibration at 20 
OC for 15 min. Figures 1 and 2 correspond to the difference 
spectra recorded between the sample and buffer spectra, 
calculated as in Haris et al. (1986). The sample compartment 
was continuously purged with dry air to eliminate absorption 
by water vapor in the spectral region of interest. Poly(ethy1ene 
glycol) has no infrared absorption bands between 1450 and 
1900 cm-I, which amply avoids the region of interest between 
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of the amide I band from 1647 to 1641 cm-' on exchange. 
Calculations of the second-derivative spectra were employed 

in order to resolve the overlapping bands within the amide I 
band (Susi & Byler, 1983; Haris et al., 1986). Absorption 
bands in the original difference spectrum (Figure 1) are re- 
vealed as negative bands in the second-derivative spectrum 
(Figure 2). The results of Figure 2 show that the amide I 
band of factor H has a relatively simple three-component 
substructure which is independent of concentration effects 
within a precision of 2 cm-I. The individual components are 
observed at 1645, 1660-1667, and 1684-1686 cm-l in H20 
and at 1638,1660-1661, and 1679-1680 cm-' in ZH,O in that 
order. This spectral simplicity is reminiscent of the three- 
component substructure of the amide I band of hemoglobin 
(Susi & Byler, 1983), whose secondary structure is a-helical 
(Kabsch & Sander, 1983b). This is in marked distinction to 
the five- to six-component substructure of ribonuclease (01- 
inger et al., 1986; Haris et al., 1986) and the six-component 
substructure of P-lactoglobulin A (Susi & Byler, 1983), whose 
structures are composed of a-helices and @-sheets in various 
ratios. 

The use of H-2H exchange is a powerful tool in the iden- 
tification of secondary structure types (Olinger et al., 1986; 
Haris et al., 1986). There is good evidence that the presence 
of the 1645- and 1685-cm-l bands (H20) and the 1638- and 
1680-cm-' bands (2H20) indicates the presence of antiparallel 
@-sheet secondary structure (Susi & Byler, 1986). Indeed, 
the similar magnitudes of the frequency shifts for both bands 
(5-7 cm-I) on H-2H exchange suggest that both bands ori- 
ginate from the same type of secondary structure. The 
1645-cm-' (H20) and 1638-cm-' (2HzO) bands are too low 
in frequency to be assigned to a-helices (1650-1655 cm-I) but 
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FIGURE 1: FTIR spectra of factor H at 20 OC dissolved in H20 and 
2Hz0 buffers. The protein concentration is 36 mg/mL in buffers of 
1 2 . 5  mM sodium phosphate, 200 mM NaCl, and 0.5 mM EDTA. 
The intensity of the amide I1 band at 1552 cm-I is much diminished 
as arrowed after dialysis in 2Hz0 buffers for 3 h at room temperature. 

to the isotopic substitution of the exchangeable N H  protons 
of the polypeptide by 2H. There is also a relatively minor shift 
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FIGURE 2 :  Second-derivative FTIR spectra of factor H in H20 and 'H20 buffers at two concentrations. (a) The spectra correspond to those 
in Figure 1 at 36 mg/mL. (b) Spectra are recorded at 14 mg/mL. The peaks shift as a result of isotopic substitution of NH by N'H. (-) 
H2O; (--) *HzO. 
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are fully consistent with the strong low-frequency band of a 
@-strand (Byler & Susi, 1986; Olinger et al., 1986; Haris et 
al., 1986). The 1684-1686-cm-' (H20) and 1679-1680-cm-' 
(2H20) bands are assigned to the high-frequency component 
of this @-strand (Olinger et al., 1986; Haris et al., 1986). The 
presence of this weak band indicates that the @-strands are 
antiparallel (Susi et al., 1967; Susi, 1969). 

The third weak band is observed at 1660-1667 cm-' in H20, 
and this only shifts by 2 cm-' to 1661 cm-' in 2H20. This band 
is split in the spectrum run at 36 mg/mL in H 2 0  but not at 
14 mg/mL in H20 nor in 2H20, and this splitting is considered 
to be artifactual. The small magnitude of the band shift on 
H-2H exchange is attributed to either a strongly hydrogen 
bonded environment or a highly buried one in which it is 
protected from isotopic exchange. In proteins, turns and bends 
have been reported to be associated with a band near 1663 
cm-' (Byler & Susi, 1986). Given the high amount of @-sheet 
structure in factor H (above), it is possible that a significant 
amount of strongly hydrogen bonded @-turns is present in order 
to mediate the interconnections of the @-strands within the 
sheet structure, and a consideration of the presence of several 
semiconserved Gly residues in the sequence (see below) sup- 
ports this contention. It is therefore reasonable to presume 
that the 1661-1662-cm-l band is evidence of the existence of 
@-turns. There is however some ambiguity regarding the 
precise assignment of this band, since turns, cy-helices, and even 
disordered structures have been suggested to absorb in this 
region (Olinger et al., 1986; Haris et al., 1986; Byler & Susi, 
1986). The absence of other bands corresponding to this 
structural type may suggest that the presumed turn structure 
is found in essentially one structural form. Overall it is con- 
cluded that factor H has a predominantly antiparallel @-sheet 
structure and that no cy-helix structure is detectable. 

In FTIR studies on immunoglobulin G (which has a pre- 
dominantly @-sheet structure), four bands at 1638, 1663, 1674, 
and 1690 cm-' are observed in H20-saline buffers (Wasacz 
et al., 1987). The latter two bands were assigned to either a 
@-sheet or a turn. Since the first two bands are identical with 
those seen in Factor H and the 1674-cm-' band is not seen 
in factor H, this suggests that in fact the 1674-cm-I band is 
assignable to a turn structure and that the 1690-cm-' band 
results from the &sheet. 

The decrease in intensity (Figure 1) of the amide I1 band 
observed at 1552 cm-' in 2H20  can be used as a measure of 
H-2H exchange in peptide groups. Detailed comparisons of 
second-derivative FTIR spectra of factor H in 2 H 2 0  after 
dialysis for 3 h (Figures 1 and 2) and after 24 h at 20 OC show 
that these are very similar. The further exposure of factor H 
for another 8 days in 2H20 buffer shows no further intensity 
changes in the amide I1 band or shifts in the amide I band. 
This indicates that at p2H 7.3 the majority of structural 
changes involved in H-2H exchange take place rapidly. 
Comparison of the spectral intensities at 1552 cm-' before and 
after exchange suggests an upper limit of 23% of nonexchange 
of the main-chain amide protons (as arrowed in Figure l) ,  
although the precision of this estimate is affected by the 
presence of the neighboring, partially overlapping band at 1567 
cm-' that is observed in 2H20 solution and also by the inability 
to observe the original signal itself in 2H20. This figure is 
comparable to small globular proteins such as lysozyme or 
ribonuclease, where 10-20% of the main-chain N H  protons 
remain nonexchanged after extensive dialysis in 2H20 buffers 
(Perkins, 1986). These data, together with the observation 
of two large band shifts on dissolution into 2H20 solvent, show 
that the @-sheet structure of factor H is readily accessible to 
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Table I: Survey of the Frequency of Residues in the Short 
Consensus Repeat' 

segment 
(residues) position residue frequency 

A (1-7) 2 c y s  100 
5 Pro 74 
6 Pro 44 

B (8-20) 8 Ile, Leu, Val 37 + 19 + 14 = 70 
10 Asn 61 
1 1  67 + 14 + 6 = 87 
13 21 + 9 + 19 = 49 

C (21-39) 21 Phe, Tyr 27 + 49 = 76 
24 Gly 69 
25 Asp, Glu 22 + 24 = 46 
21 22 + 17 + 46 = 85 
29 Phe, Tyr 27 + 62 = 89 

34 Gly 67 
35 Phe, Tyr 32 + 49 = 81 

D (40-46) 43 Ile, Leu, Val 32 + 5 + 15 = 52 

E (47-55) 49 Gly, Ala, Ser 76 + 3 + 8 = 87 

F (56-61) 56 Pro 80 

Gly, Ala, Ser 
Ile, Leu, Val 

Ile, Leu, Val 

31 Cys 100 

39 Gly 55  

45 c y s  99 

51 Trp 95 

58 Cys 100 
If a residue or residue group is present more than 40 times in the 

101 sequences, it is noted. The five charged residues occur more than 
40 times at the following positions: 9, 12, 25, 26, 28, 30, 32, 59, 60. 
Residues are shown as the following groups when significant totals of 
each are found at that position: tiny, G, A, S; aliphatics, I, L, V; aro- 
matics, H, E, Y, W; positive, R, H, K; negative, D, E. 

solvent, despite its high M, of 155 000. This is fully compatible 
with the highly elongated structure that is expected for factor 
H (Sim & DiScipio, 1982) by analogy with that for C4BP 
(Dahlback et al., 1983; Perkins et al., 1986). 

Secondary Structure Prediction of the SCR. Secondary 
structures were predicted from the amino acid sequences by 
the Robson method (Gamier et al., 1978). This has advan- 
tages: (a) it is slightly more accurate than other commonly 
used methods such as the Chou-Fasman and the Lim proce- 
dures (Lim, 1974a,b; Kabsch & Sander, 1983a; Taylor & 
Thornton, 1984); (b) since the conformational prediction is 
objectively chosen as one of four states, this facilitates further 
computer analyses of the results; (c) it is possible to choose 
a conformational preference by the use of decision constants 
which can be set at cut-offs that favor predominantly cy-helical 
or predominantly @-sheet predictions, or a mixture of these. 
Prior to this study, preliminary calculations have suggested 
the presence of p-structures in the SCRs of C4BP and the CR1 
receptor (Chung et al., 1985; Klickstein et al., 1987). 

The SCR occurs 20 times in human factor H and a further 
81 times in 12 other proteins whose sequences have been re- 
ported (Materials and Methods). The 101 sequences of the 
SCR were aligned on the basis of maximizing the occurrence 
of identical or chemically homologous residues (defined in 
Table I) at a given residue position and minimizing the oc- 
currence of gaps in this alignment. This procedure permits 
the alignment of the secondary structure predictions for cal- 
culation of the average. The alignments of Figure 3 thus differ 
from others in the original sequence studies, where many more 
gaps had been included in order to maximize possible residue 
homologies. The maximum length of an SCR was found to 
be 98 residues. Since 61 of these residue positons are occupied 
in over half the sequences examined, this was deemed to be 
the standard length of an SCR, and residues are accordingly 
numbered from 1 to 61 (Figure 3). Table I shows that 23 of 
the 61 positions are conservatively occupied by amino acid 
residues. In particular, Cys-2, Cys-3 1, Cys-45, Trp-5 1, and 
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-ADDGCPKPPE IAHG 
11 rec-h ELCDDDPPEIPHATFKAUA 

LPGHCREPPP WENEATERIYH 
PECEAVCGKPK 
COCTSSATRNT 
LICTGEUETSO 
COCTSNSHDKS 
LTCVDEREHUR 
LKCTPR 
PVCAPI 
PECREV 

11 rec-m ELCLYDPPEVPNATFKALS 
LTGHCREPPP UKHEDSKRIYH 

b2 4p-I  GRTCPKPDD LPFSTVVPLKTF 
VCPFAGI LENGAVRYTT 
ICPPPSI PTFATLRVYKPSAGNN 
KCPFPSR PDNGFVNYPAKPT 
SCKVPVK KATVVYOGERVK 

KCTKPD LSNGYISDVKLL 
Fact XI11 EEKPCGFPH VENGRIAOYYYTFKSFYFP 

PSCKA 
GTIEVPKCFKE 
PRCFK 
PTCRKEHE TCLAPE LYNGNYSTTOKT 

KCSSLRL IENGYFHPV~QT 
RCPPPPL PINSKIQTHSTT 
ACEEPPF IENGAANLHSKI 
NCKHPPV VHNGAVADCILAS 
PCTVNVD YHNRNNIEUKYKYECK 
UCTSPPL IKHGVIISSTVDT 
PCTLSFT EHEKNNLLLKWDFDNRPH 

Clr EIIKCPOPKTLDEFTIIONLDPO 
DCGOPRN L P N C D F R Y T ~ T ~ G V N T  

ClS DPHPC PKEDTPNSVYEPAKAK 

c2 APSCPONVN ISGGTFTLSHG 
DCGIPES IENGKVEDPESTL 

RCPAPVS FENGIYTPRLGS 
HCPNPG ISLGAVRTGFR- 

Factor B PQGSCSLEGVEIKGGSFRL 
HCPRPHD FENGEYWPRSPY 
YCSNPG IPIGTRKVGSO 

RCRHPGE LRNGOVEIKTD 
KCKPPPD IRNGRHSGEENF 
TCRKPD VSHGEHVSGFGPI 

C4BP NCGPPPT LSFAAPUDITLTETR TFCfYK 
POCEIV 
PTCEKI 
PACEPN SCINLPD IPHASWETYPRPTKEDV OGCEA 
PSCGD 
POCKA 
PKCEUETPEGC 

PLRKCQKR 
PICEVV 
PKCVEI 
PSCEEK 
PRCTLK 

RRNTEILTGSUSDDT 
Factor H PCGHPGD TPFGTFTLTGGNV‘ 

KCLPVTA PENGKIVSSAUEPDRE 
SCKSPD VINGSPISQKII 
SCDNPY IPNGDYSPLRIK 
PCDYPD IKHGGLYHENHRRPYFP 
KCYFPY LENGYNQNYGRK 
TCSKSSIDIENGFISESOYT 
SCDIPV FHNARTKNDFTY 

P CLR 
PRCIRVK 
PTCIK 
PICYER 
PICKEOVO 
PVCIVEES 
PQCVAIDKLK 
VNCSHAOIO 

ECELPK IDVHLVPDRKKDO 
C C Z P P ~ E  LLNCNVKZYTKE~ 
TC2C:FE -5iiSiA3LSS”F 
( C Y S S L  L:ILEEtLKNKYE FC4NSNIRYRCRZ KE; 2:HTVCI L 2RYCPE 

YR3GEYVSVLZOENYLlQE GEEITZU C ; f i ; Q S :  
YAHGTKLSYTCEGGFR!SE EKETTCY !i GKYSSP 

LCPPPPO IPNSHNHTTTLN PLCVEKi 
POCEGL 
PSCIKT 
PTCRDT 
POCKDSTG 
PKCLH 
PTCAKR 

PSRICRKK 
PLCEVV 

YOYGEEVTYKCFEGFGIDG PAIAKCL G EKUSHP 
YKACEOVTYTCATYYKHDC ASNVTrl N 9RYTCR . - . . . , . -, .. . - . . ~~ YPSCERVRYC~RSPYEMFC DEEVMCL ti GNd?EP 
YA?ASSVEYOZONLYOLFG NKRITCR h’ GQilSEP 
SRTGESVEFVZKRGYRLSS RShTLRTTCY 0 CKLEY ? C V I S R E : 7 E N Y N I A L R U T A K Q K L Y  

House EDCKGPP’ RENSEILSGSYSEOL 
Factor H 1CGHPG3 :PFGSFRLAVGSO 

~ ~ ~~ 

YPEGTOATYKCRPGYRTLG TIVKVCK N CKYVPISN .. . . - . . .. . . - . 
FEFCAKVVYTC3DGYOLLG EI3YRECG ADG YIN3: 
YYFCOVVRFECNSGFKIEG HKEIHCS EXGLYSNEK 
YKENERYHYKCKHGYVPKE RGCAVZT GSG U S S 3  
H R S D D E : R Y ECN Y C F f?’ /  TG ETVSKCT PT’: YlPV 

KCLPVTE LENCRIVSGAAE~DOE PRCVEI 
PFCEEK 
PRCTLK 
P CVR 
PKCIRIK TCSASDIHIDNGFLSESSSI PSCIK 
PSCYER 
PTCKGQVA 
PVCIEEER 
PKCVATDQLE 
PNCTSKT 
PRCIEKI 
PRCVGL 

. ~ - ~ ~ ~ . . .  
sc3nPv F E N S I T K N T ~ : ~ ~  
ECSVP‘: L3RKLVVSPRKEK 
5CACDLE .LNSEINGAKKVE 

YRVGDLLEFSCHSG HRVG PDSVOCY HFC Y9PCF . . . . . . . - .. -. -. 
?NK:3CV 3 GNYTTL YSHGEVVKYDZKPRFLLIZ 

Y3HG3SVEFICEENFTEIG HZS’JSC: 5 GKWTQ- 
FTHNSTU3YKCRD K:E YERS:CI h’ GKU3PE 

TCGDIPE LEHGSAKCSVPP 
YCRVL KSTGIEAIYPKLTE 
SCPPPPO IPNTOVIETTVK 
’CSQPaT IZiGSIhLPRSSEERRDSIES 

YLDGEKLSVLCODNYLTQD 
SSHEHGTTFSYVCDDGFRIPE 

~~ 

SEEUVCK D GRUQSL 
ENRITCY U GKYSTP 
PAFIICE G GKYSDP PCGPPPS IPLGTVSLELES 

~~~~ . 
YOHGEEVTY!~CST:FGI 3: 
YRTGE0VTFRC:SPYCUNG 
YLrlGDRVRYEChK?LELF; 

PKCI KT DCDVLPT VKNAIIRGKSKKS 
SCVDPPH VPNATIVTRTKNK 
KCGPPPP IDNGDITSLSLPV 
ACVIPENIMESHNIILKYRHTEKIY 

SCKTPPD PVNGUVHVITD 
PCGLPPT IANGDFISTNREN 
KCTPPN VENGILVSDNRSL 
VCOPPPD VLHAERTORDKDN 

CR1 KLKTOTNASD 

SDTVTCV N SRUIGO 
OVEVUCE N GIYTFK 

PVCKDN 
PKCRDSTG 
PTCLH 
PTCV 

_. 
YEPLSSVEYOCOKYYLLKG KKTITCT N GKWSEP 
SHSGEDIEFCCKYGYYKARD SPPFRTKCI N GTINY 
FPIGTSLKYECRPEYYGR PFSITCL DNLVUSSPK 
IOVGSRINYSCTTGHRLIG HSSAECILSG NAAHUSTKP 
FHYGSVVTYRCNPGSGGRKVFELVG EPSIYCTSNDDOVGIYSGPA 
FSLNEVVEFRCQPGFVHKG PRRVKCO ALNKYEPEL 
FSPGOEV YSCEPGYDLRG AASURCT POGDYSPAA 
LOLGAKVDFVCDEGFOLKG SSASYCVLAG UESLYNSSV 
FPFGKAVNYTCDPHPDRGTSFDLIG ESTIRCTSDPOGNGVUSSPA 
FPIGTSLKYECRPEYYGR PFSITCL DNLVWSSPK 
IOVGSRINYSCTTGHRLIG HSSAECILSG NTAHYSTKP 
FHYGSVVTYRCNLGSRGRKVFELVG EPSIYCTSNDDOVGIYSGPA 
FSLNEVVEFRCQPGFVUKC PRRVKCO AINKUEPEL 
FSPGOEVFYSCEPGYDLRG AASLHCT PnCnYTPFa 

DVCKRK 
PICORI 
POCIIPN 
PSCSR 
PTCEVK SCoDFHGOLLNGRVLiPVN 

FCPSPPV IPNGRHTGKPLEV 
HCOAPDH FLFAKLKTOTNASD 

PVCEOI 
PRCGILG 
DVCKRK SCKTPPD PVNGUVHVITD PICORI PCCLPP: :ALGDF!STNREN 

KCTPPK VELGILVSDNRSL 
‘ICOPPPE :LHGEHTPSHODN 
SCDDFLGQLPHGRVLFPLN 
FCPNPPA ILNGRHTGTPSGD 

. - - - -. . 
L1LGAKVSFVCDE:FRLFC SSV;’icVLVG YRSLYNNSV 
:PYGKEISYTCDPHPDRGHTFNLIG ESTIRCTSDPHGNCVUSSPA 
FPVGTSLNYECRPGYFGK UFSISCL ENLVUSSVE 
T:FCSTVh’YSCNEGFR-IG SPSTTCLLSG UNVTYDKKA 

HCKTPEO FPFASPTIPINDFE 
SCGPPPE PFNGUVHINTn DNCRRK 

PICE11 
PRCISTN 
PHCSR 
PRCTVK 

SCEPPP: ISNSDFYSNNRTS 
KCTAPE VENAIRVPGNRSF 
VCOPPPE ILHGEHTLSHODN 

FHNGTVVTYOCHTGPDGEOLFELVG ERSIYCTSKDDOVGVWSSPP 
FSLTEIIRFRCOPGFVUVG SHTVOCO TNCQYCPKI . . - . -. . . . . .  
FSPGOEVFYSZEPSY~LRG AASLE PQCDYSPEA 

RSASHCVLAG HKALYKSSV LOLGAKVSFVZ3EGFRLKG 
IPYGKEISYAC3THPDRG~TFNLIC ESSIRCTSDPOGNGVYSS?A 

SCDDFLGOLPHCRVLLPLN PVCEOI 
PRCELSVPA 
HYCKEV 
AKCTSR 

FCPNPPA I LNGRHTGTPFGD 
ACPHPPK IONGHYIGGHVSL 
NCSFPL FUNGISKELEHKKV 

YLPCHTISYTCDPGYLLVG KGFIFCT DOGIYSOLD 
YHYGDYVTLKCEDGYTLEG SPUSOCO ADDRYDPPL 

FIGURE 3: Alignment of the sequences of 101 short consensus repeats found in 13 proteins. The six conserved segments found after sequence 
alignment are denoted as A-F, and the residues within these are numbered 1-61. Residues are included in the segments A-F when more than 
half the positions in the 101 sequences are occupied. The maximum length of a SCR is 98 residues (ignoring the short N-terminal extensions). 
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increases the level of statistical noise, while the general pattern 
of peaks is reproduced, as to be expected. 

The most notable features of the structural predictions are 
summarized as follows: 

(a) @-Sheet structures are predicted to be the dominant 
conformation in 41 of the 61 positions (Figure 4a). Their 
occurrence is also common with the use of unbiased decision 
constants. Segments A and B are predominantly 0-sheet. 
Segment C is of particular interest in that three segments of 
@-strands are predicted (bl, bZ, and b3 in Figure 4a), between 
which two sharp well-defined turns are found (tl and tz). 
Segment D corresponds to another 0-strand prediction, b4, 
which is flanked by two turn predictions, t3 and t4. Segment 
F corresponds to a short @-strand, b6, which is preceded by 
another turn prediction, t5. These occurrences are further 
discussed below. 

(b) The proportion of a-helix predictions is very low in 
Figure 4b. Even when the decision constants are set to force 
the prediction of a-helices, such a-helices do not dominate the 
predictions as the @-strands and @-turns do in Figure 4a. While 
segment B could constitute a complete a-helix in this extreme 
prediction, this structure was only slightly ahead of the totals 
of turn and coil predictions. 

(c) After the @-strand, turn predictions are the next most 
dominant form and occur in 16 positions. The most prominent 
occurrences are located at positions 24 and 25 (denoted t,), 
32, 33, and 34 (tz), 39 and 40 (t3), 47, 48, 49, 50, and 51 (t4), 
and 56 and 57 (t5). With the exception of turn t4, most of these 
predictions correspond to sharp peaks. In the case of turn t4, 
it should be noted from Figure 3 that 29 and 22 gaps in the 
101 sequences were introduced at positions 48 and 50 in order 
to retain Gly-49 as a conserved residue, which lengthens the 
turn. Other weaker turn occurrences are found at position 5 
(which is a conserved Pro site), positions 9-1 1, and position 
17. 

(d) The coil state is predicted for the four contiguous 
positions 52, 53, 54, and 55 (Figure 4b) and is a sharp feature 
in an otherwise generally featureless plot. Comparison with 
Figure 4a shows that this segment c5 occurs neatly between 
the turns t4 and t5. A weaker coil prediction is located at 
residues 4 and 5. 

In conclusion, the analyses of the summed predictions in 
Figure 4 show evidence for ,&strand and turn structures in 57 
of the 61 residues of the SCR. Interestingly, segments C-F 
(residues 21-6 1) constitute a series of structural alterations 
in which five @-strands and one coil structure are systematically 
interpolated by five turns. Residues 1-20 are largely predicted 
as a @-strand, together with some weak evidence for three turns 
in it. These structural predictions are fully supportive of the 
FTIR results for human factor H and extend the FTIR pre- 
diction of 0-structure to the 61 residues of the SCR by locating 
the likely regions in which it occurs. 

Chou-Fasman predictions were carried out as a control of 
the Robson predictions. Since no choices were made between 
the predictions of a-helices, @-sheets, and turns, the predicted 
states overlap. In this sense, the summary of Figure 5 can be 
considered to be an unbiased structure prediction. For these 
reasons, the helix prediction of Figure 5b is qualitatively 
different from that of Figure 4b. In comparison with Figure 
4a, Figure Sa shows that the major features bl-4 and ti-5 are 
reproducibly well predicted, as is also the minor feature t5-b6 
at the C-terminus. For residues 1-1 1, &sheets now occur at 
a lower occupancy than that for turns. This is similar to the 
results of Robson calculations using unbiased decision con- 
stants and suggests that the prediction of 0-structure in this 

103 c (a' tn 

c5 

40 - 

2 0 -  

0 -  
I I I I I I ' I I I I I I I  

0 10 20 30 40 50 a 
Residue Number 

FIGURE 4: Averaged Robson secondary structure prediction for : 
61 residues of the short consensus repeats. This is biased toward : 
prediction of @-structures. (a) The total of predicted extended (B) 
and turn (0) conformations is plotted against residue position. Note 
the regular alternation of 8-sheet and turn predictions between residues 
20 and 52, denoted b14 and tl-+ The six segments in the SCR are 
labeled A-F to follow Figure 3. (b) The remaining predictions for 
helix (0) and coil (B) conformations in the SCR are shown. Note 
that for a given residue the sum of the four predictions totals 100%. 

Cys-58 occur 95 times or more; note that this includes all four 
Cys residues present in the SCR. A further eight positions 
(totaling 31 conservative sites in all) are predominantly oc- 
cupied by charged residues. 

The examination of the alignment of Figure 3 shows that 
six segments of continuous residues could be identified, and 
these are lettered A-F (Table I). With the exception (ignored) 
of the residues at the N-terminus of each protein, six insertions 
were identified and labeled as u-z. Their lengths vary between 
0 and 11 residues, depending on the SCR in question. 

Since the FTIR spectra of factor H indicated the prepon- 
derance of 0-sheet structures, Robson predictions were per- 
formed with decision constants biased for @-structures, Le., 
with cut-offs of 158 and -88 for the a-helix and /3-sheet states 
to correspond to less than 20% and over 20% of occurrences, 
respectively. The total of each of the four conformational 
states in the 101 sequence predictions for the 61 SCR residue 
positions is summarized in Figure 4. Since the accuracy of 
the Robson method is only about 55% for a given residue 
(Kabsch & Sander, 1983a), which is to be compared with an 
accuracy of 25% had a method of random predictions been 
employed instead, the summation of Figure 4 is expected to 
highlight the structural predictions which are significantly close 
to the actual secondary structure. The effect of any minor 
errors in the sequence alignment of Figure 3 will also be 
minimized by the use of the summation method. Thus in- 
spection of Figure 4 shows in confirmation of these expecta- 
tions that many residues are neatly predicted to occur as one 
structure in 50-70% of the predictions and are readily dis- 
tinguished from the other three structures which occur at levels 
of about 0-25%. The use of unbiased and a-helix-biased 
decision constants does not alter the overall appearance of 
well-defined maxima and minima, although the levels of the 
predicted percentages of residues in the a- and @-states move 
up and down, respectively. The use of reduced totals of SCRs 
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FIGURE 5:  Averaged Chou-Fasman secondary structure prediction 
for the 61 residues of the short consensus repeat. (a) The total 
percentage of occurrences of @-strand (a) and turns (0) is plotted 
against residue position. The peaks denoted b14 and t14 correspond 
well with those in Figure 4a. (b) The total of Occurrences of predicted 
a-helices is shown. Note that for a given residue no choice is forced 
between the a-helix, @-strand, and turn prediction. The vertical axis 
thus corresponds to the total percentage of each prediction as found 
in the 101 SCRs. 

region is not as strong as for residues 20-61. In addition, the 
predicted occurrence of a-helices by the two methods is found 
to be in poor agreement, and this is interpreted as further 
evidence in support of a general @-sheet structure. For ex- 
ample, only the C-terminal part of segment B is predicted as 
an a-helix by the Chou-Fasman method (Figure 5a), which 
is in conflict with the Robson prediction (when biased for 
a-helices) that suggested that the whole of segment B forms 
an a-helix. Overall, these comparisons reinforce the conclu- 
sions drawn from the analyses of Figure 4. 

A Secondary Structure Model for the SCR. The proposed 
@-structure for the SCR is now discussed in terms of a possible 
model which will bring together the FTIR results with the 
secondary structure predictions (Figure 6). The best-defined 
P-sheet prediction of Figures 4 and 5 corresponds to the three 
peaks bl, b2, and b3 and the two turns t l  and t2 in residues 
21-39 of segment C. These are schematically depicted in 
Figure 6 as a @-sheet with two 3-turns; this is antiparallel in 
accordance with the FTIR results. Note that secondary 
structure prediction methods are not able to identify super- 
secondary features. The b4 peak which is contained in segment 
D (residues 40-46) and the broad t4 turn of the first part of 
segment E (residues 47-51) are also attached as the contin- 
uation of this P-sheet. 

The relatively small size of the SCR and the knowledge that 
it is extensively exposed to solvent (Dahlback et al., 1983; 
Perkins et al., 1986) imply that one surface of the @-sheet will 
be solvent exposed. In this case, it is expected that all the 
odd-numbered residues (say) will have a hydrophobic char- 
acter, while all the even-numbered residues will have a hy- 
drophilic character, since it is well-known that the relative 
dispositions of the amino acid side-chain alternate on the two 
sides of the @-sheet (Lim, 1974a; Cid et al., 1982; Argos & 
Mohanarao, 1986). The residues of the SCR were examined 

FIGURE 6: Schematic view of a possible antiparallel @-sheet model 
for the short consensus repeat. Residues 21-51 are well explained 
in terms of this model, residues 7-20 and 52-61 are reasonably 
compatible with it, and residues 1-6 are not well explained (see text). 
Hydrophobic residues are denoted by shaded circles and hydrophilic 
ones by open circles. Conserved residues noted in Table I are indicated 
by the single-letter code, or by (+, -) if in the charged group. Double 
slashes are indicated between the residues which correspond to sites 
of the residue insertions u-z (see Figure 3). The diagonal lines mark 
out the bands of alternating hydrophobic and hydrophilic amino acid 
residues. This alternating pattern is consistent with the possible 
formation of a @sheet sandwich with the hydrophobic residues at the 
interface between the two @-sheets. 

for patterns of hydrophobicity and hydrophilicity. Residues 
were classified with the consensus hydrophobicity scale for 
residues (Eisenberg, 1984), which is subdivided into the two 
groups as in Perkins (1986). In Figure 6, the summations over 
the 101 SCR sequences generally show as expected a clear 
alternation in the occurrence of hydrophobic and hydrophilic 
residues between residues 21-5 1. There are six exceptions. 
Gly-24 and Gly-34 correspond to hydrophobic residues in what 
are anticipated to be hydrophilic sites. However, these residues 
have the smallest side chains and occur frequently at turns 
(Chou & Fasman, 1977, 1978), and these are compatible with 
the model of Figure 6. The other four exceptions at positions 
25, 33, 41, and 47 are hydrophilic residues which occupy 
putative hydrophobic sites. All of these are located at turns, 
where it is generally recognized that such residues are usually 
hydrophilic (Rose, 1978; Chou & Fasman, 1978; Schulz & 
Schirmer, 1979). In conclusion, residues 21-39 are fully 
consistent with the hydrophobic and hydrophilic properties to 
be expected from a @-sheet structure, one surface of which is 
exposed to water. 

The antiparallel @-sheet model for residues 21-51 is sup- 
ported further by the positions of the two Cys residues Cys-31 
and Cys-45. Both are on the hydrophobic side of the @- 
structure, which is to be expected if the internal disulfide bonds 
are to be formed between Cys-31 and Cys-58 and between 
Cys-45 and Cys-2 (Lozier et al., 1984; Day et al., 1987; 
Janatova et al., 1987). It is also noteworthy that the strands 
bl-b4 are up to nine residues in length; the typical @-strand 
or @-ladder is no more than nine residues long (Kabsch & 
Sander, 1983b; Cohen et al., 1986). It is also noted that the 
insertion segment x occurs between residues 39 and 40 and 
segment y between residues 46 and 47. Both sides are coin- 
cident with the surface-exposed turns t3 and t4. It can be 
readily appreciated how these insertions can be attached as 
surface loops on the SCR structure. 

A reasonably satisfactory correlation of residues 52-6 1 with 
an antiparallel @-sheet can be proposed. For the purpose of 
discussion, these residues as well as those of residues 1-20 are 
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also incorporated into the schematic diagram of Figure 6, even 
though the structural model for these residues is not as strong 
as that for residues 21-51. Residues 52-61 demonstrate the 
requisite pattern of alternating hydrophobicity and hydro- 
philicity with only two exceptions if residue 55 and the insertion 
z are postulated to occur at a 4-turn (Kabsch & Sander, 
1983k Milner-White & Poet, 1986). The scheme of Figure 
6 is interesting in that Cys-58 has the same horizontal coor- 
dinate as Cys-3 1. This is suggestive of how the disulfide link 
can be formed if the two-dimensional representation is pos- 
tulated to fold into a three-dimensional @-sheet sandwich of 
the orthogonal or aligned types discussed in Chothia and Janin 
(1982). That residue 53 is not hydrophobic is attributed to 
the prediction of the coil state for residues 52-55 and its 
proximity to the proposed turn t5. That residue 60 is not 
hydrophobic can be accounted for in terms of its location at 
the edge of the @-sheet (Garrett et al., 1985). 

The @-sheet model for 1-20 is not satisfactory. The pattern 
of hydrophobicity and hydrophilicity is still observed if Gly-1 1 
is located at a 4-turn as shown. The possible turns at residues 
9-13 and 16-19 bear a hydrophilic character as desired; 
however, neither of these is strongly predicted in Figure 4 or 
5. The situation with regard to residues 1-6 is unclear. The 
averaged predictions are also weakly suggestive of a further 
turn at residues 6-7 in the simple model of Figure 6. In this 
case, the N-terminus will lie at the opposite end of the @-sheet 
to the C-terminus. Such an arrangement in Figure 6 places 
Cys-2 at a distance from Cys-45 in the horizontal direction, 
which is not compatible with the requirement of disulfide 
bridge formation in the possible @-sheet sandwich model. This 
can be overcome by redeploying residues 1-6 to the left from 
the location shown in Figure 6, whereupon the horizontal 
coordinates of Cys-2 and Cys-45 become similar. 

CONCLUSIONS 
From FTIR spectroscopy on human factor H, it is concluded 

that the short consensus repeat has a structure that is typical 
of small globular proteins and is found in a predominantly 
antiparallel @-sheet conformation. The use of summation of 
the 101 individual secondary structure predictions to obtain 
an average has been of value in this study in that only the 
significantly predicted features are retained for further 
structural analyses. These have suggested the likely existence 
of a structure with extensive @-strands and turns in the short 
consensus repeat. This averaging constitutes a simple method 
that may generally improve the reliability of secondary 
structure predictive schemes beyond the current estimates of 
50-60% accuracy. Combination of the FTIR and predictive 
results in the schematic model of Figure 6 shows that residues 
21-51 can be well explained in terms of an antiparallel @-sheet 
and that residues 7-20 and 52-61 are reasonably compatible 
with the @-sheet model, while the situation in relation to 
residues 1-6 is less clear. The combination of FTIR spectral 
interpretation with predictions of protein secondary structures 
appears to be a promising technique. Further assessment of 
this combined approach using a large set of proteins of known 
crystallographic structures should indicate the degree of va- 
lidity of this technique. 

Reasons for the occurrence of conservative or semiconser- 
vative amino acid residues in the SCR can be proposed or 
commented upon. In physiological terms, the most striking 
aspect of this model is the arrangement of five semiconserved 
sites for charged residues at positions 25, 26, 28, 30, and 32 
(Table I). All of these are located on strand b2 (Figure 6), 
which is one of the best predicted strands in the analyses of 
Figures 4a and 5a. It is quite possible that variations in the 

nature of these charged groups may play an important role 
in determining the biological specificity of each SCR within 
the parent protein structure in terms of the highly specific 
long-range protein-protein interactions that take place in se- 
rum between factor H and C3b, C4BP and C4b, and so on. 
Another set of semiconservative residues occurs 67, 69, 67, 
55, and 76 times out of 101 at Gly-11, Gly-24, Gly-34, Gly-39, 
and Gly-49 (Table I). These are frequently found at turns 
in proteins, and the observed positions in Figure 6 show that 
this is the likely explanation for all the five semiconserved Gly 
positions. In a type I1 reverse turn, an obligatory Gly residue 
is located at position i + 2 (Schulz & Schirmer, 1979). This 
is the case for the turn t2 but not for the turns t l ,  t3, and t4, 
although it should be added that other physical techniques such 
as two-dimensional NMR or protein crystallography are ex- 
pected to refine significantly the simple scheme depicted in 
Figure 6. The relatively frequent occurrences of seven Ile,- 
Leu,Val and Phe,Tyr sites (Table I) is of great interest since 
these residues are known to occur at significantly higher 
proportions in P-sheet to @-sheet interfaces and serve to make 
the internal surface of the two @-sheets approximately smooth 
(Chothia & Janin, 1981, 1982). Together with the highly 
conserved Cys residues at Cys-2, Cys-31, Cys-45, and Cys-58, 
which are important for defining the relative configuration of 
the two @-sheets, these considerations indicate straightforward 
reasons for the occurrence of most of the residues noted in 
Table I. 

Some three-dimensional structural information on the SCR 
is available for C4BP from electron microscopy, solution 
scattering, and hydrodynamic analyses (Dahlback et al., 1983; 
Perkins et al., 1986). From these, it is deduced that a length 
of 29 nm corresponds to 6.5 SCR sequences; thus the SCRs 
are separated by approximately 4.5 nm between their centers. 
From the sequences of mouse and human factor H, crystal- 
lographic volumes of 173.0-173.7 nm3 were calculated for the 
protein component only (Chothia, 1975; Perkins, 1986). The 
volume of a single ellipsoid defining the shape of the SCR is 
therefore 8.68 nm3, These data can be compared with the 
possible @-sheet model of Figure 6. From Figure 6, the overall 
length of the &sheet model is 11-12 residues. A mean distance 
of 0.38 nm between the a-carbon coordinates of a given @-sheet 
in an extended configuration in the crystal structure of the IgG 
fragment Fab New is readily computed. The total length of 
the SCR model in Figure 6 is thus 4.2-4.6 nm. The separation 
of the two sheets in a @-sheet sandwich lies between 0.83 and 
1.13 nm depending on whether their packing is aligned or 
orthogonal (Cohen et al., 1981; Chothia & Janin, 1982). This 
implies that the thickness of a @-sheet sandwich is between 
1.6 and 2.2 nm. The interchain spacing between two parallel 
or antiparallel @-strands is 0.485 nm (Ashida et al., 1981). The 
width of a four @-strand model is therefore about 2 nm. The 
volume of the ellipsoid of axes 4.5 nm X 1.9 nm X 2.0 nm 
corresponding to this @-sheet model is 9.0 nm3, which is in good 
accord with the value calculated above from sequence data. 
The overall dimensions of this model are also in good agree- 
ment with the center-to-center separation between neighboring 
SCR domains in C4BP. These dimensions will be compared 
with models for factor H that are currently being developed 
from synchrotron X-ray and high-flux neutron scattering 
curves (S. J. Perkins and R. B. Sim, unpublished results). 
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