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Compleaes Tormed by the mterachion ol negatively charged phospholipids and §.-glycopiolein | (8-1) are ihe target of dulozntiboedies in syslene

lupus erythematosus. The highly positively charged Ofth (C-terrunal) doinain of human Fy-F was produced as a fusion protein in an Escliericlia

cofi expression system and was shown o bind w the negatively chaiged phospholipid. caidiolipin. almost a5 well as the intact protein. Inan allempt

to define the 3D stiucture of tus domain, the disulphude linkage pattern was determined 4nd shown to be Cys 1-4, Cys 2-5 and Cys 3-6 in

contradiction to an earlier report, In the light of ilus wiormation, the sequence of the fifth domain of 4.1 (F,-1-5) is readily aligned with that of

the 16th 1epeat of factor H, of wiuch the 3D siructute 15 known, and a model of -5 has been buill by homology. On the basis of the model we
sugacest residues that might be the target of profitable sile-directed mutagenesis in structure-function studies

fA=Glycopiotein 1 (f.-1): Apolipoprotein H (APOH): Curdiolipin, Disulphide hinkage: Homology medelling: Complement contral protein (CCP)

I. INTRODUCTION

[.-Glyeoproiein 1 (G,-1) is associated with different
fractions of lipoproteins in the plasma [11. This protein,
also known as apolipeprotein H {APQH), was first de-
scribed by Schultze et al. [2] and the amino acid se-
quence was determined by Lozier et al. [3]. The com-
plete nugleotide sequence has been estublished by
¢cDNA sequencing [4], and using somatic cell hybrids
the f,-I gene was localized on chromosome 17g23-25
[3].

The physiological function of f.-1 is not fully estab-
lished, but it has been shown to bind to DNA [6], mito-
chondria [7], platelets [8] and to negatively charged
phospholipids [9]. Recently it has been shown thal a
complex of f.-1 and negutively charged phospholipids
forms an autoantigen recagnized by certain antibodies
present in autoimmune diseases like systemic lupus
erythematosus (SLE) [10,11].

The f--1 protein is composed of five repeating do-
mains of some 60-80 amino acids residues cach. Within
each repeal it is possible to recognise the consensus
sequence of the complement control protein {CCP)
module (4], implying that #.-1 is a member of the CCP
superfamily. CCP modules are found in many comple-
ment proteins, including facter i, CR1, CR2, CAbp, as
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well as in some non-complement proteins such as the
[L-2 receptor and the selectin family of endothelial leu-
kocyte adhesion molecuies [12]. The three-dimensional
solution structures of three CCP modules have now
been established by NMR ({i3,14] and unpublished
data) and are sczn to be very similar, confirming that
a consensus sequence confers extensive topological sim-
ilarities. This observation means that it is feasible 10
create accurate medels, by homology, for other mem-
bers of the CCP superfamily without recourse to NMR
spectroscopy or X-ray crystallography methods.

In this study we focus on the fifth §,-1 domain (8,1-5).
This modale contains 135 lysine residues and, since f-1
binds 10 negatively charged nhospholipids (e.g. vardio-
lipin), this £,1-5 domain may be imporiant in the pro-
tein-lipid interaction. To address this hypothesis, [#,1-5
was expressed as « recombinant fusion protein in Esch-
erichia coli, and has been shown to bind to cardiolipin.
In addition we present the correct disulphide mapping
of the six eysteines present in this rcpeat, originaily
incorrectly reported [3]. Finally we report a model for
the tertiary structure of f£.1-5 built by homology with
the 16th module of factor H.

2. MATERIALS AND METHODS

2.1 Recombinait eapression und binding sindies of {,0-5 fision protein
tor cardiolipm

The coding region for the fifih domain (amino acid residues 243-

326) was amplilicd by PCR fronm the cDNA clone pf.l-I i4), whit the
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substitution of & glyeine residue for Ala (243), the introduction of o
BeamHI restriction sile at the 8° end, and an EcoRI sie at the 3’ end.
The PCR product was subcloned nto the fusion vector pGEX-2T [15]
and trdnslformed o the £ cofistrain, NM354 An overnight bacte-
rial culture was diluted 1:10 1 fresh LB mediwm and after 1 h the
expression of the lusion protemn (glutathione Setransferasesfyls5 or
GS8T-G.1-5) wus induced with 0 L mmM IPTG and the culture grown for
J4 further 3 b The cells were pelleted, lysed and incubated with gluta-
tlone agarose beuds 11 order to bind the fusion protein onta the beads
[16]. The recombinant GST-F,1«5 was eluted from the beads by compe-
nnon with Iree glutathione (5 mM). After spinning down the beads the
tusion prolein was recovered n ihe supernaiant and used for binding
studies to cardiolipin.

A compeuntive inhubition assay of the binding of '**I-labelled S.-I 10
cardiolipin by unlabelled £ -1 and by G8T-f.1-5 was performed. The
conditions for the assay were as described previously [9]. Briefly,
cardiohpin (50 wg/ml in ethunol) was couted onto microtiter plates
{100 grirwelly and the ethanol allowed 10 evaporate MNon-specific bind-
ing sites weee blocked with 250 gg/m! at,-macroglobulin (200 ul/well)
Human fa-1 was solated as previously deseribed [9] and radiolabelled
with Na'®l using iodobeads. Labelled fy-k (50 ul; 088 ug; 1 35 x 10¢
¢pm) 1n 10 mM potassium phosphate, 1 3 mM CaCly, 0 5 mM MaCli,,
pH 7.0, contuiing 20 gg/ml bovine serum albumin was preincubated
(30 min, 20°C) with 50 ul of the same buffer containing various
amounts of unlabelled f.-1 or unlabelled GST-F.I-5. These mistures
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were Lhen transferred o cardiolipin-coated wells, and incubated for
30 min at 20°C. Wells were then washed with 4 x 200 ul of 10 mM
potassium phosphate, 1.5 mM CaCly, 0.5 mM MgCl,, pH 7.0, contain-
ing 20 ug/ml bovine serum albumin, and bound radioactivity was
eluted with 200 g1 of 0.1 M NaOH. and counted, Maximum binding
observed in Lhe absence of any cold competitor was 10%. An irrelevant
GS5T-lusion protein was used as a negative control.

2.2, Disulphide mapping uf ihe suc cysiemes present i -5

The whole £-1 molecule (400 xp) was dissolved into 200 21 of 50
mM sodium phosphute (PH 7.8) and incubated for 16 h at 37°C with
10 xg endoproteinase Glu-C (V8 protease). The digested peplides plus
a control of slarling material were run on a Brownlee Aquapore
RP300 column (C8) in 0.19 TFA and peptides were eluted with a
2-609 gradient of acetonitnie over 60 min, then 60-100% over the
next 13 min The MNeermini of the main pepudes were sequenced on
an Applied Biosystems 470A protein sequencer with oniine PTH anal-
yais, to determine whether or not pauwrs of disulptude-linked peptides
derived [rom the {ifth domain were present.

2.3. Modelling of fi.1-3

Bal-5 was modelled by homology wilh the 161h domain of factor H
(H16) [13]. The two sequsnces were aligned by hand (and Laking 110
account the patlern ol disulphide linkage reported below). The wwo
CCP-modules share 11 dentical residues in equivalent positions, in-
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Fiy | Compeutive inibition of the binding of '**l-labelled #.-1 o cardiohpin, eoated on microtiter plates, by unlabelles A+ (open squares) and
by the 3th domain fusion prolein (5;1-5; filled squares). The values represent the average of three measuremenis.
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cluding the consensus cysteines, but not the highly conserved tryplo-
phan. §a1-5 has an insertion of B residues within the *hypervariable’
loop region [13], and an exiension of 19 residues at the C-lerminus.
The meodeliing was done manually by amino aeid replacement within
the programme INSIGHT [17]. The modelled structure was energy
mimmised within the programme XPLOR {18]. No attempt was made
to model the bulk of the C-terminal cxtension

3. RESULTS AND DISCUSSION

The fifth domain of human f,-1 was expressed as a
GST-fusion protein in an E. coli expression sysiem.
After lysis and purification using glutathione agarose
beads the recombinant fusion protein was used for a
competition binding assay to the negatively charged
phaospholipid, cardiolipin, As shown in Fig, 1, the bind-
ing of radiolabelled f.-1 is inhibited by cold ;-1 and
only marginally less by the GST-8,1-5 fusion protein.
An irrelevant GST-fusion protein did not have apy di-
rect binding affinity to cardiolipin (data not shown).
These data indicate that the highly positively charged
5th domain, containing 15 lysines and one arginine, is
involved in the binding to negatively charged phosphe-
lipids. This knowledge will be most useful in charae-
terizing antigenic epitopes which are recognized by cer-
tain antoantibodies present in SLE patients. Efforts to
understand this interaction are on-going in this labora-
tory.

CCP modules are normally recognised on the basis of
a comsensus sequence including a framework of four
conserved cysteine residues disulphide linked in a 1-3
and 2-4 pattern. The first four §.-1 domains are typical
examples of the CCP superfamily, whereas the fifth re-
peat is a very aberrant member, containing two addi-

(a)

1 2
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tional cysteines and a long C-terminal tail. Lozier et al.
{3] reported that the two cysteines bounding on either
site of the highly positively charged region 281-288 (39~
46 within the module) are disulphide linked. This infor-
mation rendered alignment with other CCP module se-
auences, which depends strongly upon the 4 framework
cysteines, very difficult and precluded any attempt at
medelling the tertiary structure of 8,1-5 by homology.
In order to investigate this finding and to ¢stablish the
mapping of the other four ¢ysteines present in 8.1-5, ihe
whole native 8,-1 molecule was digested with the pro-
tease V8 and the N-termini of the major peptides were
sequenced. Two peaks separuted by HPLC were found
to contain two peptides from £,1-5. One contained the
peptides derived from amino acids 266285 (Cys num-
ber 2, al position 281) and 303-309 {Cys number 5, at
306). The second fraction contained the peptides 286-
292 (Cys number 3, at 288) and 3!5-326 (Cys number
6, at 326). Since the V8-peplides were separated by re-
verse-phase HPLC without prior reduction, peptides
cluted in the same fraction are cross-hnked by dis-
ulphide bridges. Cys 2 is therefore linked to Cys 5 and
Cys 3 is linked to Cys 6. Therefore, Cys | is linked to
Cys 4 (see Fig. 2a). The two additional cysteines are thus
disulphide-linked to each other and the four conserved
cysteines are bridged in the same patiern as found in all
other CCP modules: the disulphide bridging pattern is
therefore consisient with other CCP modules.
Recently two other groups established the bovine -1
sequence and investigated the disulphide patiern
(19,20]. They, too, concluded that the two additional
cysleines of 5,1-5 are cross-linked. There is 83% amino
acid identity between the human and the bovine se-

. |

ASCKLPVEKATVVY GGERVEIQEK FKNGMLHGDKVEFFCKNKE RKCSYTEDARLIDCTIEYPRCFKERSSLAFVKTDASDVKPC

I 6

70 80

3
(k)
10 20 30 40 50 60
Baz-8  ASCRLPVKKATVVYQGERVKIQEKFKNGMLHGDKYSFFCENKEKKCSTTRDAICIDGTIEY PKCFKEMSSLAFWKTDASDVKRC
H16  EGLFCKSFPEISHGVVAEMSDS

IQYGEEVTYKCFRGFG IDGPAIAKCLGEKWSHPPSCI

Fig. 2. (u) Disulphide mapping of the 5th §,-1 domain. V8 protease-derived pepudes are double underhned. Cysteines present in peplides wiugh
were ¢luled in the same BPLC fraction are linked by cenijpuous lines; Cys 2-5 and Cys 3-6. A further predicied disulphide bond between Cys |
and Cys 4 15 shown by a broken line (b) Ahgnment of §;1-5 and the 16th domain of facior H (H16).
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quence. Taking these reports logether with the data
presented here, it may be concluded that the disulphide
pattern reported by Lozier et al. [3] was in error,

Oun the basis of sequence alignment with H16, some
regions of f.1-5 (amino acid positions 3-14, 33-43, 51—
61) were expected to be in S-strands and -sheets. These
were replaced without difficulty. However, the hyper-
variable region [13] (residues 15-28) contains 14 resi-
dues compared to 6 for H16. If it is assumed that the
structurally conserved regions will stay in the same po-
sitions with regard to the rest of the module then there
are only two chotees of how to model this region. The
13 residues could form a large unstructured loop or they
could form a helix. The choice of an a-helix seems to be
more plausible (see Fig. 3). Considering the three hydro-
phobic residues, at positions 19 (Val), 21 (ll¢) and 25
(Phe), an a-helix starting from position 17 can be ar-
ranged to orientate at least residues 21 and 25 into the
core of the module, In additien, structure prediction
using either Chou-Fasman (C-F) [21] or Garnier-
Osguthorpe-Robson (G-0-R) [22] algorithms predicted

67-80
Fal
i
r[ I
JE
|
{ 1
I I
i |
! 1
t |
* 1
!
|
o >1
‘ b ocae
AR -
)
- = INAS
ty ~ ¥ L i » : !‘
N ) !:ﬁ B }1 e
I ! "
P
- Cad
.‘{ v
\ - V"_Y.
v T ) =)

{ r'*\;( o ‘P‘:—/\’_AL
¢ § i y =L
1) ,AM\:\,/J? .

b AR
\)rJ—' R “L—’

FEBS LETTERS

November 1992

a helix for most of that region (C-F, 17-25; G-O-R,
15-26). A critical region is that between residues 40 and
55, Here lies Cys* (=Cys number 3) which is non-con-
served, Residues 50--54 were assumed to be part of the
conserved J-strand that has been seen in all three CCP
madules for which structures are available, The position
of Cys* in f.1-5 is occupied by a residue (11e*%) that
contributes to the hydrophobic core region in both H135
and H16. Replacement of this residue (Ile*) in H16 by
Cys*®, therefore seemed to be a reasonable option. Trp
(position 52 in H16) is one of the most highly conserved
residues in the CCP module sequence, apart from the
cysleines. In the cuse of §;1-5 it is replaced by another
large hydrophobic residue, 1le® (see Fig. b). The struc-
tural ramifications of this replacement are unknown.
Mo attempt has been made to model the long and un-~
conserved extension (residues 64-80) at the C-terminus
of f.1-3. There are, however, some observations that
can be made regardless of the conformation of the bulk
of the extension (s¢e Fig. 3). One is that the extension
leaves the molecule at residue 64, 1n an analogous fash-
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Fig 3 (Top) Stereaview {crass-eyed? of the energy minimized model f-1-5 The backbone is represenied by a trace of the Ca and amide N positions,

the disulphudes by tncker lines. No atiempt was made 1o model the large insertion contaning residues 67-80, which 15 displayed schematically

as o dotted line and arrowhead, illustrating where the loop leaves and re-enlers the modelled pait of the structure. The non conserved Cys' and

Cys", which are disulphide-linked, ure indicated by ariows (Bottom) Slereoview (cross-eyed), ax above but rotated by 90° such that the N-terminus
is lacing away from the viewer, Residues 67-80 are not shown.
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Fig 4 A slereoview (cross-eyed) of the energy minimised model of f;1-5, lighlighting the lysine residues. Al non-hydrogen backbone and side
chuin atoms are indicated by Whe thin trace, excep! for the side chains of the 14 Lysines which are represented by thicker hnes. The remaining Lys™
is witin the insertion 67-80 wluch was not modelled, and is not shown here.

ion to the ‘linker’ region in other, non C-terminal mod-
ules, The non-conserved disulphide bridge formed be-
tween Cys* and Cys* (=Cys 3 and 6) will then be on
the lar side of the molecule with respect to residue 64
(Fig. 3). The effect is to bring a lysine residue (Lys*) at
the C-terminus into close proximity to the other lysine
residues in the region 40-45,

Fig. 4 shows the position of 14 (out of 15) lysines in
the module and indicates that a cluster of lysines, 40, 42,
44, 45, 66 and 82, lies towards the distal end of the
molecule, and may form a binding region. These resi-
dues are conserved in the rat [23] and bovine sequences
[19,20], excapt that Lys® is Thr in the rat. The role of
the loop 64-80 is unknown, but the presence of the
hydrophobic sequence, LAFW, which is totally con-
served in the rat and bovine sequences, hints at a possi-
ble interaction with the fatty acid chains of the phospho-
lipid aggregate. The lysines mentioned above and the
hydrophobic residues of the loop would obviously rep-
resent interesting targets for site-directed mutagenesis.
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