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The human complement regulatory factor-H-like protein 1, which represents
a truncated form of factor H, displays cell-attachment activity
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Complement factor H (FH) and factor-H-like protein 1 (FHL-1)

are human plasma proteins with regulatory functions in the

alternative pathway of complement activation. FH and FHL-1

are organized in repetitive elements termed short consensus

repeats (SCRs) and the seven SCRs of FHL-1 are identical with

the N-terminal domain of the 20 SCRs of FH. The fourth SCR

of both proteins (SCR 4) includes the sequence Arg-Gly-Asp

(RGD), a motif that is responsible for the major adhesive activity

of matrix proteins like fibronectin. A synthetic hexapeptide with

the sequence ERGDAV derived from the RGD domain of

FH}FHL-1 interferes with cell attachment to a fibronectin

matrix. Although the identical motif is present in both FH and

INTRODUCTION

Complement factor H (FH) is a 150 kDa human plasma protein

that plays an essential regulatory role in the alternative pathway

of complement activation. The FH gene encodes a protein of

1234 amino acids. The 42 kDa human factor-H-like protein 1

(FHL-1) is encoded by an mRNA which is derived from the FH

gene by means of alternative splicing [1,2]. The total length of the

FHL-1 cDNA is 1644 bp, representing a protein composed of

449 amino acids. FHL-1 represents the N-terminal region of FH

and the two proteins are identical over 445 amino acids.

The plasma forms of FH and FHL-1 are exclusively organized

into repetitive elements, termed short consensus repeats (SCRs).

FH and FHL-1 are composed of 20 and 7 consecutive SCRs

respectively. Each SCR, which is about 60 amino acids in size,

contains four conserved cysteine residues and several additional

characteristic amino acids. Ultrastructural studies show that

SCRs are individually folding domains that form a globular

bead-like structure [3,4]. On the basis of such an organization, an

elongated, flexible structure is predicted for SCR-containing

proteins like FH and FHL-1. This kind of structure, where the

flexibility of the protein results in a loop with the two ends of the

protein folded back on themselves, was confirmed by electron

microscopy [5,6].

FHL-1 is identical in sequence with SCRs 1–7 of FH, but with

four additional amino acids added at the C-terminal end. Both

FHL-1 and FH possess cofactor activity in factor-I-mediated

cleavage of C3b [1,7] and decay-accelerating activity, as they

support the dissociation of the C3b[Bb complex [8]. It has been

demonstrated that the first four N-terminal SCRs (SCRs 1–4) of

FH and FHL-1 are essential and sufficient for both these activities

[8–10]. In addition, a heparin-binding site has recently been

localized to SCR 7 of FH and FHL-1 [11].

Abbreviations used: FH, factor H; FHL-1, factor-H-like protein 1 ; SCR, short consensus repeat.
1 To whom correspondence should be addressed.

FHL-1, only FHL-1 acts as a matrix for cell spreading and

attachment, thus the two proteins differ in function. The adhesive

activity of FHL-1 is localized to the RGD-containing SCR 4 by

the use of recombinant fragments. All three analysed anchorage-

dependent cell lines (CCl64, C32 and MRC-5) adhere to an

FHL-1 matrix. The use of synthetic peptides in competition

assays, on either FHL-1-derived or fibronectin matrices, shows

that the cellular receptors binding to the FH}FHL-1-derived

RGD motif are related to or identical with integrin receptors

which interact with fibronectin. The identification of a functional

adhesive domain in the FH}FHL-1 sequence demonstrates, at

least for FHL-1, a role in cell attachment and adhesion.

The amino-acid sequence motif Arg-Gly-Asp (RGD) is present

in a number of adhesive matrix proteins such as fibronectin,

fibrinogen, vitronectin and von Willebrand factor [12–14] and

has been shown to be responsible for their cell-adhesive proper-

ties. Short synthetic RGD-containing peptides can mimic these

properties, further suggesting that this tripeptide domain is

important for mediating cell adhesion [15,16]. The interaction of

the RGD-containing ligand with its corresponding receptor is

specific, as a peptide with the modified sequence RGE has no

activity. All known RGD-binding receptors are members of the

integrin family of cell-adhesion molecules [13,17]. The mechanism

and specificity of integrin binding to the RGD-containing ligands

remains to be established, as regions outside of the RGD-

containing domain also seem to be involved in receptor inter-

action [18]. The presence of an RGD motif within a linear

amino-acid sequence does not necessarily imply that the protein

can interact with cellular integrin receptors or that it plays a role

in cell adhesion. For example, it has been reported that the RGD

domain of the complement protein C3 is not necessary for

binding to the cellular integrin receptor CR3 [19,20].

Sequence analysis identifies the RGD motif within SCR 4 of

both FH and FHL-1. The presence of this motif suggests that

these two complement proteins can modulate cell adhesion

[13,21]. Given the structure determined for single SCRs, the

RGD domain is located within a loop at a position where it is

exposed to solvent, suggesting that this domain is accessible to

other proteins or cellular receptors [3,4,6]. The RGD motif of

FH is conserved in evolution. It is found at a corresponding

position in human and mouse FH [22], and also in a protein of

the bony fish barred sandbass (Paralabrax nebulifer), which is

similar in both structure and amino-acid sequence to human FH

[23]. This evolutionary conservation is indicative of a conserved

function.
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Given the existence of the RGD motif in SCR 4 of FH and

FHL-1, we considered whether these proteins play a role in cell

adhesion. Here we demonstrate that a synthetic peptide with the

RGD motif of FH}FHL-1 interferes with cell attachment to a

fibronectin matrix and that FHL-1, but not FH, serves as an

attachment matrix for anchorage-dependent cells.

EXPERIMENTAL

Cloning of recombinant fragments of FHL-1

Recombinant proteins representing selected domains of human

FHL-1 and FH were synthesized using the baculovirus expression

system. Construction and expression of the various deletion

mutants has been described recently [8,10]. Briefly, recombinant

FHL-1 protein similar to SCR 1–7 of FH was derived from a

full-length FHL-1 cDNA (kindly provided by Dr. C. Skerka,

Bernhard Nocht Institute, Hamburg, Germany). Fragments

representing SCR 1–3, SCR 1–4, SCR 2–4 or SCR 3–5 were

amplified by PCR, subcloned into baculovirus expression vector

pBSV-8His, and sequences were confirmed by DNA sequencing

[24]. Recombinant virus, obtained by homologous recombin-

ation, was used to infect insect cells. All recombinant proteins

included a C-terminal His-tag to allow direct purification from

the culture medium by Ni#+-chelate chromatography [24,25].

Expression and purification of recombinant fragments of FHL-1

Sf9 cells (3¬10') were grown in a 140 mm cell-culture dish in

22 ml of Express medium (Boehringer Ingelheim BioWhittaker,

Verviers, Belgium) supplemented with penicillin (100 units}ml),

streptomycin (100 µg}ml) and fungizone (250 ng}ml) and in-

fected with recombinant virus using a multiplicity of infection of

5. The culture supernatant was harvested 10 days after infection

and the recombinant proteins were purified by immobilized

metal-affinity chromatography as described [24]. Briefly, the

Ni#+-chelate resin (Qiagen) was precipitated by centrifugation

and washed twice with 10 vol. of buffer A [0.5 M NaCl}20 mM

Tris}HCl (pH 7.9)}5 mM imidazole], followed by 1 vol. of buffer

B [0.5 M NaCl}20 mM Tris}HCl (pH 7.9)}60 mM imidazole].

The recombinant protein was eluted with buffer C [0.5 M

NaCl}20 mM Tris}HCl (pH 7.9)}1 M imidazole]. The resin was

restored by washing with 10 vol. of buffer D containing 100 mM

EDTA. Purified recombinant proteins were dialysed against

50 mM Tris}HCl, pH 7.5 overnight and the protein concen-

tration was measured by the method of Bradford [26].

SDS/PAGE analysis

The purified proteins were analysed by SDS}PAGE [27] using 12

and 15% separating gels. Proteins were revealed by silver staining

[28] or Western blotting (not shown) [29]. Pre-stained molecular-

weight markers were purchased from Bio-Rad.

Cell lines and culture

Insect cells (Sf9 cells from Spodoptera frugiperda) were used for

infection with recombinant baculoviruses. Cells were grown at

27 °C at 95% humidity in Grace’s Medium (Boehringer Ingel-

heim BioWhittaker) containing 10% fetal-calf serum (Gibco–

BRL). The following mammalian cell lines were used: mink

epithelial-like cell-line CCL64 was kindly provided by Professor

B. Fleischer (Bernhard Nocht Institute, Hamburg, Germany),

human melanoma C32 cells were kindly provided by M. Freyer

(Bernhard Nocht Institute, Hamburg, Germany) and human

fibroblast-like MRC-5 were purchased from A.T.C.C. Cells

were grown in RPMI 1640 (Boehringer Ingelheim BioWhittaker),

supplemented with 10% fetal-calf serum (Gibco–BRL), penicillin

(100 units}ml), streptomycin (100 µg}ml) and fungizone

(250 ng}ml) in an atmosphere of 5% CO
#

at 95% humidity.

Cell spreading and adhesion assays

Cells were grown to near-confluency and harvested by brief

exposure to trypsin}EDTA (Gibco–BRL). Upon recovery in

serum-free medium, the cells were washed and resuspended in

plain RPMI 1640 medium. Chamber slides (Nunc) were coated

overnight at 4 °C with purified serum proteins FH (Quidel),

fibronectin (Biomol, Hamburg, Germany) or BSA (Sigma). In

addition, recombinant FHL-1 and recombinant proteins repre-

senting SCR 1–3, SCR 1–4, SCR 2–4 and SCR 3–5 were used. In

all cases, the protein concentration was 5 µg}cm#. The slides

were blocked using BSA dissolved in PBS (1 mg}ml) at 37 °C for

1 h, and then were washed twice with PBS. Cells (1¬10')

resuspended in 1 ml of plain RPMI 1640 medium were added to

the chambers. In inhibition experiments, the synthetic peptides

GRGDSP and GRGESP (Biomol) or ERGDAV (synthesized by

Dr. Kullmann, Institut fu$ r Zellbiochemie, Hamburg, Germany)

were added to the cell suspension at a final concentration of

50 µM. The effect of chelating agents was analysed by addition

of 2.5 mM EGTA or EDTA. After 1 h incubation at 37 °C, cells

were fixed in PBS containing 2% (v}v) glutaraldehyde, 5% (v}v)

formaldehyde and 5% (w}v) sucrose [30]. The number of spread

cells was counted under the microscope. For photographic

documentation, cells were stained with Giemsa solution (Merck).

All experiments were repeated at least five times, and a minimum

of 500 cells were counted in each.

RESULTS

Inhibition of cell spreading on a fibronectin matrix by synthetic
peptides

The extracellular glycoprotein fibronectin promotes cell attach-

ment and spreading, as demonstrated by the adherence of

epithelial CCl64 cells to a fibronectin matrix (Figures 1 and 2).

As shown previously, the importance of the RGD motif for cell

attachment and spreading is demonstrated by inhibition experi-

ments with RGD-containing peptides [15,16]. A hexapeptide

with the RGD motif and flanking fibronectin-derived amino

acids (GRGDSP) inhibited cell attachment in a dose-dependent

manner. The specificity of the RGD motif for attachment is

demonstrated by the peptide GRGESP (RGE). This peptide,

Figure 1 Inhibition of cell attachment by synthetic peptides

Dose-dependent inhibition of attachment of CCl64 cells to a fibronectin matrix was analysed in

the presence of the indicated concentrations of the fibronectin-derived hexapeptide GRGDSP

(RGD), the FH/FHL-1-derived peptide ERGDAV (ERGDAV) or the modified fibronectin-derived

hexapeptide with the sequence GRGESP (RGE). Results are means and the bars represent

³S.D. (n ¯ 5)
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Figure 2 Effect of synthetic peptides on the morphology of cells attached to a fibronectin matrix

CCl64 cells were allowed to attach to a surface coated with fibronectin. (A) In the absence of synthetic peptides, attached cells show a fibroblast-like morphology ; (B) the modified fibronectin-

derived peptide GRGESP (RGE) does not effect cell attachment ; (C) the fibronectin-derived GRGDSP (RGD) peptide does interfere with cell attachment, demonstrated by the reduced number and

the different morphology of attached cells ; (D) the FH/FHL-1-derived peptide (ERGDAV) reduced the number and altered the morphology of attached cells.

which includes an Asp-to-Glu replacement, did not interfere with

cell spreading to a fibronectin matrix (Figures 1 and 2).

In order to prove whether FH and FHL-1 may also play a role

in cell adhesion, a synthetic hexapeptide, derived from the

FH}FHL-1 amino acid sequence (ERGDAV), was analysed for

its effect in cell spreading. Similarly to GRGDSP, ERGDAV

did inhibit attachment of CCl64 cells to a fibronectin matrix.

However, this inhibitory effect was less pronounced; ERGDAV

showed 55% inhibition at 50 µM, compared with 95% obtained

with the GRGDSP peptide (RGD).

Epithelial cells attached to a fibronectin matrix showed a

morphology typical for anchorage-dependent cells (Figure 2A).

GRGESP did not affect either the morphology or the number of

attached cells (Figure 2B). However, both GRGDSP and

ERGDAV peptides affected cell attachment; the inhibitory

activity of these was demonstrated by the reduced number of

adherent cells and by morphological changes (Figures 2C and

2D).

Effect of FH and FHL-1 on cell spreading and attachment

As an ERGDAV hexapeptide of FH}FHL-1 was able to interfere

with cell attachment to a fibronectin matrix, we tested whether

FH or FHL-1 themselves were also able to promote cell spreading

and attachment. The structures of FH and FHL-1 are shown in

Figure 3(A). FH is organized into 20 SCRs, and FHL-1, which

represents the N-terminal seven SCRs of FH, has four amino

acids added at the C-terminal end. In both proteins, the RGD

motif is located within SCR 4.
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Figure 3 Cell spreading to an FH or FHL-1 matrix

(A) : Schematic structure of the human complement regulatory proteins FH and FHL-1. SCRs

are shown in their globular structure and are numbered consecutively starting at the N-terminus.

The RGD-containing SCR 4 of FH and FHL-1 are highlighted and the four different amino acids

at the C-terminal end of FHL-1 are indicated. (B) : Effect of FH and FHL-1 on cell spreading

and attachment. Chamber slides were coated with the indicated proteins and cell attachment

of CCl64 cells was analysed. Specificity of the interaction was shown by competition with

synthetic hexapeptides with the modified fibronectin-derived (RGE), the FH/FHL-1-derived

(ERGDAV) or with the fibronectin-derived domain (RGD). Fibronectin and BSA were used as

positive and negative controls respectively. Results are means, and the bars represent ³S.D.

(n ¯ 5).

FH and FHL-1 were used as a matrix to study their role in cell

attachment and spreading. CCl64 cells did not attach to a FH

matrix ; however, an FHL-1 matrix allowed cell spreading and

attachment (Figure 3B). Compared with the fibronectin matrix,

the FHL-1 matrix showed a reduced spreading capacity of about

59%. CCl64 cells did not attach to BSA (used as a negative

control). The specificity of the interaction between the cells and

their protein matrix was shown by inhibition with the various

hexapeptides. GRGESP did not effect cell attachment on either

an FHL-1 or a fibronectin matrix. As observed previously, the

two RGD-containing hexapeptides showed different activities on

a fibronectin matrix. However, on the FHL-1 matrix both

GRGDSP and ERGDAV had similar inhibitory activities.

Localization of the adhesion domain of FHL-1

The formation of intramolecular disulphide bonds is particularly

important for the three-dimensional structure of the individually

folding SCR domain. In order to obtain properly folded recom-

binant domains of FH}FHL-1, we employed the baculovirus

system. It has recently been demonstrated that this eukaryotic

expression system is particularly useful for expression of properly

processed, functionally active SCR domains [24].

In order to localize the adhesion domain of FHL-1, recombi-

nant FHL-1 and various RGD-containing fragments (rSCR

1–4, rSCR 2–4, rSCR 3–5) or a fragment lacking SCR 4 (rSCR

1–3) were expressed. Recombinant proteins were directly purified

to homogeneity from the culture medium using immobilized

metal-affinity chromatography and separated by SDS}PAGE to

assess their purity by silver staining (Figure 4).

The capacity of the individual recombinant fragments to serve

as matrix for cell attachment was analysed. rFHL-1 in its entirety

Figure 4 Recombinant fragments used for cell attachment analysis

Various fragments representing the N-terminal region of FH/FHL-1 were expressed in their

native configuration preserving the structure and organization of the SCR domains. Recombinant

proteins were expressed in the baculovirus expression system as secreted His-tagged proteins.

Purified recombinant proteins were separated by SDS/PAGE and analysed by silver staining.

and all recombinant proteins which included SCR 4 (rSCR 1–4,

rSCR 2–4, rSCR 3–5) displayed spreading activity for CCl64

cells (Figure 5). Similarly with the negative control BSA, the

recombinant protein lacking SCR 4 (rSCR 1–3) had no effect on

cell spreading and attachment. These results revealed the im-

portance of SCR 4 for cell attachment. The inability of rSCR 1–3

to serve as a matrix for cell attachment demonstrated that the

His-tag that was added to the recombinant proteins did not

interfere with cell spreading. The specificity of interaction be-

tween the cellular receptors and the various FHL-1-derived

matrices was confirmed by inhibition experiments with GRGDSP

and ERGDAV peptides and by the inability of GRGESP to

interfere with the attachment. On an FHL-1 or FHL-1-derived

matrix, the inhibitory activities of both RGD-containing peptides

were similar. Compared with the complete FHL-1 protein, all

three FHL-1-derived proteins which included SCR 4 were more

effective in cell attachment. Some 95% of cells adhered to the

rSCR 3–5 matrix (Figure 5), a protein which has the RGD-

containing SCR flanked on each side by an SCR. The activity of

this particular protein was equivalent to that of fibronectin.

Taken together, the use of recombinant fragments of FHL-1,

which have a native organization and the SCR structure con-

served, demonstrated that the RGD-containing SCR 4 is

important for cell attachment.

Spreading of different cell lines on an FHL-1-derived adhesion
matrix

Adherent cells can express different types of adhesion receptors.

We therefore compared the spreading activity of three mam-

malian cell lines with an FHL-1-derived matrix (Table 1). The

mink lung cell-line CCl64, which displays fibroblast-like mor-

phology, showed the highest spreading rate (94%), whereas the

human melanoma cell-line C32 showed the lowest (44%).

Adherence of human lung fibroblasts MRC-5 to the FHL-1

matrix was almost as efficient as that of CCl64 cells (86%). The

specificity of cell spreading was confirmed by the inability of
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Figure 5 Cell attachment of CCl64 cells to recombinant FH/FHL-1 fragments

The inserted box shows the SCR structure of the various recombinant fragments that were used for cell attachment analysis either including (rFHL-1, rSCR 1–4, rSCR 2–4, rSCR 3–5) or excluding

(rSCR 1–3) the RGD-containing SCR 4. Chamber slides were coated with the indicated recombinant fragments or with BSA and attachment of CCl64 cells was analysed. The specificity of the

cellular interaction was analysed by competition with different synthetic peptides. For explanation of the synthetic peptides compare legend with Figure 1. Results are means³S.D. (n ¯ 5)

Table 1 Attachment of anchorage-dependent cells to an FH/FHL-1-derived
matrix

Glass surfaces were coated with an FHL-1-derived matrix (rSCR 3–5) at a concentration of

5 µg/cm2. Attachment of various cell lines were compared using the mink cell line CCl64, the

human melanoma cell line C32 and human fibroblasts MRC-5. Results are means³S.D.

(n ¯ 5).

Cell line Spreading rate ³S.D. (%)

CCl64 94.0³1.3

C32 44.4³15.1

MRC-5 86.0³6.2

Table 2 Inhibition of cell attachment of human MRC-5 fibroblasts

Inhibition of cell attachment of human MRC-5 fibroblasts to an FH/FHL-1-derived matrix (rSCR

3–5). Various synthetic peptides as explained in Figure 1 were used for inhibition.

Peptide Spreading rate ³S.D. (%)

Control 74.8³6.2

RGE 70.1³6.4

ERGDAV 2.0³1.2

RGD 0.1³1.0

GRGESP to interfere with cell attachment. GRGDSP and

ERGDAV peptides displayed similar inhibitory effects on cell

spreading (Table 2).

Effect of bivalent cations on cell spreading

To further confirm that the effect of FHL-1 is mediated by

binding of the RGD domain to an integrin receptor, we asked

whether chelating agents can interfere with spreading activity.

The importance of bivalent cations for cell spreading was

therefore analysed in the presence and absence of EDTA and

EGTA. On a matrix of FHL-1 consisting of SCR 3–5, cell

spreading was typically observed for 94.8% of the cells, whereas

Table 3 Inhibition of attachment by chelating agents

Chelating agents inhibit attachment of CCl64 cells to a matrix of SCR 3–5. Cell attachment to

a matrix consisting of rSCR 3–5 in the absence (Control) or presence of either EGTA (2.5 mM)

or EDTA (2.5 mM). Results are means³S.D. (n ¯ 5).

Spreading rate ³S.D. [%]

Control 94.8³4.7

EGTA 1.0³0.5

EDTA 10.0³0.9

EDTA interfered substantially with cell attachment, reducing the

fraction of attached cells to 10.0% (Table 3). The effect of

EGTA was even more pronounced, the fraction of spread cells

reduced to ! 1%.

DISCUSSION

The complement regulatory protein FH and FHL-1, a product

translated from an alternatively spliced transcript of the FH gene

[1], display the sequence motif RGD in their fourth SCR. This

tripeptide plays an essential role in cell adhesion [15]. Here we

demonstrate that the synthetic peptide ERGDAV, which repre-

sents six amino acids of the FH}FHL-1 sequence, interferes with

cell adhesion to a fibronectin matrix. Although the RGD motif

is present in both FHL-1 and FH at identical positions, our

experiments showed that only FHL-1 promotes cell attachment.

Our results identify a novel function in cell spreading and

attachment for FHL-1. This adhesive function is confirmed by

the ability of an FH}FHL-1-derived peptide (ERGDAV) to

interfere with cell spreading and binding of anchorage-dependent

cells to a fibronectin matrix. Compared with the fibronectin-

derived peptide GRGDSP, which was used as a positive control,

ERGDAV shows a lower activity. However, the specificity of the

attachment is shown by the GRGESP peptide, which does not

interfere with cell spreading. A matrix consisting of an intact

recombinant FHL-1 protein also promotes cell adhesion. Com-
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pared with fibronectin, the FHL-1 matrix has a reduced activity

of about 50%. The involvement of the RGD-containing SCR 4

in cell attachment is demonstrated by the use of recombinant

fragments which were expressed in their native SCR-domain

structure. Recombinant proteins which include the RGD-con-

taining SCR 4 (rSCR 1–4, rSCR 2–4, rSCR 3–5) promote

attachment in cell-spreading assays, whereas a protein which

lacks SCR 4 (rSCR 1–3) has no such activity. The number of cells

adhering to the FHL-1-derived SCR 3–5 matrix is comparable

with that of fibronectin, demonstrating that SCR 4 is an efficient

mediator of cell attachment.

The activity of SCR4 in cell spreading increaseswith decreasing

size of the protein and number of SCRs. SCR 3–5, composed of

three SCRs, displays a spreading activity that is comparable with

that of fibronectin (95%). FHL-1 is composed of seven SCRs

and only 59% of the cells adhere to this matrix. FH, containing

20 SCRs, has no activity in the adhesion assay (Figure 3).

Although SCR 4 promotes cell spreading, the different activities

of the various SCR-containing proteins show that the accessi-

bility of the RGD domain is influenced by the presence of other

SCRs. A structural analysis of FH has demonstrated that SCRs

can interact with each other and that the head and tail domains

can fold back on themselves forming a loop [5,6]. In such a

configuration, the RGD domain seems to be masked and

inaccessible to interacting proteins. Whether FH has adhesive

functions is currently unclear. The RGD-containing domain

within SCR 4 is functional, as demonstrated for FHL-1 and the

truncated proteins. Thus for FH it is possible that interaction of

the head and tail domains results in an inaccessible RGD

domain. A conformational transition of the protein is required to

expose the RGD domain and make it accessible to cellular

receptors.

FHL-1 is a member of a family of structurally and immuno-

logically related plasma proteins. In addition to FHL-1 and FH,

four factor-H-related proteins (FHR-1 to FHR-4) have been

identified [31,32]. FHL-1 is a plasma protein with multiple

functions. Similarly to FH, it plays a regulatory role in the

alternative complement pathway. The protein acts as cofactor

for factor-I-mediated degradation of C3b and promotes decay

acceleration of the C3b[Bb complex [8,10]. As demonstrated in

here, FHL-1 promotes cell spreading of anchorage-dependent

cells. FHL-1 is not the only protein which combines complement

regulatory activity and cell-attachment functions: similarly, the

adhesive human plasma glycoprotein vitronectin (or serum-

spreading factor, S-protein) acts as an inhibitor of complement-

mediated cytolysis [14]. Vitronectin and FH are present in plasma

at a similar concentration of 500 µg}ml. The concentration of the

FHL-1 protein is lower, at about 10–50 µg}ml ([8] ; J. Hellwage,

S. Ku$ hn and P. F. Zipfel, unpublished work) but still within a

physiological range comparable with that of factor I (35 µg}ml)

or clusterin (50 µg}ml).

The cell-attachment activity of FHL-1 resides in the RGD

epitope, which is shared by other glycoproteins, such as vitro-

nectin, fibronectin, fibrinogen, thrombospondin, von Willebrand

factor and others [15]. The RGD domain of each of these

adhesive proteins is recognized by at least one member of a

family of structurally related receptors termed integrins. Integrins

are heterodimeric membrane glycoproteins with two membrane-

spanning subunits that are expressed on a variety of cell types

[13]. As adhesion proteins, they function as major receptors for

the extracellular matrix and as cell adhesion molecules. Biological

processes in which integrins play an important role include

platelet aggregation, inflammation, immune functions, wound

healing and tissue migration. They are also involved in cellular

signalling [33,34]. The N-terminal region of the integrin α-

subunit contains three or four bivalent-cation-binding sites, and

complexed cations are essential for ligand binding [13]. The fact

that all analysed cell lines interact with the rFHL-1-derived

matrix through integrin receptors is also confirmed by the

requirement for bivalent cations. Chelating agents like EDTA

and EGTA almost completely reduced cell attachment to the

FHL-1 matrix (Table 3). Thus, in addition to the essential role of

the RGD motif, the requirement for bivalent cations is a strong

indication of the involvement of integrin receptor binding to

FHL-1.

Previous studies have reported that FH itself binds to specific

cellular receptors, which have been identified in a variety of cell

types, such as B cells, polymorphonuclear monocytes and others

[35–37]. Similarly, FH induced oxidative metabolism and the

release of IL-1β in monocytes [38,39]. Approx. 6¬10% binding

sites for FH have been calculated on human polymorphonuclear

leucocytes and binding is also dependent on bivalent cations [40].

No cellular receptor for FH has yet been isolated. The reason

why purified FH does not always interact with its cellular

receptors is unclear. In addition to conformational changes, two

distinct forms of FH (Φ
"
and Φ

#
) have been described [41] which

differ in hydrophobicity and in their ability to bind to cellular

receptors.

The receptor-binding site of FH has been localized to the

38 kDa tryptic fragment, which represents the N-terminal SCRs

1–6 [40]. This result obtained for FH is in agreement with the

observation reported here for recombinant fragments of FH}
FHL-1. In this paper the RGD domain of SCR 4 was demon-

strated to be important for receptor interaction, whereas pre-

viously it was suggested that SCR 5 is involved in receptor

binding [40]. The importance of SCR 5 was confirmed by

inhibition experiments, asmonoclonal antibodies directed against

SCR 5 blocked receptor binding. However, these results do not

contradict our hypothesis that the RGD domain within SCR 4 is

the major site interacting with a putative FH receptor. Mono-

clonal antibodies of the IgG1 subtype are large proteins with a

size comparable with that of FH. Thus precise mapping of

functional domains within a given protein is problematic, as an

antibody which binds to SCR 5 may render the RGD domain in

the adjacent SCR 4 inaccessible to cellular receptors, or alterna-

tively the antibody may produce steric effects at sites distal to the

binding epitope.

It can be assumed that interaction of the RGD domain with

the cellular receptor inhibits the complement regulatory activities

of FH and FHL-1. We have recently demonstrated that SCRs

1–4 of FH}FHL-1 are essential for both decay acceleration and

cofactor activity [8,10]. The role of SCR 4 in complement

regulation is highlighted by a mutant that lacks this particular

domain. The truncated protein, consisting of SCR 1–3, lacks

functional activity completely. Thus upon binding to the cellular

receptor via the RGD domain of SCR 4, FH and FHL-1 seem to

lose complement-regulatory activities. However, in their recep-

tor-bound state, both proteins play a role in inflammatory

reactions by enhancing attachment of phagocytotic cells. By

binding to C3b deposited on target cells and integrin receptors

on effector cells simultaneously, FH and FHL-1 may enhance

binding of polymorphonuclear cells to their target surfaces.

Furthermore, two additional cell-binding domains have been

identified for FH. These domains, which interact with glycosam-

inoglycans and heparin, have been localized near to or in SCRs

7 and 13 [11,42,43]. The identification of the cellular FH and

FHL-1 receptor will be necessary to characterize in detail the

additional biological role(s) of these two human plasma proteins.
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