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Abstract

Decay-accelerating factor (DAF, CD55) is a glycophosphatidyl inositol-anchored glycoprotein that regu-
lates the activity of C3 and C5 convertases. In addition to understanding the mechanism of complement
inhibition by DAF through structural studies, there is also an interest in the possible therapeutic potential of
the molecule. In this report we describe the cloning, expression in Escherichia coli, isolation and membrane-
targeting modification of the four short consensus repeat domains of soluble human DAF with an additional
C-terminal cysteine residue to permit site-specific modification. The purified refolded recombinant protein
was active against both classical and alternative pathway assays of complement activation and had similar
biological activity to soluble human DAF expressed in Pichia pastoris. Modification with a membrane-
localizing peptide restored cell binding and gave a large increase in antihemolytic potency. These data
suggested that the recombinant DAF was correctly folded and suitable for structural studies as well as being
the basis for a DAF-derived therapeutic. Crystals of the E. coli-derived protein were obtained and diffracted
to 2.2 Å, thus permitting the first detailed X-ray crystallography studies on a functionally active human
complement regulator protein with direct therapeutic potential.
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DAF is a GPI-anchored glycoprotein that regulates comple-
ment activation, preventing the destruction of host tissue. It
is widely distributed in tissue, especially upon endothelial
cells (Nishikawa et al. 1998), but significant variations in
expression have been noted within specific organs such as
the kidney (Spiller et al. 1999) and in skin (Sayama et al.
1991). DAF plays a role in local control of complement
activation, for example, on melanocytes (Venneker et al.
1998) and on the endometrium (Young et al. 2002).

DAF is a member of the regulators of complement acti-
vation (RCA) gene family of proteins (Hourcade et al.
1989), which inhibit the C3 and C5 convertases, the central
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amplification enzymes of the complement cascade. The
RCA family includes the fluid phase regulators Factor H
and C4b binding protein; and the membrane bound proteins
DAF, membrane cofactor protein (MCP or CD46), and
complement receptor type 1 (CR1 or CD35). Membrane-
associated DAF prevents the assembly of the C3 converta-
ses C4b2a and C3bBb by dissociating C2a and Bb from the
complexes (Medof et al. 1984; Fujita et al. 1987) and acts
only on convertase complexes generated on the same mem-
brane and not extrinsically on convertases assembled on
target cells (Medof et al. 1984). DAF is normally expressed
as a glycosylated 70-kDa protein, although an 82-kDa form
has been described (Hensel et al. 2001). The functional sites
of DAF are contained within four short consensus repeats
(SCRs, also known as complement control protein motifs—
CCPs—or sushi domains). DAF is therefore structurally re-
lated to other complement regulatory proteins such as CR1/
CD35 and MCP/CD46, which are also composed of SCR
domains; CR1 allotypes have up to 44 such repeats, and
MCP, like DAF, has 4. It has been shown that classical and
alternative pathway regulatory activity of DAF is associated
with SCRs 2 and 3 and SCRs 2, 3, and 4, respectively
(Brodbeck et al. 1996). DAF has an N-linked glycan be-
tween SCRs 1 and 2, but it has been shown (Brodbeck et al.
2000) that the N glycan is not required for the complement
regulatory function of DAF. A membrane-proximal
O-linked polysaccharide rich region (S/T region) separates
the SCRs from the membrane to which the protein is teth-
ered by a GPI anchor (Medof et al. 1986). It has been
suggested that the S/T region may be a functional spacer
(Coyne et al. 1992), because deletion mutants (DAF�S/T),
although expressed normally, were nonfunctional. Forms of
DAF with the GPI anchor replaced by an encoded trans-
membrane domain were, however, shown to be active (Lu-
blin and Coyne 1991). Fodor et al. (1995) transfected a
murine fibroblast cell line with CD59/ DAF chimeric pro-
teins, and found that, unlike CD59, DAF does not have a
requirement to be proximal to the membrane. The outline
structures of the various forms of DAF used in this study are
shown in Figure 1.

Moran et al. (1992) engineered soluble and secretory
forms of DAF lacking GPI anchors. These anchorless forms
of DAF were 50-fold less active than GPI-anchored DAF
extracted from CHO cells at inhibiting complement activa-
tion on the cell surface in vitro, and they inhibited fluid
phase activation where the GPI-anchored DAF did not. The
soluble form of DAF was found to inhibit the reversed
passive Arthus reaction in guinea pigs.

Encouraged by this and by more recent studies (Harris et
al. 2002) on the biological activity of soluble forms of DAF,
our aim was to express DAF in Escherichia coli and refold
it to produce an active protein for therapeutic applications
and structural studies. We have described elsewhere a gen-
eral strategy for restoring membrane-binding function in

recombinant soluble complement regulatory proteins by
modification with synthetic peptide derivatives (Smith and
Smith 2001; Fraser et al. 2002, 2003; Smith 2002). Such a
modification strategy has the advantage that it enables the
large-scale production of soluble proteins derived from the
extracellular domains of membrane-bound proteins and
does not require extraction of such proteins from host cell
membranes.

This approach has been shown to permit novel therapeu-
tic applications of complement regulators in animal models
of disease (Dong et al. 1999; Linton et al. 2000), and one
modified agent derived from CR1 has progressed to human
clinical studies (Smith 2002). The purpose of the present
studies was therefore to establish expression and refolding
conditions for large-scale production of DAF derivatives
with therapeutic potential and utility for structural studies.
Large-scale production is facilitated by utilizing an E. coli
expression system which, in this case, has an added benefit
of not introducing glycosylation into the DAF molecule.
Glycosylation can complicate crystallization and NMR
studies by introducing heterogeneity, and is itself not re-
quired for the function of DAF (Brodbeck et al. 2000;
Kuttner-Kondo et al. 2001).

Structural studies on SCR-containing proteins have been
reported previously (Norman et al. 1991; Barlow et al.
1992; Wiles et al. 1997), but only limited information is
available on proteins containing more than two such do-
mains. The pathogen binding domains of DAF (SCRs 3 and
4) have been expressed in the yeast Pichia pastoris and their
structure determined to 1.7 Å (Williams et al. 2003). Addi-
tionally, Uhrinova et al. (2003) have solved the solution
structure of DAF modules 2 and 3 that are necessary and
sufficient to accelerate decay of the classical pathway con-
vertase. However, prior to the present work no high-reso-
lution structure of a multi-SCR human protein with intact

Figure 1. Summary of the domain structures and modifications made to
the DAF forms used in this study. For definitions of the forms, see Ab-
breviations. Note that the exact composition of the glycoform carbohydrate
differs between nDAF and PpDAF.
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complement (classical and alternative) regulatory function
had been described.

We demonstrate here that it is possible to produce recom-
binant soluble DAF from E. coli-derived inclusion bodies,
that the material produced is active in decay-accleration and
hemolytic assays of both the classical and alternative path-
ways, that it can be modified in a site-specific fashion to
restore membrane binding function with an associated in-
crease in potency, and that it can be crystallized.

Results

DNA encoding a DAF protein comprising the four extra-
cellular SCR domains with a C-terminal cysteine (Fig. 1)
was cloned into a pET-based vector (see Materials and
Methods) and expressed in E. coli. The C-terminal cysteine
was added to permit site-specific terminal localization of a
membrane-targeting peptide. The product was isolated and
solubilized from inclusion body pellets. Using high-pH re-
folding conditions similar to those previously employed for
multi-SCR constructs derived from CR1 (Dodd et al. 1995;
Mossakowska et al. 1999), we obtained a soluble protein
that could be isolated in ∼80% purity (as assessed by nonre-
ducing SDS-PAGE [Fig. 2, lane 8]) using simple fractional
precipitation and gel filtration methods.

For crystallization, detailed assay studies, and for modi-
fication, the EcDAF preparation was further purified by gel
filtration yielding fractions with different mobilities on
nonreducing SDS-PAGE gels. Only one fraction had the
same mobility as PpDAF (data not shown), and this was
selected for use in crystallization trials and most assays,
because PpDAF is known to be correctly folded from stud-
ies with conformationally sensitive antibodies and from
NMR studies (Powell et al. 1997). The results were cor-

roborated by MALDI-TOF mass spectrometry (MS), which
confirmed that the isolated species had the correct molecu-
lar mass as predicted from the amino acid sequence.

To confer membrane binding, EcDAF was site-specifi-
cally modified with a synthetic analog of a “myristoyl-elec-
trostatic switch” peptide, APT542 (Smith and Smith 2001).

This resulted in approximately 95% conversion to a sin-
gly modified species as observed by a gel shift (Fig. 3)
confirmed by MALDI-TOF MS.

Decay acceleration assays in which the C3 convertases of
each pathway were assembled from purified components
(see Materials and Methods) were used to check this key
activity in EcDAF. Figure 4 shows that the concentration of
EcDAF required to reduce C3a production by 50% was
approximately 30 nM in classical pathway (C1s triggered)
activation and <10 nM for the alternative pathway (factor D
triggered). This potency was comparable to or better than
that of reference standards (e.g., SCRs 1–3 of CR1 which
has an IC50 value of ∼100 nM against the classical pathway
and ∼20 nM against the alternative pathway—data not
shown). Under the conditions of these fluid-phase assays
detergent-solubilized nDAF was only weakly active. Puri-
fied DAF derivatives were also assayed for activity in he-
molytic assays using the classical and alternative pathways
of complement activation. In a classical pathway hemolytic
assay the EcDAF preparation was shown to be of compa-
rable potency to soluble PpDAF (Fig. 5A).

Figure 5B compares purified EcDAF, GPI-anchored
nDAF, and EcDAF-MP in a classical pathway antihemo-
lytic assay. The IC50 of EcDAF-MP was ∼0.2 nM in this
assay, approximately 100-fold more potent than the un-
modified protein and significantly more active than deter-
gent-solubilized nDAF. The detergent CHAPS was required

Figure 2. Expression and refolding of EcDAF. Reducing 4%–12% PAGE
gels. Lane 1, MW markers; lane 2, homogenized cell pellet; lane 3, pellet
wash (PBS/Tween-80); lane 4, supernatant after solubilization; lane 5,
pellet after solubilization; lane 6, pellet after dialysis against 6 M urea, 10
mM HCl; lane 7, supernatant after dialysis; lane 8, soluble product post-
refold.

Figure 3. Conjugation of EcDAF with the membrane-localizing peptide
MP (APT542). Nonreducing 4%–12% PAGE gels. Lane 1, MW markers;
lane 2; EcDAF reduced with TCEP; lane 3, EcDAF reduced with TCEP
and modified with MP.
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to ensure the solubility of nDAF, and the possibility cannot
be ruled out that CHAPS inhibits incorporation of GPI-
anchored proteins into cell membranes and thus causes the
potency of nDAF in this assay to be underestimated.

The effect of CHAPS on EcDAF-MP activity was inves-
tigated and found to be negligible except at a concentration
of <0.5 nM where a slight potentiating effect was observed
(data not shown). In an alternative pathway hemolytic assay
using a 1 in 8 final dilution of serum, the IC50 of EcDAF
was approximately 800 nM (Fig. 5C) and using 1 in 16 final
serum dilution it was lowered to 30–40 nM (Fig. 5D). Under

both alternative pathway assay conditions, there was no
significant difference in potency between modified and un-
modified forms of EcDAF. When this assay was repeated in
a “wash” format (i.e., with the target erythrocytes exposed
to agents in the absence of serum, followed by buffer wash-
ing and exposure to diluted serum), EcDAF-MP was not
able to protect the target cells (data not shown). However, it
was active if present in the assay mixture continuously (see
Fig. 5C,D).

Binding of EcDAF-MP to cells could be demonstrated
directly under other conditions. Figure 6, A and B, com-
pares Raji cells exposed to EcDAF-MP with untreated con-
trols using immunofluorescent detection of DAF with mu-
rine antihuman DAF mAB (MBC1) followed by an Alexa-
Fluor-488 conjugated goat antimouse IgG. Binding of the
modified protein was clearly evident following washing of
the cells, whereas controls showed much lower background
fluorescence. Figure 6, C and D, compares binding of
EcDAF-MP and unmodified EcDAF to guinea pig erythro-
cytes (which, unlike Raji cells, lack human DAF). A punc-
tate pattern of distribution suggestive of localization in lipid
rafts (Simons and Ikonen 1997) was observed for EcDAF-
MP but not for the unmodified protein.

Initial crystallization screening was performed using
commercially available screens, and resulted in small crys-
tals in condition 43 of Crystal Screen 1 (Molecular Dimen-
sions Ltd. [20% mPEG4K, 0.2 M ammonium sulphate]).

Figure 5. (A) Comparison of the activity of EcDAF (filled circles) and PpDAF (open triangles) in a classical pathway antihemolytic
assay. (B) Comparison of EcDAF (open circles) with EcDAF-MP (open squares) and nDAF (open diamonds) in the classical pathway
antihemolytic assay. (C) Comparison of EcDAF (open circles) with EcDAF-MP (open squares) in the alternative pathway hemolytic
assay at 1 in 8 serum dilution, and (D) 1 in 16 serum dilution.

Figure 4. Decay-accelerating activity of EcDAF in fluid-phase assays:
Inhibition of C3a release from the classical pathway (open circles) and
alternative pathway (filled squares) convertases. Means ± SD of two sepa-
rate experiments.

Modification and crystallization of DAF
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However, several optimization steps were required before
diffraction quality crystals could be obtained. First, it was
observed that minor changes to the chemical composition of
the mother liquor as well as growth at low temperatures
(2°C) favored crystal formation. Second, growth conditions
had to be altered to allow cryoprotection (Garman 1999) of
the crystals. A number of cryoprotection protocols were
investigated, but the most successful approach was to in-
corporate glycerol cryoprotectant into the mother liquor and
grow crystals under these conditions. However, high glyc-
erol concentrations (>10%) drastically reduced the number
of crystals obtained. Third, the method of seeding (Stura
1991) allowed for an increase in the frequency of crystal
appearance as well as limited control over the size of crys-
tals grown (see Fig. 7). The crystals belonged to the space
group P1 and diffracted to a maximum resolution of 2.2 Å.
Table 1 gives unit cell parameters for three typical crystals
as well as data collection and processing statistics for three
typical data sets.

Discussion

We have cloned and expressed a recombinant form of the
four SCRs of human DAF as inclusion bodies in E. coli and
then isolated, refolded, and purified it to produce a func-
tional protein that inhibits complement activation in vitro at

a potency comparable with soluble DAF expressed in a
eukaryotic system (P. pastoris). The ability to produce bio-
logically active multi-SCR domains in bacteria was first
demonstrated for a 3-SCR fragment of human CR1 (Dodd et
al. 1995) and then extended to a 4-SCR unit from the same
protein (Mossakowska et al. 1999) and a 4-SCR form of rat
Crry (Fraser et al. 2002). The refolding protocol employed
may well be general for multi-SCR proteins but the practical
limit on the number of SCRs in such constructs has not yet
been determined. In the case of human DAF, the recombi-
nant material described here (EcDAF) was also able to form
regular crystals that diffracted to 2.2 Å, implying that
EcDAF is a homogenous species and is likely to be cor-
rectly folded.

Figure 7. Effect of seeding on DAF crystal growth: (A) crystals grown
from an undiluted seeding stock, (B) 10-fold diluted stock, (C) 100-fold
diluted stock. The largest crystal at center of insert (C) is 210 �m in the
longest dimension.

Figure 6. EcDAF binding to cells, detected with murine anti-hDAF mAB
and AlexaFluor 488 labeled anti-mIgG. Magnification ×40. (A) Raji cells
following exposure to 1 �M EcDAF-MP; (B) Raji cells + control (no agent);
(C) guinea pig erythrocytes + EcDAF-MP; (D) guinea pig erythrocytes +
EcDAF.

White et al.
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Our results are consistent with previous conclusions re-
garding the roles of both the S/T rich membrane-proximal
region (Fodor et al. 1995) and the N-glycan (Brodbeck et al.
2000), neither of which appear to be essential for the
complement-regulatory function of nonmembrane bound
DAF. EcDAF was active in both classical and alternative
pathway decay-acceleration and antihemolytic assays. In
the case of the hemolytic assays, the apparent potency of the
protein was lower against the alternative pathway than the
classical pathway, whereas in the decay accleration assay,
the reverse was true. This can be attributed to the strong
dependence of the hemolytic assays on serum concentration
(see Fig. 5C,D).

We have also modified EcDAF by site-specific attach-
ment of a membrane localizing peptide at the C-terminus
and EcDAF-MP also bound to cell surfaces in vitro under
conditions where EcDAF itself did not bind. Under the as-
say conditions used, the soluble product (EcDAF-MP) had
a classical pathway antihemolytic potency apparently
greater than that of native GPI-anchored DAF, although this
comparison may be affected by the use of detergent to solu-
bilize nDAF. DAF is thus added to a growing list of proteins
(including complement regulatory proteins such as CR1
fragments (Smith and Smith 2001), rat Crry (Fraser et al.
2002), and CD59 (Fraser et al. 2003), to which GPI anchor-
like membrane localizing properties can be conferred by an
efficient posttranslational modification process using syn-
thetic peptides. We observed that although the attachment
of the membrane-localizing peptide produced a large (>100-
fold) increase in potency against the classical pathway (Fig.

5), no such effect was seen against the alternative pathway.
To establish if this was due to the higher concentrations of
serum used in the alternative pathway assays preventing
membrane binding, “wash” experiments were performed in
which rabbit or guinea pig erythrocytes were loaded with
EcDAF-MP in the absence of serum, washed, and then chal-
lenged. The results suggested that under the conditions of
the alternative pathway assay (unlike those of the classical
pathway assay), EcDAF-MP was not able to bind suffi-
ciently strongly to the target erythrocytes to confer intrinsic
protection against challenge by a relatively high concentra-
tion of serum. Other studies have suggested that the effect of
serum is largely mediated by albumin and can be circum-
vented by altering the targeting tail structure (D. Esser,
L. Fiedler, J.R. Betley, I. Dodd, P.J.E. Rowling, G.P. Smith,
R.G. Oldroyd, L. Affleck, S. Ridley, and R.A.G. Smith,
unpubl.). The effect of albumin does not appear to abrogate
the activity of membrane-targeted complement regulators
delivered to sites of disease in vivo (Linton et al. 2000; Pratt
et al. 2003).

DAF has significant potential as a therapeutic agent
(Moran et al. 1992), and recent studies have demonstrated
therapeutic utility for DAF fusions with immunoglobulin Fc
domains (Harris et al. 2002; Yanagawa et al. 2003). How-
ever, except in transgenic systems (Fecke et al. 2002), the
potential for an intrinsically acting membrane bound form
of DAF has not been realized. In part, this is because of the
difficulties in obtaining sufficient quantities of nDAF for
evaluation, and in part because of the relatively low potency
of non-GPI-anchored forms (Moran et al. 1992; Walter et al.

Table 1. Data collection and processing parameters for DAF crystals

Data set 1 Data set 2 Data set 3

Collection parameters
Detector ADSC Q4 CCD ADSC MAR345
Source ESRF beamline ID14-2 Daresbury beamline 9.6 Inhouse Rigaku RU200H rotating
Oscillation angle (°) 1 1.5 1
Crystal to detector 220 200 260/170
Exposure time (sec) 45 90 600/1200
Wavelength (Å) 0.933 0.870 1.542

Processing parameters
Unit cell parametersa 53.1, 51.9, 64.1 46.7, 55.1, 61.8, 88.8 46.7, 55.1, 61.6, 88,8
Space group P1 P1 P1
Resolution range (outer) 39.5–2.8 (2.9–2.8) 16.0–2.2 (2.32–2.2) 17–2.3 (2.42–2.3)
Observed reflections 232,001 543,567 722,760
Unique Reflections 14,573 26,342 23,375
Completeness (outer) 99.0 (98.4) 93.5 (93.1) 94.4 (92.0)
Rmerge

b (outer shell) 13.5 (38.8) 9.6 (36.3) 8.3 (16.4)
I/�I (outer shell) 15.4 (3.5) 6.3 (1.9) 6.1 (4.0)

a Dimensions a, b, c given in Å, and �, �, � given in degrees.

b Rmerge

�I� = �h�i��Ih − Ihi��
�h�iIhi

� 100 .

Ih is the weighted mean measured intensity of the observations Ihi in which the intensities of the symmetry related
reflections, which should be the same, are compared. Rmerge (I) gives an estimate of their disagreement.

Modification and crystallization of DAF
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1992). The strategy adopted here circumvents these prob-
lems first by providing for a potentially large-scale and
low-cost production system, and second, because of the in-
creased potency of the modified soluble derivatives. In ad-
dition, myristoylated peptide modifications permit transfer
of modified materials from the plasma phase to vascular
sites in vivo (Smith 2002) and the distribution of such modi-
fied proteins in vivo can be manipulated by varying the
structure of the peptide “tail” (D. Esser, L. Fiedler, J.R.
Betley, I. Dodd, P.J.E. Rowling, G.P. Smith, R.G. Oldroyd,
L. Affleck, S. Ridley, and R.A.G. Smith, unpubl.).

The crystallization of a biologically active four-domain
form of DAF suggests that this material is correctly folded,
and the collection of high-quality and reproducible diffrac-
tion data (Table 1) has permitted the determination of an
atomic structure for this protein. This has been extended to
the modeling of the complete extracellular region of the
molecule as well as its interaction with Factor B (Lukacik et
al. 2004). The complete structural description also sheds
light on the function of the MP targeting peptides. Despite
being much smaller than the combined GPI anchor and S/T
region, the MP peptide appears to be capable of localizing
the SCRs of DAF in a functionally efficient orientation on
the outer cell membrane. Figure 8 compares full-length
DAF (based on the atomic structure including the S/T-rich
region) with EcDAF-MP, in which that region is replaced
by the MP peptide. Clearly, the region of DAF implicated in
regulation of the classical pathway convertases (SCRs 2 and
3; Brodbeck et al. 1996) is spaced very differently from the
membrane surface in the two cases. Although the S/T rich
region may be assumed to be flexible, the small size of the
MP peptide (at least half of which is probably in direct
contact with the membrane), provides a constraint on the
distance of the C2a component of the classical pathway C3
convertase from cell surfaces.

In conclusion, the atomic structure of DAF, when com-
bined with the use of membrane-orienting probes, signifi-
cantly extends our knowledge of structure–function rela-
tionships that have previously been based solely on partial
structures of soluble fragments (e.g., Uhrinova et al. 2003;
Williams et al. 2003). Derivatives of the EcDAF-MP type
also provide powerful tools for probing the biological roles
and therapeutic potential of DAF.

Materials and methods

Proteins and chemicals

GPI-anchored DAF (nDAF) was prepared as previously described
(Morgan 2000). PpDAF was prepared by the method of Powell et
al. (1997). SCRs(1–3) of CR1 were prepared as described by
Mossakowska et al. (1999).

Chemicals and reagents were supplied by Sigma-Aldrich unless
otherwise stated.

Phosphate-buffered saline (Dulbecco A) was from Oxoid Ltd.
Sodium chloride and Tween 20 were from Merck; EDTA and urea

were from Prolabo; Novex 4%–12% Bis Tris Nupage gels, and
Mark 12 protein molecular weight standards were from Invitrogen.

N-myristoyl GlySerSerLysSerProSerLysLysLysLysLysLysPro-
GlyAspCys-(S-2-thiopyridyl) carboxamide (APT542) was pre-
pared as previously described (Smith et al. 1998; Smith and Smith
2001). Tris-(2-carboxyethyl) phosphine (TCEP) was supplied by
Pierce.

Alexa488 conjugated goat antimouse IgG was from Molecular
Probes.

Cells and serum

Rabbit antibody sensitized sheep erythrocytes were purchased
from Diamedix. Rabbit and guinea pig erythrocytes in Alsever’s
buffer were purchased from TCS Biologicals. Normal human se-
rum was prepared from a pool of volunteers by standard methods.

Cloning and expression

The gene encoding the entire human DAF sequence was obtained
by RT-PCR from a human brain total RNA preparation (Origene

Figure 8. A comparison of full-length DAF (right) with EcDAF-MP (left)
based on the atomic structure including the modeled S/T- rich region
(Lukacik et al. 2004). In EcDAF-MP, the S/T region is replaced by the MP
peptide. The structures are modeled upon a simulated phospholipid bilayer.
Both S/T and MP peptides are depicted as maximally extended (the latter
is proposed to be in contact with the bilayer through the myristoyl group
and at least the first three lysine residues).

White et al.
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Inc.) using primers: (GCATATGACCGTCGCGCGGCCGAGC)
DAF-F and (GGAATTCTAAGTCAGCAAGCCCATGGTTACT)
DAF-R.

The product of the PCR was T-cloned into the plasmid pUC57/T
(MBI Fermentas) and authenticated by nucleotide sequence analy-
sis.

A fragment of the full-length gene encompassing the four SCRs
of DAF, along with an N-terminal Met-Gln addition and a C-
terminal Cys (MQD35-G285C) was generated from this plasmid
template by PCR using primers DAF1–4F (GCATATGCAGGAC
TGTGGCCTGCCGCCGGACGTT) and DAF4R (GGAATTC
TATCAGCATCCTCTGCATTCAGGTGGTGG) that incorpo-
rated NdeI and EcoRI sites for subsequent subcloning steps, and
the product T-cloned. The DAF1–4 DNA fragment was inserted,
and excised from this plasmid using the NdeI and EcoRI restriction
sites incorporated into the primers. This was followed by ligation
into the pET-26b(+) vector downstream of the T7 RNA polymer-
ase promoter (Novagen) for expression in E. coli (see below).

Expression was carried out in E. coli UT5600(DE3). A 25-mL
culture in LB-kanamycin was grown overnight at 37°C. Ten mil-
liliters of the overnight culture was then transferred into 1 liter of
EZMix (Sigma)-kanamycin in a 5l-culture flask. The culture was
grown for 75 min (OD600 � 0.6) and then induced by adding 1 mL
of 1 M IPTG. The induced culture was grown for a further 3 h,
after which it was centrifuged (9000g for 30 min) to obtain bac-
terial pellets.

Isolation of inclusion bodies, refolding and purification

Frozen cell pellets were resuspended in 20 mM Tris·HCl, 1 mM
EDTA (pH 8.0 [40 mL]), and passed through a homogenizer twice
(Emulsiflex-C5, Avestin, 12 kpsi). The homogenate was centri-
fuged (10.000g/4°C/30 min) and the supernatant discarded. The
pellet containing the inclusion bodies was washed twice in PBS/
0.05% (w/v) Tween 20, centrifuged (10,000g/4°C/30 min) and the
supernatants discarded. The pellet was resuspended in 8 M urea,
25 mM dithiothreitol, 1 mM EDTA, 0.1 M Tris (pH 8.0 [10 mL])
to facilitate solubilization. After 2 h (room temperature/gentle stir-
ring) the pH of the solution was adjusted to 3.0–4.0 with HCl, and
the solution was centrifuged (10,000g/4°C/30 min) before dialysis
in 6 M urea, 10 mM HCl (pH 3.0–4.0). After dialysis, the major
contaminant (OmpA) precipitated and was removed by centrifu-
gation (10,000g/4°C/30 min).

Folding of solubilized protein was carried out in 0.02 M etha-
nolamine, 1 mM EDTA, 0.5 M arginine, 1 mM cysteine, 2 mM
cystine (pH 11.0) using rapid dilution (1:50 v/v) with three addi-
tions of the same volume over a 32-h period. Additions were
drop-wise with stirring, and then the solution, which remained
clear, was left static at 4°C. This material was ultrafiltered using an
Amicon YM10 membrane (Millipore), the retentate (20 mL) was
centrifuged (20,000g/4°C/20 min). Soluble EcDAF was buffer-
exchanged into PBS using a G25 Sephadex column (G25 Sepha-
dex medium grade, Amersham Biosciences) by monitoring the
A280 of the eluate and collecting the Vo fraction. The resulting
EcDAF preparation was approximately 80% pure, as determined
by SDS-PAGE using staining with Coumassie brilliant blue R250
(Fig. 2, lane 8).

For crystallization studies, the EcDAF preparation was buffer
exchanged into 50 mM Tris·HCl (pH 7.5), 150 mM NaCl and
further purified by gel filtration on Hi Load 26/60 Superdex S75
(Amersham Biosciences) run at 18°C.

The resultant preparation was >95% pure as determined by
SDS-PAGE/CBBR250.

Protein concentrations

Protein concentrations were determined by quantitative SDS-
PAGE/CBBR250 analysis (UVP Gel Documentation System
GDS8000) and analyzed using GelWorks 1D Analysis software
using an in-house protein standard and/or by A280 readings using
a calculated molar extinction coefficient of 38,880 M−1cm−1 for
EcDAF (Protean) or 36,840 M−1 cm−1 (ProtParam; Gill and von
Hippel 1989). Concentration of nDAF was determined by dye
binding assay using BSA as a standard (Bradford 1976).

Modification with APT542

EcDAF at 2 mg/mL (71 �M) in PBS Dulbeccos A was treated with
threefold molar excess of TCEP and incubated overnight at room
temperature to cleave the exo-disulfide bonded between C-termi-
nal protein cysteine and cysteine derived from the refold buffer.
DAF was then incubated with fivefold molar excess of the myris-
toylated peptide APT542 for 2 h at room temperature. In certain
experiments, residual APT542 was removed by gel filtration using
PD-10 G25 Sephadex columns as recommended by the manufac-
turer (Amersham Biosciences).

Assays

For studies of classical pathway activation, sensitized sheep eryth-
rocytes (100 �L) were incubated with DAF proteins (50 �L) and
1 in 100 diluted normal human serum (50 �L) added for 1 h at
37°C. Cells were pelleted at 430 rcf for 3 min and lysis was
determined by measuring the OD of the supernatant at 410 nm.
The diluent for this assay was: 0.1 M HEPES, 0.15 M NaCl, 0.1%
gelatin (pH 7.4). CHAPS (3-[(3-Cholamidopropyl)dimethylammo-
nio]-1-propanesulfonate) (0.05% w/v) was used in the diluent for
assay of nDAF to retain solubility. For studies of alternative path-
way activation, rabbit erythrocytes in Alsever’s buffer were
washed and diluted 1 in 50 (∼5 × 108cells/mL), 50 �L of cells
were incubated with DAF proteins (50 �L), and 1 in 8 normal
human serum (100 �L) for 1 h at 37°C. Cells were pelleted at 430
rcf for 3 min and lysis was determined by measuring optical den-
sity at 410 nm of the supernatant. The alternative pathway diluent
was 0.3 M HEPES, 0.15 M NaCl, 8 mM EGTA, 5 mM MgCl2,
0.1% gelatin (pH 7.4). The “wash” variant of this assay (Fraser et
al. 2002) was carried out by preincubation of the cells with varying
concentrations of an agent in the absence of serum, pelleting, and
resuspension three times in the above buffer, followed by serum
challenge.

Antihemolytic activity in both assays was expressed as the con-
centration of the agent giving 50% of the total cell lysis (IC50).

Fluid-phase assays of decay accleration were performed as de-
scribed by Nickells and Atkinson (1997) using purified compo-
nents (Advanced Research Technologies) and C3a immunoassay
(Quidel).

Crystallization and diffraction data collection

A number of crystallization conditions were initially screened by
the sitting drop vapor diffusion method in Linbro plates.

After several rounds of optimization the following protocol was
devised to reliably obtain diffraction quality crystals: 0.5 �L of
well solution and 0.5 �L (9.6 mg/mL) of protein were mixed on a
polypropylene microbridge (Harlos 1992). The well solution con-
tained 0.2 M ammonium sulfate, 20% w/v methoxy polyethyl-
eneglycol 5000, 0.1 M sodium acetate (pH 4.6), 10% glycerol. The
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1 �L drop was allowed to preequilibrate at 2°C in a sealed well of
a Linbro plate for 12 h before seeding (Stura 1991). Seeding was
performed by transferring dilutions of a crushed crystal stock into
preequilibrated drops. Approximately 15 DAF crystals in a 1-�L
drop were crushed, and the drop contents were diluted 10-fold and
100-fold. An animal hair fiber was used to transfer the diluted
stocks into a preequilibrated drop. This method increased the fre-
quency of crystal appearance and allowed for growth of larger
crystals. The largest crystals could be obtained by using more
dilute stocks (e.g., 100-fold). Diffraction quality crystals were ob-
tained by this method in approximately 6 days.

Immediately prior to the diffraction experiment, crystals grown
in the presence of 10% glycerol were transferred to a solution
replicating mother liquor conditions but with a higher (16%) glyc-
erol concentration. This glycerol concentration was just sufficient
to achieve full cryoprotection of the crystal. The crystals were then
flash frozen in a cold stream of nitrogen gas at 100 K. X-ray
diffraction data were collected on an ADSC Q4 CCD-based de-
tector at beamline ID14-2 European Synchrotron Radiation Facil-
ity (ESRF), Grenoble, for data set 1; on an ADSC detector at
beamline 9.6, Synchrotron Radiation Source (SRS), Daresbury,
UK for data set 2, and on a MAR345 detector utilizing a Rigaku
RU200H rotating anode X-ray generator for data set 3 (University
of Oxford).

A number of data sets were collected from these crystals. Data
sets were integrated and scaled using either the HKL package
(Otwinowski and Minor 1997) or programs MOSFLM and
SCALA available as part of the CCP4 suite of programs (Collabo-
rative Computational Project 1994).
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