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Abstract

Recent studies indicate that defective activity of complement factor H (FH) is associated with several human
diseases, suggesting that pure FH may be used for therapy. Here, we describe a simple method to isolate human
FH, based on the specific interaction between FH and the hypervariable region (HVR) of certain Streptococcus
pyogenes M proteins. Special interest was focused on the FH polymorphism Y402H, which is associated with the
common eye disease age-related macular degeneration (AMD) and has also been implicated in the binding to M
protein. Using a fusion protein containing two copies of the M5-HVR, we found that the Y402 and H402 variants of
FH could be efficiently purified by single-step affinity chromatography from human serum containing the
corresponding protein. Different M proteins vary in their binding properties, and the M6 and M5 proteins, but not the
M18 protein, showed selective binding of the FH Y402 variant. Accordingly, chromatography on a fusion protein
derived from the M6-HVR allowed enrichment of the Y402 protein from serum containing both variants. Thus, the
exquisite binding specificity of a bacterial protein can be exploited to develop a simple and robust procedure to purify
FH and to enrich for the FH variant that protects against AMD.
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Introduction

Factor H (FH) plays a key role in the regulation of
complement activation, both in the fluid phase and on cell
surfaces [1-3]. This ~150 kDa glycoprotein, which is composed
of 20 short consensus repeats (SCRs) and occurs at a serum
concentration of ~250 µg/ml [4], exhibits polymorphisms and
mutations that are associated with human diseases, including
the common eye disease age-related macular degeneration
(AMD) and the rare kidney disease atypical hemolytic uremic
syndrome (aHUS) [1-3]. These associations have focused
interest on the role of FH in pathogenesis and on the possibility
of using pure FH for therapy [5,6]. A precedent for using FH in
therapy is provided by aHUS, in which plasmatherapy has
been used to replenish normal FH [7].

The Y402H polymorphism in SCR7 of FH has attracted
particular interest, because it is strongly associated with AMD.

About 13 % of Caucasians are homozygous for the allele
resulting in synthesis of the H402 protein and these individuals
have a 6-fold increase in risk for AMD, compared to those
homozygous for Y402, while the risk is increased 2.5-fold in
heterozygotes [8]. AMD is the leading cause of blindness
among the elderly in western societies with over 8 million
affected in the U.S. alone [9]. Interestingly, intravitreal injection
of pure human FH was shown to decrease laser-induced
choroidal neovascularization (CNV) in rats, a model for CNV
associated with AMD [10]. These findings suggest that many
AMD patients might be treated locally or systemically with pure
FH, in particular with preparations containing the Y402 variant
[11].

Much of the current interest in FH derives from reports that
FH binds to surface proteins of pathogens, as first described
for Streptococcus pyogenes M protein [12]. This coiled-coil
protein has a hypervariable region (HVR) that exhibits
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extensive sequence variation among M proteins expressed by
different strains, allowing the identification of ~200 M types
[13]. We recently showed that some but not all M proteins bind
FH and that FH binds solely to the HVR of an M protein [14]. In
FH, the binding site for M protein is located in SCR7 and may
overlap with the polymorphic site implicated in AMD [15-17].

Here, we describe an affinity chromatography system, based
on the HVR of the M5 protein, allowing efficient, single-step
purification of FH from human serum. We also report that M
proteins show differential binding to the Y402H polymorphic
variants of FH. The M6 protein, in particular, shows preference
for binding the Y402 variant, and a construct derived from this
M protein enabled considerable enrichment of the Y402
protein, the FH variant that protects against AMD, from serum
containing both variants. Thus, we have developed a simple
method for single-step purification of FH. This method might
enable the development of FH based therapies for AMD and
other conditions with defective FH function.

Results and Discussion

Binding of FH to a construct derived from the HVR of
the M5 protein

Among the 20 SCRs in FH, SCR1-4 are required for cofactor
activity, SCR7 is implicated in binding to M proteins and to
cellular surfaces [1,15,16] and SCR19-20 promote cell surface
binding [1-3] (Figure 1A). Of note, SCR7 contains the Y402H
polymorphism implicated in AMD.

The M proteins that bind FH, such as M5, have an N-terminal
HVR that mediates binding of FH, a B repeat region binding
fibrinogen (Fg) and a C repeat region binding human serum
albumin (HSA) (Figure 1A). These multiple binding properties
indicated that an intact FH binding M protein would not be

suitable for the purification of FH but focused interest on the
use of isolated HVRs, which previously were found to bind FH
[14]. To verify this prediction, we immobilized pure preparations
of intact M5 and the M5-HVR in columns and applied whole
human plasma (from an FH Y402 homozygote), followed by
elution of bound proteins. As expected, both eluates contained
FH, but the eluate from intact M5 also contained other proteins,
including Fg and HSA. Of note, the FH eluted from the HVR
column was virtually pure apart from small amounts of other
proteins, also present in the eluate from a control column
(Figure 1B).

We hypothesized that a construct containing more than one
copy of the M5-HVR might have superior FH-binding
properties. A fusion protein containing two copies of the M5-
HVR was therefore constructed. To separate the two binding
sites we included two copies of the M1-HVR, which does not
bind FH [14]. As a result, the final construct contained four
HVRs in tandem and was designated 5151 (Figure 2A and
S1A). The 5151 protein was dimerized via a C-terminal
cysteine residue to promote coiled-coil formation and ligand
binding [18] (Figure S1C, left). To compare the properties of
the M5-HVR and 5151 (both dimerized), equimolar amounts
were immobilized in microtiter wells and tested for FH binding.
The 5151 construct showed considerably better FH binding
than the M5-HVR (Figure 2B), focusing interest on 5151.

Affinity purification of human FH on the 5151 construct
Single donor serum containing only the Y402 protein (“YY

serum”) was used for affinity chromatography on a column
containing 5151, and bound protein was eluted. FH dominated,
as demonstrated by SDS-PAGE, western blot and mass
spectrometry (Figure 2C and data not shown). Under the non-
saturating conditions used, no FH was detected in the flow-

Figure 1.  Affinity chromatography of plasma on M5 and the M5-HVR.  (A) Proteins studied. Schematic representations of FH
and S. pyogenes M5 protein. See text. (B) Affinity chromatography of human plasma (containing Y402 FH) on columns containing
immobilized M5 or M5-HVR. Bound protein was eluted and analyzed by SDS-PAGE. A column without immobilized protein was
used as control. Human plasma, HSA and pure FH were included for comparison. The location of FH is indicated. In the M5 eluate
the major band in the ~50-60 kDa region was identified as HSA by mass spectrometry. Moreover, some weaker bands in this region
were identified as Fg by western blot (not shown).
doi: 10.1371/journal.pone.0081303.g001
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Figure 2.  Affinity purification of FH on the 5151 construct.  (A) Schematic representation of the 5151 construct. See text. (B)
FH has higher affinity for 5151 than for the M5-HVR. The 5151 and M5-HVR proteins were immobilized and analyzed for ability to
bind pure FH. The data represent mean values with SD from three experiments. (C and D) Affinity purification of FH on the 5151
construct and FH-depletion of human serum. Whole serum containing the Y402 protein (C) or the H402 protein (D) was applied to a
column containing immobilized 5151. Bound protein was analyzed by SDS-PAGE (left panels) and western blot (right panels). The
control represents the eluate from a column without immobilized 5151. Ft, flow-through. Pure FH was included as a reference. The
blots were probed with sheep anti-FH. Bound antibodies were detected with radiolabeled protein G and autoradiography. Protein G
also bound to the heavy chain of IgG (γ), as indicated. (E) Cofactor activity of purified Y402 FH compared to that of commercial FH.
The analysis measured the ability of FH to act as a cofactor for FI in the degradation of the C3b α’ chain to 68 kDa and 43 kDa
fragments of iC3b. The two FH proteins had similar activity when diluted, showing that they had similar cofactor activity.
doi: 10.1371/journal.pone.0081303.g002
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through, implying that the serum was completely depleted of
FH. Thus, the procedure allowed the purification of all FH from
serum containing the Y402 protein. Similar results were
obtained with another YY serum. Under saturating conditions,
i.e. when an excess of serum was applied, ~0.9 mg of FH was
recovered in a single run from a column prepared with 4 mg of
5151.

Similar analysis was performed with single donor serum
containing only the H402 variant (“HH serum”). The flow-
through from this column contained some FH, but also in this
case most FH was retained on the column, implying that the
5151 construct can be used to purify the H402 variant of FH
(Figure 2D).

Theoretically, the 42 kDa FH splice variant FH-like protein 1
(FHL-1) consisting of SCRs 1-7 of FH [15] would be expected
to bind the 5151 construct. We have, however, not been able to
detect a 42 kDa band reacting with the anti FH antibody (Figure
2C and D), while a weak ~35 kDa band was observed in some
gels, possibly representing a degradation product of FH.

To investigate if the purified FH retained its ability to act as a
cofactor for factor I (FI) in the degradation of C3b, we
compared the pure Y402 protein with commercial FH. Various
amounts of FH were mixed with FI and C3b and the FH-
dependent cleavage of C3b was analyzed by SDS-PAGE. In
this analysis, the purified Y402 FH was as active as
commercial FH (Figure 2E). Similar results were obtained with
H402 FH purified on a 5151 column (not shown).

Together, our data indicate that the 5151 construct may be
used for simple, single-step purification of FH retaining its
biological activity. We estimate that this FH had a purity of
>90%, which may be sufficient for many applications. For
example, hereditary angioedema is treated with plasma-
derived C1 inhibitor having an estimated purity of ≥90%
[19,20]. Of note, a 5151 column was very stable, surviving
regeneration 50 times over a period of 2 years without
apparent diminution of binding activity.

M proteins differ in relative affinity for the Y402 and
H402 variants

It has been reported that the Y402H polymorphism has a
strong effect on binding of FH to the M6 protein [17]. To
analyze whether this finding applies to other FH-binding M
proteins, we compared the three M proteins for which the FH-
binding HVR has been characterized, the M5, M6 and M18
proteins [14]. These M proteins were analyzed for ability to bind
the Y402 and H402 proteins (purified by methods previously
described [21]).

Binding was first analyzed with whole bacteria expressing
the M proteins (Figure 3A). The strains expressing M5 or M6
showed better binding of the Y402 protein, while no difference
was observed for the M18 strain. Similar results were observed
in studies of pure M proteins, immobilized in microtiter wells
(Figure 3B). The greatest difference in binding for the FH
variants was observed for the M6 protein which bound Y402
much more strongly than H402, with a similar but smaller
difference in binding to M5. Moreover, a small difference in
binding was observed also for M18, with a preference for the
other FH variant, H402. Thus, the studies of whole bacteria and

pure M proteins gave similar results and demonstrate that the
effect of the Y402H polymorphism on binding differs among M
proteins.

Use of the HVR in M6 for enrichment of the Y402 variant
The variant-selective properties of M6 suggested that the

HVR of this protein might be used for selective purification of
the Y402 protein from serum containing both FH variants, e.g.
from serum or plasma pools. Following the procedure
employed in the M5 system, we therefore prepared a fusion
construct with two copies of the M6-HVR and two copies of the
non-binding M1-HVR, resulting in a dimerized polypeptide
designated 6161 (Figure 3C, S1B and S1C). Serum from a
heterozygote (“YH serum”) was applied to a 6161 column and
bound material was eluted. For comparison, similar analysis
was performed with immobilized 5151.

The eluates from the 5151 and 6161 columns were analyzed
by SDS-PAGE and western blot, using pure Y402 and H402
proteins as controls (Figure 3D). The blots were analyzed with
mAbs specific for the Y402 or the H402 protein [21,22]. Pure
FH was eluted from both columns and this material reacted
with the two mAbs. However, the strength of the blotting
signals indicated that the material eluted from the 6161 column
was significantly enriched for the Y402 variant. Quantitative
ELISA confirmed this conclusion. The starting material
contained 51% Y402 protein, but in eluates from the 6161
column the proportion of Y402 protein had increased to 71%.
Identical results were obtained twice. For the FH eluted from
the 5151 column, the Y402 protein represented 63%, i.e. a
modest enrichment of Y402 FH was obtained also on this
column, probably reflecting incomplete binding of the H402
variant to 5151 (Figure 2D).

We hypothesized that application of saturating amounts of
serum to a 6161 column would cause further enrichment of the
Y402 protein, because the column would preferentially bind the
Y402 protein. To test this, the amount of serum applied was
increased 30-fold; the proportion of Y402 FH in the eluate
indeed increased to 79%. Identical results were obtained with
two sera. Thus, considerable enrichment of the Y402 protein
could be achieved in this single step.

Concluding Remarks

The current interest in FH as a therapeutic agent
emphasizes that a simple purification method is needed. The
method described here allows the efficient recovery of virtually
pure FH in a single step, while traditional purification methods
involve several steps with concurrent loss of material [23]. Our
method is based on the recent demonstration that the HVR of
some streptococcal M proteins specifically binds human FH
[14]. Thus, the method exploits the exquisite binding specificity
of a bacterial virulence factor. The value of such methods is
demonstrated by the classical example of staphylococcal
protein A, which is used for the purification of IgG [24].
Moreover, certain regions in streptococcal M proteins can be
employed for the purification of human IgA and human C4b-
binding protein [25,26].

Affinity Purification of Factor H
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Figure 3.  Differential binding of Y402 and H402 FH to different M proteins: enrichment of the Y402 protein on an M6
derived construct.  (A) Binding of pure Y402 and H402 FH to S. pyogenes M5, M6 and M18 bacteria. The pure FH proteins were
added at the concentrations indicated. Bound FH was detected with sheep anti-FH and radiolabeled protein G. The binding to M-
negative control strains was low (not shown). (B) Differential binding of the Y402 and H402 proteins to pure M5, M6 and M18
immobilized in microtiter wells. The FH proteins were added at the concentrations indicated. Bound FH was detected with sheep
anti-FH and radiolabeled protein G. The data in A and B represent mean values with SD from three experiments. Two-way ANOVA
analysis was performed on the binding values corresponding to the highest concentrations of FH corrected for the difference
between individual experiments (not set to 100 % as in the graph) (n=3). The differences in binding to Y402 and H402 FH were
found to be significant with P<0.001 for M5, P<0.001 for M6 and P=0.004 for M18. (C) Schematic representation of the 6161
construct. See text. (D) Affinity purification of FH on the 6161 and 5151 constructs. Serum containing Y402 and H402 FH (from a
heterozygote) was applied to columns with immobilized 6161 or 5151. Bound protein was eluted and analyzed by SDS-PAGE (left
panel) and western blot (middle and right panels). The blots were probed with mAbs specific for Y402 or H402 FH, as indicated.
Pure Y402 and H402 FH were included as controls.
doi: 10.1371/journal.pone.0081303.g003
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Of note, the M protein-derived constructs can be produced
economically and in large amounts, potentially allowing large-
scale purification of FH, which would be needed for therapy.
Moreover, all available data indicate that the constructs are
stable and survive extensive use. This is in contrast to the
polyclonal and monoclonal antibodies that have been
successfully employed for small-scale FH purification
[21,27,28], for which the production costs probably would
constrain large-scale FH preparation.

An additional advantage of the M protein derived system
described here is that it may allow enrichment of the Y402
variant of FH from pooled plasma, potentially facilitating the
development of an FH-based therapy for AMD. Furthermore,
the method may be adapted for the purification of FH from
other sources, e.g. recombinantly produced FH [5]. In
summary, our studies show that the highly specific binding
between FH and certain M proteins can be used to develop a
simple and robust FH purification method.

Materials and Methods

Bacterial strains and media
The S. pyogenes M5, M6 and M18 strains and their M-

negative mutants have been described ([14] and references
therein). These strains were grown as described [14] in Todd-
Hewitt broth supplemented with 0.2 % yeast extract and the
protease inhibitor E64. Escherichia coli XL1 Blue was used for
cloning and strain BL21 for protein production. E. coli was
grown with shaking at 37°C in LB, supplemented when needed
with 100 μg/ml ampicillin.

Human proteins, serum and plasma
FI, C3b, and control FH were from Complement Technology.

The control FH contains both the Y402 and H402 variants. The
preparations of pure Y402 and H402 FH used in Figure 3A, 3B,
and 3D were isolated as described [21]. Outdated,
anonymized, human citrated plasma was purchased from Lund
University Hospital Blood Centre, with permission (2012:04).
Serum was derived from the citrated plasma as described [14].
Before use, the analyzed plasma and serum samples were
heat-inactivated for 30 min at 56°C, to block complement
activation. Specific mAbs were used to type the samples with
regard to the Y402H polymorphism, as described [21,22].

Pure recombinant M proteins, HVRs and fusion
proteins

All recombinant proteins were derived from GST-fusions (GE
Healthcare). The intact M1, M5, M6, and M18 proteins, and the
HVRs of M1 and M5 have been described [14,29]. The
recombinant fusion protein 5151 (Figure 2A) consists of amino
acid residues 1-117 of M5, 4-89 of M1, 1-117 of M5 and 4-91 of
M1 (numbering in processed form of the proteins) (Figure
S1A). The 5151 DNA coding sequence was constructed by
overlap PCR in several steps using standard methodology. The
final PCR product was cloned into plasmid pGEX-6P-2 (GE
Healthcare) cleaved with BamHI and EcoRI. The sequence of
the final construct was confirmed. The recombinant protein

6161 consists of amino acid residues 1-129 of M6, 8-88 of M1,
1-129 of M6 and 8-91 of M1 (Figure S1B). The construct
encoding 6161 was created by gene synthesis and cloned into
pGEX-6P-2 as described for 5151 (GenScript). To allow
dimerization, a C-terminal cysteine not present in the intact M
protein was added to 5151, 6161, M5-HVR and M1-HVR. For
this purpose, a cysteine codon was added in the corresponding
DNA constructs. After removal of the GST tag, the protein
constructs were dimerized as described [18]. Analysis of the
5151 and 6161 proteins by SDS-PAGE under reducing and
non-reducing conditions showed good but not complete
dimerization (Figure S1C). Of note, the M protein HVRs were
dimerized as described for 5151 and 6161, while intact M
proteins dimerize spontaneously.

Antisera
Sheep anti-human FH IgG (The Binding Site) was used to

detect total human FH. The monoclonal mouse IgG1 antibodies
MBI-6 and MBI-7 were used to detect Y402 and H402 FH,
respectively [21,22]. Goat anti-mouse IgG horseradish
peroxidase conjugated antibody (Thermo Scientific) was used
for detecting mouse IgG in western blots.

FH binding assays with immobilized pure ligands and
whole bacteria

The tests with pure ligands reported in Figure 2B and 3B
were performed essentially as described [14]. For Figure 2B,
0.1 μg 5151 or an equimolar amount of the M5-HVR were
immobilized in microtiter wells. The M1-HVR was used as
negative control. For Figure 3B, 0.1 μg of pure M5, M6 or M18
was immobilized, with M1 as negative control. In Figure 3B, the
buffers (except those used for coating and blocking) were
diluted × 3 in distilled water, a procedure that reduced
background binding. Pure FH was added, as indicated, and
bound FH was detected with sheep anti-FH (diluted × 500) and
radiolabeled protein G. Binding was calculated in percent of
maximal protein G binding (Figure 2B) or in percent of maximal
protein G binding in the test with Y402 FH (Figure 3B). Binding
to control proteins was very low and has been subtracted. The
binding tests with whole bacteria (Figure 3A) were performed
essentially as described [14]. Briefly, samples containing 108

cfu of washed bacteria were incubated with the indicated
amount of Y402 or H402 FH for 1 h in a volume of 100 μl.
Bound FH was quantified by the addition of sheep anti-human
FH and bound anti-FH was detected with radiolabeled protein
G.

Affinity chromatography
For Figure 1B, pure recombinant M5 or M5-HVR (600 μg)

was used for coupling to 1 ml HiTrap NHS-activated HP
columns (GE Healthcare). For the generation of a control
column, reactive groups were inactivated with ethanolamine.
Before use, columns were equilibrated with 10 volumes of
PBS. Human plasma (1.5 ml, diluted × 3 in PBS), containing
Y402 FH, was applied slowly at 4°C and the columns were
washed with 10 volumes of PBS. Bound protein was eluted in 5
ml 6 M guanidine-HCl, dialysed against PBS and concentrated
10-fold before analysis.

Affinity Purification of Factor H
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For the tests reported in Figure 2C, 2D, and 3D, the 5151
protein (4 mg) or the 6161 protein (2 mg) was coupled to
columns, as indicated. The serum applied (1.5 ml) had been
typed with regard to the Y402H polymorphism, as indicated.
Subsequent steps were performed as described for Figure 1B.

Other methods
Western blot and detection of bound IgG with radiolabeled

protein G was performed as described [30]. Western blots with
anti-FH mAbs (Figure 3D) were performed essentially as
described [21,22]. Quantitative determination of Y402 and
H402 FH was performed according to [22]. FH concentration
was determined spectrophotometrically, using an extinction
coefficient at 280 nm of 1.97 [4].

Assays for FH cofactor activity were performed essentially as
described [31], with the exception that C3b was not
radiolabeled. Briefly, 20 µl reactions (final volume) with final
concentrations of 40 µg/ml C3b and 4 µg/ml FI were prepared
in PBS (diluted × 3). Pure FH was added to a final
concentration of 12.6 µg/ml, or using different 3-fold dilutions of
this concentration, as indicated. After 2 h at 37°C the reactions
were terminated by the addition of an equal volume of SDS-
PAGE sample buffer and the samples were analyzed by SDS-
PAGE.

Statistical analysis
Results from FH binding assays (Figure 2B, 3A and 3B) are

presented as mean values with SD from three independent
determinations. For Figure 3B, two-way ANOVA analysis was
performed on the binding values (normalized to the added
radioactivity) corresponding to the highest FH concentrations,
corrected for the difference between the individual
experiments.

Supporting Information

Figure S1.  The 5151 and 6161 fusion proteins. (A)
Sequence of the 5151 protein. The underlined sequences were
derived from M5, while the other parts were derived from M1.
(B) Sequence of the 6161 protein. The underlined sequences
were derived from M6, while the other parts were derived from
M1. For both 5151 and 6161, a C-terminal cysteine residue, not
present in the intact M proteins, was added to allow
dimerization. (C) Pure dimerized recombinant 5151 (left panel)
and 6161 (right panel) was analyzed by SDS-PAGE. In each
panel, the sample to the left was run under reducing conditions
and the sample to the right was run under non-reducing
conditions, allowing the detection of dimerized 5151 and 6161.
(TIF)
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