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ABSTRACT: Integral membrane proteins, which include many cellular effector proteins and drug targets,
can be difficult to produce, purify, and manipulate. Although the isolated ectodomains of many membrane
proteins can be expressed as water soluble proteins, biological activity is frequently lost when these proteins
are released from the membrane surface. An example is tissue factor, the integral membrane protein that
triggers the blood clotting cascade and for which membrane anchoring is essential. Its isolated ectodomain
(soluble tissue factor) can be expressed with high yield in bacteria but is orders of magnitude less active
than the intact, membrane-anchored protein. We now report full restoration of biological activity to the
isolated tissue factor ectodomain via the engineering of a hexahistidine tag onto its C-terminus and its
use in combination with membrane bilayers containing nickel-chelating lipids. When soluble tissue factor
was tethered to the membrane surface via such metal-chelating lipids, it bound factor VIIa with the same
high affinity as wild-type tissue factor, and the resulting factor VIIa-tissue factor complexes supported
factor X activation and factor VII autoactivation with essentially wild-type enzyme kinetic constants.
Furthermore, when such bilayers were immobilized onto solid supports, they efficiently captured histidine-
tagged soluble tissue factor directly from crude culture supernatants, with full biological activity, obviating
the need for purification or laborious membrane reconstitution procedures. This strategy is rapid, efficient,
scalable, and automatable and should be applicable to other integral membrane proteins, especially those
with a single transmembrane domain. Applications include high-throughput screening of mutants or drugs,
flow reactors, clinical assays, and point-of-care instrumentation.

Integral membrane proteins represent an estimated 20-
30% of the proteins in many genomes and are a major class
of current and future drug targets (1-3). They are, however,
more difficult to express at high yield than are soluble
proteins, and detergents are required to extract them from
membranes and keep them soluble during purification, which
may diminish their stability and activity. Although effective
procedures for reconstituting purified integral membrane
proteins into phospholipid vesicles have been developed,
most are laborious, time-consuming, and expensive (4).

The isolated ectodomains of some integral membrane
proteins can be expressed with very high yield in recombinant
systems and are generally far easier to handle than are their
membrane-anchored counterparts. However, the soluble
ectodomains of some membrane proteins have little or no
biological activity. An example is tissue factor (TF),1 the
integral membrane protein responsible for triggering the
blood clotting cascade in normal hemostasis and many
thrombotic diseases (5). TF tightly binds and allosterically
activates the plasma serine protease, factor VIIa (fVIIa), with
the resulting TF-VIIa complex activating two membrane-
bound protease zymogens, factors IX and X (fX), via limited

proteolysis. Studies with truncated forms of recombinant
human TF have shown that membrane anchoring is essential
for procoagulant activity (6, 7). Thus, while the isolated
ectodomain of TF (sTF) is highly water soluble and can be
produced recombinantly with high yield (7-12), it has
reduced affinity for fVIIa (8), cannot promote the conversion
of zymogen factor VII (fVII) to fVIIa (13, 14), and has
drastically reduced procoagulant activity (7-9, 13, 15).

We sought to develop a facile method for restoring full
biological activity to the isolated ectodomains of membrane
proteins while retaining all their desirable expression,
solubility, and handling characteristics. Recombinant human
TF is an excellent subject for such investigations, since
membrane-anchored TF (membTF), when incorporated into
suitable phospholipid vesicles, is the active principle in
recombinant thromboplastin reagents that are widely used
in clinical clotting assays (16). In addition, the TF-VIIa

† Supported by Grant R01 HL47014 from the National Heart, Lung
and Blood Institute. E.K.W. was supported in part by NIH Training
Grant T32 GM007283.

* To whom correspondence should be addressed: College of
Medicine, University of Illinois, 417 Medical Science Bldg., MC-714,
506 S. Mathews Ave., Urbana, IL 61801. Telephone: (217) 265-4036.
Fax: (217) 265-5290. E-mail: jhmorris@uiuc.edu.

1 Abbreviations: C12E8, octaethylene glycol monododecyl ether;
DOGS-NTA-Ni, 1,2-dioleoyl-sn-glycero-3-{[N-(amino-1-carboxypen-
tyl)iminodiacetic acid] succinyl}nickel salt; fVII, coagulation factor VII;
fVIIa, activated fVII; fX, factor X; fXa, activated fX; membTF,
recombinant membrane-bound tissue factor (TF1-244); NiPCPS, phos-
pholipid vesicles comprising 15% DOGS-NTA-Ni, 65% PC, and 20%
PS; NiPCPSPE, phospholipid vesicles comprising 10% DOGS-NTA-
Ni, 47.5% PC, 12.5% PS, and 30% PE; PC, phosphatidylcholine; PCPS,
phospholipid vesicles comprising 80% PC and 20% PS; PE, phos-
phatidylethanolamine; PS, phosphatidylserine; sTF, recombinant, soluble
tissue factor (TF1-219); sTF-His, sTF with a hexahistidine tag at the
C-terminus; TF, tissue factor; TF-VIIa, enzyme complex of TF and
fVIIa.

3769Biochemistry2006,45, 3769-3774

10.1021/bi052600m CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/25/2006



complex has become an increasingly attractive target for
developing novel, highly selective antithrombotic agents (17,
18).

Nickel-chelating lipids such as DOGS-NTA-Ni (1,2-
dioleoyl-sn-glycero-3-{[N-(5-amino-1-carboxypentyl)imino-
diacetic acid]succinyl}nickel salt) have been used to create
two-dimensional crystals of oligohistidine-tagged recombi-
nant proteins on artificial membranes, to obtain structural
information by electron crystallography and other approaches
(19, 20). They have also been used recently to attach
oligohistidine-tagged peptides to liposomes, as a method for
delivery of peptides to targeted cells (21); however, they have
rarely been used to attach proteins to membranes for
functional studies (22). We reasoned that incorporating a
hexahistidine tag at the C-terminus of sTF would allow it to
bind to chelated nickel ions at the membrane surface and
become an effective protein cofactor for fVIIa (but at much
lower surface densities than when preparing two-dimensional
protein crystals!). We show here that this system restores
full biological function to the isolated ectodomain of this
important integral membrane protein.

EXPERIMENTAL PROCEDURES

Materials.Pooled normal human plasma was from George
King Bio-Medical (Overland Park, KS). Chicken egg phos-
phatidylcholine (PC), porcine brain phosphatidylserine (PS),
bovine liver phosphatidylethanolamine (PE), and DOGS-
NTA-Ni were from Avanti Polar Lipids, Inc. (Alabaster, AL).
Chromozym t-PA substrate (N-methylsulfonyl-D-Phe-Gly-
Arg-4-nitroanilide acetate) was from Roche Applied Science
(Indianapolis, IN). Spectrozyme fXa substrate (methoxycar-
bonyl-D-cyclohexylglycyl-Gly-Arg-4-nitroanilide acetate) and
recombinant human fVIIa were from American Diagnostica,
Inc. (Stamford, CT). Purified plasma-derived fVII, fX, and
factor Xa (fXa) were from Enzyme Research Laboratories
(South Bend, IN). Bio-Beads SM-2 adsorbent was from Bio-
Rad Laboratories (Hercules, CA). Octaethylene glycol mono-
dodecyl ether (C12E8) was from Fluka and Antifoam C from
Sigma (Sigma-Aldrich, St. Louis, MO). Recombinant human
membTF [consisting of amino acids 1-244 numbered
according to the method of Morrissey et al. (23)] and sTF
(amino acids 1-219) were purified from anEscherichia coli
expression system as described previously (10, 24). The sTF
expression construct was modified to include an oligohisti-
dine tag (sTF-His) by inserting double-stranded oligonucleo-
tides encoding the amino acid sequence, GGAAGHHHHHH,
followed by a stop codon, immediately after residue 219 of
TF. sTF-His was expressed inE. coli strain BL21(DE3) and
purified by immunoaffinity chromatography as previously
described for sTF (10). Crude culture supernatants containing
sTF were collected by centrifugation from spentE. coli
cultures that had been induced overnight at 25°C with 50
µM isopropylâ-D-thiogalactopyranoside. Concentrations of
sTF-His were determined by an ELISA (10), with minor
changes: TF9-5B7 IgG [a monoclonal anti-tissue factor
antibody (25)] was used as the capture antibody, and
biotinylated HPC4 IgG [a monoclonal antibody to the HPC4
epitope tag at the N-terminus of sTF-His (10)] was used as
the detecting antibody.

Liposomes.Unilamellar phospholipid vesicles were pre-
pared using the rapid Bio-Bead method (26) with 6 mM

C12E8 as the detergent. Liposome compositions were as
follows. PCPS contained 20% PS and 80% PC; NiPCPS
contained 15% DOGS-NTA-Ni, 65% PC, and 20% PS, and
NiPCPSPE contained 10% DOGS-NTA-Ni, 47.5% PC,
12.5% PS, and 30% PE. Liposome compositions are given
throughout as mole percent and their concentrations as the
molar concentration of total lipid.

Incorporation of MembTF into Liposomes.Purified mem-
bTF was incorporated into unilamellar vesicles composed
of PCPS, NiPCPS, or NiPCPSPE, as described previously
(26), using 6 mM C12E8 as the detergent. The effective
(available) concentration of active TF molecules incorporated
into the liposomes was quantified by titration with fVIIa as
described previously (8). Concentrations of TF in liposomes
are reported here as the available TF concentrations.

fVIIa Binding. Binding affinities of fVIIa for membTF
incorporated into PCPS or sTF-His with NiPCPS were
quantified using the TF-dependent increase in the rate of fX
activation by fVIIa as the readout for complex formation.
Activation of fX was assessed using a continuous chromoge-
nic assay (13), with reaction mixtures containing a fixed
concentration of fVIIa and increasing concentrations of either
membTF (incorporated into PCPS liposomes) or sTF-His
with NiPCPS liposomes. The buffer was HBSAC [20 mM
Hepes (pH 7.4), 100 mM NaCl, 0.1% NaN3, 0.1% bovine
serum albumin, and 5 mM CaCl2]. Reactions were initiated
by adding a mixture of fX and chromogenic substrate in a
96-well plate, yielding final concentrations of 0.1 pM fVIIa,
0-500 pM membTF or sTF-His, 50µM liposomes, 30 nM
fX, and 0.5 mM Spectrozyme fXa. The change inA405 was
monitored at ambient temperature in a VERSAmax micro-
plate reader (Molecular Devices Corp., Sunnyvale, CA).
Initial rates of fX activation were determined by fitting a
second-order polynomial to theA405 data (13, 27) and were
converted to concentrations of the TF-VIIa complex (8).
The quadratic ligand binding equation was fitted to plots of
[TF-VIIa] versus [TF] to deriveKd values for the binding
of fVIIa to TF (13).

fX ActiVation Using Liposomes.Initial rates of fX activa-
tion were measured at ambient temperature in multiwell
plates using a discontinuous chromogenic assay (8) modified
as follows. Reaction mixtures in HBSAC contained 500 pM
fVIIa, varying concentrations of fX, and either 4 pM
membTF in PCPS (with 50µM PCPS) or 4 pM sTF-His
with 50 µM NiPCPS. At varying times, 20µL aliquots were
added to a 96-well plate containing 100µL of stop buffer I
[40 mM Mes-NaOH (pH 5.8), 12 mM EDTA, 50 mM NaCl,
0.25% Triton X-100, 0.1% NaN3, and 0.012% Antifoam C]
at 4 °C. After the mixtures for the stopped reactions were
warmed to room temperature, fXa was detected by adding
60 µL of 1.5 mM Spectrozyme fXa in HBSAC with 0.6 M
Tricine-NaOH (pH 8.4) and quantifying the change inA405.
Amounts of fXa generated were determined by comparison
to a standard curve with purified fXa.

fX ActiVation Using Immobilized Lipids.All steps were
conducted at ambient temperature. Lipid mixtures were dried
down in a borosilicate glass test tube under a gentle stream
of dry nitrogen gas to remove the solvent (chloroform) and
then redissolved inn-hexane at a total lipid concentration
of 2 mM. Each well of a 96-well polystyrene plate (Costar
9018 high-binding plates, Corning, Inc., Corning, NY)
received 60 nmol of total lipid, and the hexane was allowed
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to evaporate in a fume cupboard. The wells were then
incubated for 1 h with 100µL of TBSA [50 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 0.02% NaN3, and 1% bovine serum
albumin], aspirated, and washed thrice with TBS (TBSA
without albumin). Wells were incubated for 1 h with 100
µL of the indicated concentration of sTF or sTF-His in HBSA
(HBSAC without calcium), then aspirated, and washed thrice
with TBS. Wells were incubated for 1 h with 100µL of 5
pM factor VIIa in HBSAC, after which reactions were
initiated by adding 100µL of 1 mM Spectrozyme fXa
substrate and the indicated fX concentrations with HBSAC.
The change inA405 was quantified and the amount of fXa
generated determined by comparison to a standard curve.

fVII AutoactiVation. Rates of fVII autoactivation were
measured essentially as described previously (28). Equimolar
concentrations of fVII and TF (15 nM each) were incubated
in HBSAC at 37°C. At various time points, 20µL aliquots
were removed to a 96-well plate containing 60µL of stop
buffer II [0.1 M Tricine-NaOH (pH 8.4), 6.7 mM CaCl2,
0.1% bovine serum albumin, 0.1% Triton X-100, 0.05%
NaN3, and 100 nM sTF]. A 20µL aliquot of 5 mM
Chromozym t-PA substrate was added, and the change in
A405was monitored at ambient temperature. Two-dimensional
second-order rate constants (k2D) were determined as de-
scribed previously (28).

TF Clotting Assay.Thromboplastin reagents for clotting
assays were prepared using membTF in PCPS, NiPCPS, or
NiPCPSPE liposomes in low-salt TBSA (TBSA containing
10 mM NaCl instead of 100 mM NaCl) to which additional
appropriate liposomes were added to achieve a total lipid
concentration of 100µM. Thromboplastin reagents contain-
ing either sTF or sTF-His were likewise prepared in low-
salt TBSA and 100µM PCPS, NiPCPS, or NiPCPSPE
liposomes. Clotting assays were performed in a STart 4
coagulometer (Diagnostica Stago, Parsippany, NJ). Briefly,
50 µL aliquots of 25 mM CaCl2 and thromboplastin reagent
were incubated together for 120 s in a coagulometer cuvette
at 37 °C. A 50 µL aliquot of prewarmed pooled normal
human plasma was then added, and the time to clot formation
was measured. We have also discovered that nickel-chelating
lipids can activate the contact, or intrinsic, pathway of blood
clotting, provided the lipids are preincubated with plasma
for at least 2 min before addition of calcium ions (E. K.
Waters and J. H. Morrissey, manuscript in preparation). By
modifying the clotting assay to add plasma last, we mini-
mized activation of the contact pathway, and the clotting
times were dependent upon TF activity. A unit of TF activity
was defined as the amount of TF in the final clotting reaction
(150 µL volume) that yields a 50 s clot time.

fXa Clotting Assay. The ability of fXa to initiate clotting
in the presence of PCPS, NiPCPS, or NiPCPSPE liposomes
was also assessed. Briefly, a 50µL aliquot of 1 nM fXa and
100 µM liposomes in low-salt TBSA was incubated with

50 µL of 25 mM CaCl2 for 120 s in a coagulometer cuvette
at 37°C, after which 50µL of pooled normal plasma was
added.

RESULTS AND DISCUSSION

In initial studies, we tested two sTF constructs containing
C-terminal oligohistidine tags (expressed inE. coli): one in
which six His residues were attached directly after residue
217 and another in which a five-amino acid spacer (GGAAG),
followed by six His residues, was attached after residue 219.
Both proteins were active, but the latter construct, termed
sTF-His, had a higher specific activity in clotting assays when
mixed with NiPCPSPE vesicles (140 units/ng for sTF-His
vs 9 units/ng with the construct lacking the GGAAG spacer)
and was therefore used for the rest of our study. The reason
for the superior activity of sTF-His is unknown, but it is
possible that the peptide spacer allowed better alignment of
the sTF-His protein on the membrane surface, compared to
attaching the hexahistidine tag directly to the C-terminus of
sTF. We next employed sTF-His in conjunction with mixed
phospholipid vesicles containing DOGS-NTA-Ni, PC, and
PS (NiPCPS) and compared its activity to that of membTF
reconstituted into PCPS liposomes. [PS was employed in
both preparations because negatively charged phospholipids
are required for optimal TF-VIIa activity (6).]

Wild-type TF incorporated into a suitable phospholipid
bilayer will bind its primary ligand, fVIIa, with extremely
high affinity (Kd < 50 pM), while sTF binds fVIIa at least
100 times more weakly (Kd ≈ 5 nM) (8). The difference in
the two binding affinities probably reflects the contribution
of protein-phospholipid interactions between the fVIIa Gla
domain and negatively charged phospholipids that help
stabilize the TF-VIIa complex on the membrane surface;
such protein-phospholipid interactions are lacking when the
same complex is assembled with sTF. We therefore sought
to determine if attaching the TF ectodomain to the membrane
via an oligohistidine tag and metal-chelating lipids would
be sufficient to restore the contribution of protein-phos-
pholipid interactions toward stabilizing the TF-VIIa complex
on the membrane surface. When fVIIa binds to TF, its rate
of fX activation increases dramatically, so this can be used
as a convenient readout for TF-VIIa complex formation.
Using this approach, we found that fVIIa bound with
extremely high affinity to the combination of sTF-His and
NiPCPS, with aKd of 10.8 pM (Table 1). This was essentially
identical to its affinity for membTF in PCPS liposomes (Kd

) 10.0 pM). Therefore, when the isolated TF ectodomain
was attached to the membrane surface via interaction with
metal-chelating lipids, its fVIIa binding ability was indis-
tinguishable from that of membTF that spanned the lipid
bilayer.

A stringent test of TF-VIIa complex function is its ability
to support the activation of its natural protein substrate, fX.

Table 1: Binding and Kinetic Constants for TF-VIIa Complexes

fVIIa binding fX activation fVII autoactivation

TF lipid Kd (pM) Km (nM) kcat (s-1) kcat/Km (µM-1 s-1) k2D (m2 mol-1 s-1)

membTFa PCPS liposomes 10.0( 4.4 59( 0.88 3.5( 0.38 60.2( 6.35 (3.4( 0.15)× 107

sTF-Hisa NiPCPS liposomes 10.8( 4.2 38( 3.8 3.3( 0.43 87.1( 12.3 (2.9( 0.37)× 107

sTF-Hisb immobilized NiPCPS ndc 66 ( 6.4 4.1( 1.4 63.1( 22.3 ndc

a Purified proteins.b Captured from crude culture supernatants.c Not determined.
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This requires that TF be incorporated into a suitable
phospholipid membrane (i.e., one containing negatively
charged phospholipids). The isolated TF ectodomain, on the
other hand, supports orders of magnitude lower rates of fX
activation than does membTF, even in the presence of PCPS
liposomes, because sTF is not anchored in the membrane
(8, 13). We therefore compared the ability of various forms
of TF to support the activation of fX under equivalent
enzyme concentrations (500 pM fVIIa), cofactor (4 pM TF),
and liposomes (50µM total lipid). The combination of sTF-
His and NiPCPS supported rates of fX activation by fVIIa
that were comparable to those obtained using membTF in
PCPS liposomes (Table 1). Thekcat values for the two forms
of the TF-VIIa complex were similar, while theKm of fVIIa
bound to sTF-His and NiPCPS for fX was actually lower
than with membTF in PCPS, leading to a slightly higher
overall catalytic efficiency (kcat/Km). The high enzymatic
activity of fVIIa bound to sTF-His was dependent on both
nickel-chelating lipids and the oligohistidine tag on sTF, since
mixing either sTF-His with PCPS liposomes, or sTF with
NiPCPS liposomes, supported negligible rates of fX activa-
tion by fVIIa (data not shown).

An additional function of TF is to promote the autoacti-
vation of fVII in a reaction that is dependent on TF surface
density (28, 29). In contrast, sTF fails to support this reaction
(14). Under conditions of identical TF surface densities, both
membTF in PCPS and sTF-His with NiPCPS supported fVII
autoactivation with comparable rate constants (Table 1).
Together, these findings show that it is not necessary for
the TF ectodomain to be covalently attached to a membrane
anchor to achieve wild-type levels of TF activity; reversible
attachment of sTF to the membrane surface via metal-
chelating lipids is functionally equivalent to conventional
membrane anchoring.

An important test of TF function is its ability to promote
the clotting of plasma. The procoagulant activities of
membTF, sTF, and sTF-His were therefore compared in the
presence of liposomes that varied in composition. As
expected, both sTF and sTF-His had very poor procoagulant
activities in the presence of PCPS vesicles, while membTF
in PCPS had high procoagulant activity (Figure 1a). When
DOGS-NTA-Ni lipids were incorporated into the liposomes
(NiPCPS), sTF-His and membTF had comparable pro-
coagulant activities, but sTF continued to exhibit very poor
activity (Figure 1b). Notably, however, the specific pro-
coagulant activities achieved with NiPCPS liposomes for
both membTF and sTF-His were consistently lower than
those achieved using membTF in PCPS (compare panels a
and b of Figure 1). Because PE is known to synergize with
PS to enhance TF procoagulant activity (24), we tested the
inclusion of PE in the liposomes (NiPCPSPE). This increased
the specific procoagulant activity of both membTF and sTF-
His to a level comparable to that of membTF in PCPS
(Figure 1c).

The results in Table 1 demonstrated that the combination
of sTF-His and NiPCPS supported wild-type levels of fX
activation and fVII autoactivation, arguing that DOGS-NTA-
Ni lipids are not detrimental to TF-VIIa complex activity.
The reduced procoagulant activity of membTF in liposomes
containing DOGS-NTA-Ni therefore suggested to us that the
next step in the clotting cascade (the prothrombinase
complex) may have lower activity on NiPCPS surfaces than

on PCPS membranes. To test this, we measured fXa-initiated
plasma clotting in the presence of liposomes that varied in
composition, obtaining clotting times of 10.9( 0.3 s with
PCPS liposomes, 18.9( 0.6 s with NiPCPS liposomes, and
11.7( 0.4 s with PCPSPE liposomes. The presence of PE
in the liposomes was thus able to overcome the slightly
inhibitory effect of DOGS-NTA-Ni toward the procoagulant
activity of fXa.

The experiments described above used purified sTF-His.
We reasoned that immobilized lipid bilayers containing
DOGS-NTA-Ni should be able to capture sTF-His from
crude mixtures, simultaneously isolating and membrane-
anchoring this protein in one quick step. Although expression
of sTF-His in ourE. coli expression system is targeted to
the periplasmic space, significant quantities accumulate in
the medium of overnight cultures, typically, 55µg/mL (2.0
µM) sTF-His as measured by an ELISA. Crude culture
supernatants were therefore diluted 10-fold with buffer and
incubated in the wells of a polystyrene 96-well plate that
had previously been coated with a lipid mixture containing
DOGS-NTA-Ni, PS, and PC. After unbound proteins had
been washed away, the wells were treated with fVIIa and

FIGURE 1: Procoagulant activities. Clotting times obtained with
membTF in liposomes ([), sTF with liposomes (2), or sTF-His
with liposomes (O) are plotted vs TF concentration. Liposome
compositions were (a) PCPS, (b) NiPCPS, and (c) NiPCPSPE. Data
are means( the standard error.

3772 Biochemistry, Vol. 45, No. 11, 2006 Waters and Morrissey



the rate of fX activation was measured. Because fVIIa is a
very poor activator of fX in the absence of TF and a suitable
phospholipid membrane, this assay is a stringent test both
of the ability of the immobilized lipids to capture sTF-His
and of the functional state of the resulting TF-VIIa-
membrane complexes. We found that when sTF-His was
captured in this way from culture supernatants, it robustly
supported fX activation by fVIIa, with apparentKm andkcat

values that were comparable to those of membTF in PCPS
liposomes (Table 1). Under these assay conditions, the
concentration of purified sTF-His required to support half-
maximal rates of fX activation (EC50) was 6.2( 4.1 nM
(Figure 2), a concentration that is more than 2 orders of
magnitude below the sTF-His concentration in ourE. coli
culture supernatants. Both the oligohistidine tag on sTF and
the presence of nickel-chelating lipids were required, since
neither combinations of sTF-His with immobilized PCPS nor
combinations of sTF with immobilized nickel-chelating lipid
mixtures yielded detectable levels of fX activation, even at
sTF concentrations as high as 1µM (Figure 2).

These studies demonstrate that full biological activity can
be restored to the isolated ectodomain of an integral
membrane protein by incorporating an oligohistidine tag at
a suitable location on the protein, when used in conjunction
with membranes containing metal-chelating lipid. They also
demonstrate that membrane bilayers containing nickel-
chelating lipids that have been immobilized onto a solid
support can efficiently capture the histidine-tagged ectodomain

from crude mixtures, simultaneously purifying the protein
and anchoring it to the membrane in one simple step. Using
TF as an example, the recombinant ectodomain is expressed
in E. coli at far higher levels than does membTF and is much
easier to handle. Furthermore, reconstituting membTF into
liposomes is very slow (many hours to days) and difficult
to control, while mixing sTF-His with liposomes or im-
mobilized bilayers containing DOGS-NTA-Ni is rapid and
simple. This will greatly simplify not only research using
TF but commercial applications of TF as well, such as the
preparation of recombinant TF thromboplastin reagents (16)
which otherwise require expression of recombinant membTF,
purification of it, and then insertion of it into liposomes in
a highly controlled way. Furthermore, the ability to bind
highly active preparations of sTF-His onto immobilized
phospholipid bilayers containing metal-chelating lipids can
facilitate the development of point-of-care clinical coagula-
tion assays in which the activator of clotting must be attached
to a chip surface. These same general approaches may also
apply to the isolated ectodomains of other single-span integral
membrane proteins. The precise number of integral mem-
brane proteins in the human genome that pass through the
membrane only once, as TF does, is unknown; however,
genomic analyses reveal an increasing abundance of pre-
dicted integral membrane proteins as the number of trans-
membrane domains decreases, suggesting that single-pass
membrane proteins may be relatively common (2).

This approach can facilitate high-throughput screening
methods. Using immobilized lipid bilayers containing metal-
chelating lipids to capture the soluble ectodomain directly
from crude mixtures such as culture supernatants, libraries
of mutants of the target membrane protein can be rapidly
screened for activity in a way that is easily automated.
Similarly, the histidine-tagged ectodomain captured by lipid
bilayers that are immobilized on multiwell plates or other
surfaces can form the basis for automated screening of
libraries of small molecule inhibitors. Finally, this strategy
can also be used to attach the ectodomains of membrane
proteins such as TF to immobilized membrane surfaces in
flow reactors (30, 31).
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