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The low density lipoprotein receptor-related protein (LRP) is
the principal clearance receptor for serpins and serpin-protein-
ase complexes. The ligand binding regions of LRP consist of
clusters of cysteine-rich �40-residue complement-like repeats
(CR), with cluster II being the principal ligand-binding region.
To better understand the specificity of binding at different sites
within the cluster and the ability of LRP to discriminate in vivo
between uncomplexed and proteinase-complexed serpins, we
have systematically examined the affinities of plasminogen acti-
vator inhibitor-1 (PAI-1) and proteinase nexin-1 (PN-1) in their
native, cleaved, and proteinase-complexed states to (CR)2 and
(CR)3 fragments of LRP cluster II. A consistent blue shift of the
CRdomain tryptophan fluorescence suggested a commonmode
of serpin binding, involving lysines on the serpin engaging the
acidic region around the calcium binding site of the CR domain.
High affinity binding of non-proteinase-complexed PAI-1 and
PN-1 occurred to all fragments containing three CR domains
(3–59nM) andmost that contain only twoCRdomains, although
binding energies to different (CR)3 fragments differed by up to
18% for PAI-1 and 9% for PN-1. No detectable difference in
affinity was seen between native and cleaved serpin. However,
the presence of proteinase in complex with the serpin enhanced
affinity modestly and presumably nonspecifically. This may be
sufficient to give preferential binding of such complexes in vivo
at the relevant physiological concentrations.

The low density lipoprotein receptor-related protein (LRP)2
is amember of the LDL receptor family ofmosaic-like receptors

(1). Ligand binding occurs to regions composed of multiple
copies of a �40-residue cysteine-rich, calcium-binding do-
main, termed variously CR (for complement-like repeat) or
Ldl-A. In the case of LDLR, there is a single cluster of seven CR
domains, whereas in LRP, there are four clusters (designated
I–IV) composed of 2, 8, 10, and 11 CR domains, respectively.
Unlike LDLR, which has a very limited range of protein ligands,
LRP is known to bind and internalize a verywide range of struc-
turally unrelated proteins, including serpins and their protein-
ase complexes, and activated forms of the panproteinase inhib-
itor �2-macroglobulin (�2M) (2). Cluster II is the principal
ligand-binding region, although many of the ligands to this
cluster have also been reported to bind to cluster IV (2). That
the wider range of ligands for LRP is not solely related to the
much greater number of CR domains compared with LDLR is
shownby the quitewide range of ligands forVLDLR,which, like
LDLR, has only a single cluster of CR domains, albeit of eight
rather than seven domains.
Given that serpins are able to undergo a number of confor-

mational transitions, most notably as a result of formation of
complexes during proteinase inhibition, many early studies on
the in vivo receptor-mediated clearance of serpins focused on
the relative rates of clearance of the different conformational
forms (3–5). It was shown for several serpins that their com-
plexes with proteinase were cleared much more rapidly than
native, cleaved, or latent forms. This led to the idea that a neo-
epitope is formed in the complex (6). From comparison of the
internalization properties of PAI-1 complexes with different
proteinases, it was further suggested that the neoepitope is
localized to the serpin moiety, thus implying that the confor-
mation of the serpin in the serpin-proteinase complex is suffi-
ciently different to permit discrimination between complexed
and uncomplexed serpin by the clearance receptor (7). How-
ever, the determination of x-ray structures of the serpin �1PI
with two different proteinases showed that the serpin moiety is
almost identical in conformation to cleaved �1PI (8, 9). Studies
on other serpin-proteinase complexes, including those of PAI-1
with four different proteinases, all suggested equivalent struc-
tures for the complexes and hence no major conformational
difference for the serpin moiety compared with the cleaved
form (10, 11). Although the consequence of binding of serpins
in their various conformational forms appears to result only in
internalization and degradation, the consequences for binding
of activated�2Ms aremore complex. In addition to internaliza-
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tion, there is also good evidence for signal transduction, result-
ing in a range of intracellular changes, such as increase in Ca2�

and phosphorylation (12–14).
Given these variations in ligand-receptor interaction

(namely the wide versus narrow specificity of LRP and LDLR,
the apparent discrimination by LRP between different serpin
conformational states, and the different cellular consequences
of binding serpins and activated �2Ms to LRP), it is of great
interest to understand themolecular level basis for these behav-
iors. We have already shown that the receptor binding domain
of �2M, which contains the full binding region of the intact
protein, shows a 30-fold preference for binding to one region of
cluster II of LRP compared with an adjacent region (15). With
the goal of determining whether there is comparable selectivity
for serpins, we have now examined the binding of two closely
related serpins, PAI-1 and PN-1, in different conformational
states, to overlapping fragments of cluster II from LRP. We
found that the serpin ligands bound tightly to many regions of
cluster II, although with up to 12-fold difference inKd for bind-
ing of PAI-1 to different (CR)3 fragments and up to 5-fold dif-
ference for PN-1. Most importantly, we found that, for both
PAI-1 and PN-1, native and cleaved conformations bound with
similar affinities, and, for PAI-1, the higher affinity of protein-
ase-complexed versus non-complexed serpin arose solely from
a small additional, most likely nonspecific, binding contribu-
tion from the proteinase.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Refolding of CRConstructs—All
CR constructs were expressed in 2YT medium. CR34, CR45,
CR56, CR78, and CR567 were cloned in pGEX-2T, modified to
contain a TEV cleavage site, and expressed as GST fusion pro-
teins in Escherichia coli BL21 cells. Cells were grown to A600 �
0.6–1.0 before induction with 1 mM isopropyl 1-thio-�-D-ga-
lactopyranoside. The cells were harvested after 5–6 h at 37 °C.
GST fusion proteins were purified from cleared cell lysate by
GSH-Sepharose chromatography, and the GST tag was
removed by TEV cleavage during overnight dialysis against 4
liters of 20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 4 mM EDTA,
containing 14 mM �-ME. GST and uncleaved GST-CR fusion
proteins were removed by passage through the GSH column.
CR89, CR345, CR456, and CR678 were cloned in pQE-30,

modified to contain a GB1 fusion partner and a TEV cleavage
site, and CR45 was cloned in pQE-30, modified to contain a
NusA fusion partner and a TEV cleavage site. These His6-
tagged fusion proteins were expressed in E. coli SG13009 cells
containing the plasmid pRARE. The CR fusion proteins were
purified from cell lysate by Ni2� or TALON chromatography,
and the fusion partners were removed by TEV cleavage during
overnight dialysis against phosphate-buffered saline containing
either 14 or 7 mM �-ME.
For these small domains, refolding represents only the cor-

rect formation of the three disulfides, since stable tertiary struc-
ture is then reversibly induced by Ca2� binding. Prior to such
refolding, all (CR)x species were further purified by Q-Sepha-
rose HP chromatography, using a gradient of 0–1000mMNaCl
in 20 mM Tris-HCl, pH 8.0, and 6 M urea. The denatured (CR)x
species were diluted to 0.1mg/ml with 50mMTris-HCl, pH 8.5,

50 mM NaCl, 10 mM CaCl2 and refolded by dialysis against
buffer containing 14mM �-ME and 8mM 2-hydroxyethyl disul-
fide. For increased folding efficiency, all (CR)x species except
CR78weremixedwith the chaperoneGST-receptor-associated
protein (RAP) as a GST fusion protein (iodoacetamide-treated
GST-RAP) at a 1:1.25 (CR/RAP) ratio (15). After 24 h at room
temperature with N2 bubbling, the dialysis was continued for
24 h at 4 °C without N2. Finally, the mixture was dialyzed
against 2 � 4 liters of 20 mM Tris-HCl, pH 7.8, 50 mM NaCl, 1
mM CaCl2 at 4 °C. The refolding mixture was loaded on GSH-
Sepharose, and foldedCR constructs (i.e. those capable of bind-
ing to RAP and therefore retained on the column) were eluted
with 40 mM Tris-HCl, pH 8.0, 100 mM NaCl, 8 mM EDTA.
Folded (CR)x species were further purified by Q-Sepharose HP
chromatography (50–1000 mM NaCl in 20 mM Tris-HCl, pH
8.0, and 0.1 mM CaCl2). If additional purification was needed,
calcium was removed by EDTA, and the (CR)x species passed
through a Superdex 75 size exclusion column equilibrated in 20
mMTris-HCl, pH 7.8, 150mMNaCl, and 4mM EDTA. CR3 was
expressed and refolded as described previously (16).
As a quality control between each step of purification, sam-

ples were analyzed by reduced and non-reduced SDS-PAGE
and non-denaturing PAGE. The presence of a single band on
SDS-PAGE with a reduction in mobility under reducing condi-
tions indicated homogeneous samples with formed disulfide
bridges. A single band on non-denaturing PAGE indicated the
presence of a single folding product. The final products were
judged to be more than 95% pure by SDS-PAGE.
Expression and Purification of PAI-1—A pQE-30 vector

(Qiagen) with the cDNA sequence corresponding to residues
1–379 from human PAI-1 with the four stabilizing mutations
N150H/K154T/Q319L/M354I (variant 14-1B) (17) was con-
structed by standard methods and verified by sequencing. The
final expressed construct includes an N-terminal extension
(MRGSH6GSAV), consisting of an His6 tag and a GSA linker
followed by the PAI-1 sequence with the numbering Val1-His2-
His3-Pro4, etc. PAI-1 was expressed in E. coli SG13009 cells
(Qiagen) grown to A600 � 0.8–1.0 and induced for 2 h at 37 °C
with 1 mM isopropyl 1-thio-�-D-galactopyranoside before har-
vesting. PAI-1 was purified by Ni2� affinity chromatography,
followedby size exclusion chromatography onSuperdex 75 (GE
Healthcare) in 5 mM Tris, pH 6.6, 1000 mM NaCl. The full-
length protein, including the N-terminal extension, was con-
firmed by mass spectroscopy to give the correct theoretical
mass of 44.22 kDa. Sample purity better than 95% was esti-
mated by SDS-PAGE analysis. PAI-1 concentrations were
determined spectrophotometrically, using an extinction
coefficient of 18,100 M�1 cm�1 at 280 nm. PAI-1 used
throughout this work is the stable 14-1B variant containing
the four mutations.
Expression of PN-1—ApRSETc vector (Invitrogen),modified

with an N-terminal His6 tag, TEV cleavage site, and PN-1
cDNA was a kind gift of Dr. Peter Andreasen (Aarhus Univer-
sity). PN-1 was expressed in BL21(DE3) cells, grown to A600 �
0.6–0.8, and induced with 1 mM isopropyl 1-thio-�-D-galacto-
pyranoside. The cells were grown overnight at 20 °C before
harvesting. PN-1 was purified from the cell lysate by TALON
chromatography. The His6 tag was removed by TEV cleavage
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during overnight dialysis against phosphate-buffered saline
buffer containing 7 mM �-ME. PN-1 was further purified by
heparin-Sepharose chromatography (200–2000mMNaCl in 20
mM Tris-HCl, pH 7.4) and Q-Sepharose HP chromatography
(50–1000 mMNaCl in 20 mM Tris-HCl, pH 8.0). PN-1 concen-
trations were determined spectrophotometrically, using an
extinction coefficient of 18,800 M�1 cm�1 at 280 nm.
Preparation of Cleaved and Complexed Serpins—Prior to

PAI-1 cleavage with proteinase, inhibitory activity of the pro-
tein was determined from the band shift upon complex forma-
tion with urokinase, monitored by SDS-PAGE, and found to be
close to 100%. Reactive center loop-cleaved PAI-1 (rccPAI-1)
was made by incubation with a 1.1–1.5-fold excess of trypsin
(Sigma) for 10–15 min at 37 °C in 20 mM Tris, pH 7.4, 500 mM

NaCl. The proteolytic reactionwas quenched by adding amolar
excess of the irreversible trypsin inhibitor N�-p-tosyl-L-lysine
chloromethyl ketone (TLCK) (Sigma). Unlike urokinase, tryp-
sin produces mostly cleaved PAI-1 rather than stable covalent
complex. rccPAI-1 was separated from trypsin�PAI-1 covalent
complex and excess inactivated trypsin by two rounds of size
exclusion chromatography through a 200-ml Superdex 75 col-
umn in 20 mM Tris, pH 7.4, 300 mM NaCl, and 1 mM CaCl2.
Purity of the resulting sample was estimated to be better than
95% by SDS-PAGE.
rccPN-1 was generated by cleavage of the reactive center

loop with porcine pancreatic elastase (PPE). PN-1 was incu-
bated at room temperature for 1 h with PPE at a 1:100 (w/w)
PPE/PN-1 ratio. The reaction was stopped by the addition of
100 �M 3,4-dichloroisocoumarin, and rccPN-1 was purified by
heparin-Sepharose chromatography, as described above for
purification of PN-1.
The covalent complex of PAI-1�trypsin was prepared by

incubating a 4:1 molar ratio of PAI-1 to trypsin in 10 mM Tris,
pH 7.4, 500 mM NaCl for 10 min at 37 °C before termination of
the reaction with a molar excess of TLCK. The PAI-1 complex
with lmw-uPA was prepared by incubation of the proteinase
with a 1.3-foldmolar excess of PAI-1 in 20mMTris, pH 7.4, 440
mMNaCl for 20min at 37 °C. lmw-uPAwas a kind gift fromDr.
Grant Blouse. In both cases, complexes were base line-sepa-
rated from uncomplexed PAI-1 by size exclusion chromatogra-
phy on a Superdex 75 column in 20 mM MES, pH 5.5, 1000 mM

NaCl. The stability and purity of the complexes were confirmed
by SDS-PAGE analysis.
Fluorescence Spectroscopy—Fluorescence measurements

were made on a PTI Quantamaster instrument, equipped with
double monochromators on both the excitation and emission
sides. All experiments were performed in quartz cuvettes using
1200 �l of sample in 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1
mM CaCl2, supplemented with 0.1% (w/v) polyethylene glycol
8000. Fluorescence emission spectrawere recorded from300 to
450 nm in 4-nm steps, with an excitationwavelength of 295 nm.
Since all proteins examined contain one or more tryptophans,
reference spectra of the individual components were recorded
and subtracted from spectra of complexes to obtain the differ-
ence perturbation spectrum for the binding of each CR. Protein
concentrations of 50–1000 nM were used. To examine the cal-
cium dependence of (CR)x ligand binding, experiments were
performed in the presence of 10 mM EDTA.

Binding experiments with serpin or serpin-protease com-
plexes to (CR)x species were performed with a fixed amount of
the (CR)x species of between 50 and 1000 nM, depending on the
affinity. Two-�l additions up to 40–60 �l of ligand were made,
reaching a final ligand concentration between 350 and 2500 nM.
For experiments involving lysine analogues, 500 nM CR3 was
titrated with 1–2 M stock solutions of the lysine species to final
concentrations between 5 and 30 mM.

The fluorescence change at thewavelength ofmaximumper-
turbation (328 nm) was measured as an average of 60 s at each
titration step, and the subsequent titration curve was corrected
for added fluorophore by subtracting a corresponding titration
curve for ligandwithout CR. The resulting curvewas then fitted
to a standard 1:1 binding isotherm with floating Fmax, KD, and
CR concentration. The fitted CR concentrations provided an
independent estimate of the individual CR folding efficiencies
(i.e. the concentration of high affinity species), which were rou-
tinely in the range of 50–100%.
Size Exclusion Chromatography—Size exclusion chromatog-

raphy was carried out at room temperature on a 47-ml (10 �
600 mm) analytical Superdex 75 column equilibrated in 20 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM CaCl2. Samples were
injected from a 100-�l loop at a flow rate of 0.5 ml/min. Mix-
tures of 9�M (40�g/injection) cleaved PAI-1with the indicated
amounts of CR56 or CR456 were preincubated for 10 min at
room temperature prior to loading. The concentration of the
protein applied to the column was chosen to be high enough
(micromolar range) to ensure saturation of the complex, even
after dilution on the column. Estimates of the stoichiometry of
the complexes were obtained by integrating the absorbance at
280 nmof each peak and using the individual protein extinction
coefficients, the initial molar ratio of proteins in the mixture,
and the assumption that all cleaved PAI-1 was present in com-
plex and that the late eluting peak contained only CR protein.
These last two assumptions were justified given the absence of
any peak at the position of cleaved PAI-1 and the position of the
late eluting peak being the same as for free CR56 or CR456. The
elution positions of cleaved PAI-1, CR56, and CR456 as well as
additional molecular weight standards of bovine serum albu-
min (66 kDa) and carbonic anhydrase (58/29 kDa, dimer/mon-
omer) were obtained in separate runs.
SDS and Non-denaturing PAGE—SDS-PAGE was per-

formed using Novex 10–20% gels (Invitrogen) with standard
Laemmli buffers, with or without reducing agent (�-ME) in the
loading buffer. When loading trypsin�PAI-1 complex, a small
amount of TLCK was added to the samples prior to loading
buffer. All samples were burst-heated to 95 °C before loading.
Non-denaturing PAGE was performed using Novex 8% gels,
prerun for 3.5 h at 15 mA in 375 mM Tris-HCl, pH 8.8, 5 mM

CaCl2 to introduce Ca2� to the gel, which is essential for bind-
ing of CR fragments to their protein ligands. Gels were run in
standard Tris-glycine buffer system, supplemented with 5 mM

CaCl2 at 15 mA for 2 h. For gel shift experiments, samples of
equimolar concentration of rccPAI-1 and CR, adjusted for
activity, were incubated for 10 min at room temperature prior
to loading.
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RESULTS

Integrity of the CR Fragments—Even when mammalian cells
are used for their overexpression, LRP and its fragments require
the chaperone RAP to promote correct folding of the CR
domains, each of which contains three disulfide bonds (18).
Despite this, homogeneous, correctly folded species are not
always produced (19). When CR fragments are expressed as
inclusion bodies in E. coli, the problem of obtaining correctly
folded material is exacerbated by the need to form the correct
disulfides in each domain from denatured material. Carrying
out the refolding in the presence of RAP andCa2�helps but still
results in poor efficiency of correct refolding (5–25%depending
on the fragment). Nevertheless, the higher level of expression in
E. coli still results in greater overall yields. Refolded CR frag-
ments used in the present study have therefore been subjected
to additional affinity purification steps to ensure that they are
homogeneous and correctly folded, as described previously
(15).3 Sharp single bands were observed on SDS-PAGE under
non-reducing conditions, which shifted upon reduction (Fig. 1,
A and B), consistent with a unique set of disulfide bonds being
present in each fragment. Native PAGE also gave well defined
single bands, consistent with homogeneity of the various spe-
cies (Fig. 1C).
Mode of Binding of CR Fragments to Serpins—We have pre-

viously shown for the binding both of the receptor binding
domain of �2M and of RAP and its domains to fragments
CR345 and CR567 of LRP that the tryptophan fluorescence of
the CR domains undergoes a 5–6-nm blue shift, albeit without
a large change in intensity (15).3 The blue shift is understand-
able from the x-ray structures of several complexes of ligands
with CR domains from LDLR and VLDLR, which show that a

lysine side chain from the protein ligand fits into a pocket on the
CRdomain that contains theCa2�-binding site and that is lined
on one side by the single tryptophan present in most of these
domains (an exception is phenylalanine in domain 4 of LDLR)
(21–23). The occurrence of such a blue shift for the tryptophan
emission spectrum of a CR domain upon ligand binding is thus
likely to be diagnostic for such a binding mode. For all of the
(CR)2 and (CR)3 fragments examined here for binding to PAI-1
and PN-1 species, an analogous blue shift, with relatively small
overall change in fluorescence intensity, was seen (see Fig. 2A
for an example), suggesting that the same kind of engagement
of lysine side chains from the serpin is used in binding to theCR
domains. This common blue shift was then exploited to follow
binding between CR fragments and serpin ligands by monitor-
ing the change in intensity at the wavelength of greatest signal
perturbation.
Both to confirm earlier studies that ligand binding to CR

domains depends on the presence of Ca2�, which is known to
fix the structure of each domain (24), and that the fluorescence
perturbation seen reports on binding of the ligand to the struc-
tured domain, we examined binding of CR456 to cleaved PAI-1
in the presence of EDTA. As expected, no perturbation of flu-
orescence was observed (Fig. 2B).
Contribution of Lysine to Binding to CRDomains—Mutagen-

esis studies on several LRP ligands have shown that lysine resi-
dues play a crucial role in ligand binding to LRP (25–28). In
addition, the x-ray structure of the tandem CR domain pair
LA34 from the LDL receptor to the third domain (D3) from
RAP has provided an atomic level explanation for why this
might be so (23). In that structure, two well separated lysine
residues on D3 each engage one CR domain, with the �-amino
group of each lysine side chain coordinating to acidic residues
that both form and surround the Ca2�-binding site of each
domain. The hydrophobic portion of the lysine side chain inter-
acts with the indole ring of the single tryptophan present in
each CR domain. Even where mutagenesis has provided quan-
titation of the effect of mutating specific lysine residues, the
replacement residue (methionine) was still capable of interact-
ingwith the trytophan, so that the full contribution of the lysine
side chain could not be evaluated (15). To better estimate the
contribution to binding solely from a lysine residue, we used
our fluorescence approach to examine binding of lysine and
analogues to the single CR domain CR3. In keeping with the
expectation that it would bind to the Ca2� site and so also
interact with the single tryptophan in CR3, the endogenous
tryptophan fluorescence was perturbed in a saturable manner
when lysine was added (data not shown). From analysis of the
binding titrations, aKd for lysine of 2.2mMwas obtained, which
corresponds to a binding energy of �14.9 kJ mol�1 (Table 1).
Since lysine in a peptide linkage would have neither free �-
amino or carboxyl groups, we also examined binding of L-lysine
methyl ester andN-acetyl-L-lysinemethyl ester. Blocking of the
carboxyl enhanced the binding energy by 2.6 kJmol�1, whereas
blocking the�-amino reduced the affinity by 2.0 kJmol�1. Con-
sistent with this, �-aminocaproic acid bound with 2.4 kJ mol�1

lower affinity than L-lysine. Finally, we examined binding of
L-arginine and found a preference for lysine over arginine by 3.7
kJ mol�1. These results suggest that the engagement of a single

3 Jensen, J. K., Dolmer, K., Schar, C., and Gettins, P. G. W. (2009) Biochem. J.,
in press.

FIGURE 1. Homogeneity of CR fragments, judged by PAGE. A, (CR)2 frag-
ments run under SDS-denaturing non-reducing (left) and reducing (right)
conditions. B, (CR)3 fragments run under SDS-denaturing non-reducing (left)
and reducing (right) conditions. C, (CR)2 and (CR)3 fragments run under non-
denaturing conditions. Note that, although CR78 migrated anomalously
under non-reducing conditions (A), mass spectrometry and analytical ultra-
centrifugation confirmed that it was a monomeric species. Lane M, molecular
mass standards.
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lysine residue by the Ca2�-binding region of a CR domain is
worth a minimum of �15.5 kJ mol�1. This can be enhanced by
an additional positive charge close enough to the lysine to
engage some of the acidic residues surrounding the Ca2�-bind-
ing site, perhaps accounting for why certain lysines are pre-
ferred over others as potential high affinity binding sites for CR
domains.
Gel Shift Assay—As an initial, qualitative way of examining

binding between cleaved PAI-1 and different CR fragments, a
gel shift assay was employed. For the three-domain constructs
(CR345, CR456, CR567, and CR678), binding was tight enough
to cause a band shift, although the effect was relatively small for
CR678 (Fig. 3). With the exception of CR89, all of the two-
domain constructs also caused a band shift (Fig. 3). This showed
that cleaved PAI-1 could bind tightly to all of the (CR)3 frag-
ments, spanning most of cluster II, and even to smaller frag-
ments composed of only two domains.
Binding of Cleaved PAI-1 to Different LRP Fragments—Using

the common blue shift in the tryptophan emission spectrum of
the CR domain of the various CR fragments upon binding to
cleaved PAI-1, binding curves were obtained for cleaved PAI-1
binding to the five (CR)2 and four (CR)3 fragments. All titra-
tions gave saturation of the change in tryptophan fluorescence
and could be fitted to a single site binding process (Fig. 4). It
should be noted that, because of the need to use at least 50 nM
CR fragment to ensure adequate sensitivity, the tightest disso-
ciation constants (i.e. those with values in the single digit nM
range) should be considered approximate, since the titration
data showed relatively little curvature. Nevertheless, it is clear
that cleaved PAI-1 can bind with high affinity even to most

(CR)2 fragments and that such bind-
ing can occur at quite distinct sites
within cluster II, although there is a
preference for CR456 over the over-
lapping species CR345, CR567, and
CR678, which represents an up to
18% difference in binding energy.
With the single exception of CR89,
the dissociation constants, obtained
from non-linear least squares fit-
ting, were in the range of 18–90 nM
for (CR)2 fragments and 3–59nM for
(CR)3 fragments (Table 2). The out-
lier is CR89, which gave a reproduc-
ibleKd of 1.2 �M. This much weaker
Kd value is in keeping with the
absence of a gel shift for its complex
with cleaved PAI-1 (Fig. 2).
Binding of Different PAI-1 Spe-

cies—Much has beenmade of the discrimination shown by LRP
in binding native, cleaved, and complexed forms of serpins in
general and PAI-1 in particular (3, 7, 29). We therefore wanted
tomake a quantitative comparison between the binding of such
different PAI-1 species to defined high affinity fragments of
LRP. For this comparison, additional binding titrations were
carried out for native 14-1B PAI-1 and for covalent complexes
of PAI-1 with the physiologically relevant proteinase uPA and
the non-target proteinase trypsin. Titrations of cleaved and
native PAI-1 with CR456 were visually indistinguishable
(Fig. 5). The Kd values for binding of native or cleaved PAI-1
to CR345, CR456, and CR567, although showing variation
between the CR species, were indistinguishable between the
native and cleaved forms (Table 3). For covalent complexes
between PAI-1 and trypsin or lmw-uPA, the presence of pro-
teinase increased the affinity for both CR345 and CR567,
with a greater increase for uPA than for the non-target tryp-
sin (Table 3). However, the increases were small in the con-
text of the additional binding energy each represents (6–11%
for the uPA complexes).
Stoichiometry of Complex Formation—Although all of the

titrations presented above gave good fits to a binding model of
one molecule of (CR)2 or (CR)3 binding to one molecule of
PAI-1, we wanted to obtain independent confirmation of this
1:1 stoichiometry that was not affected by the presence of any
incorrectly folded CR domains. Accordingly, complexes of
cleaved PAI-1 with either (CR)2 or (CR)3 species were fraction-
ated by size exclusion chromatography, and the eluting species
were characterized by elution position and composition.When
cleaved PAI-1 was incubated with a substoichiometric amount
of CR456, the earliest eluting peak appeared at a position earlier
than PAI-1 alone and suggestive of a total mass of �56 kDa,
which is only consistent with the presence of a single molecule
of PAI-1 (44 kDa) in the complex (Fig. 6). When cleaved PAI-1
was incubated with 3 eq of CR456 and fractionated, the earliest
eluting peak appeared at a position consistent with a mass of
�57 kDa, suggesting again that only one PAI-1 molecule was
present in the complex but also that, even with a large excess of
CR456, only one molecule of the latter (�14 kDa) was present.

FIGURE 2. Representative tryptophan fluorescence spectra of a (CR)3 fragment binding to cleaved PAI-1.
A, 200 nM rccPAI-1 (f), 200 nM CR456 (F), 1:1 mixture of rccPAI-1 and CR456 (Œ), difference spectrum between
a 1:1 mixture of rccPAI-1 and CR456 and rccPAI-1 (�), and difference spectrum between a 1:1 mixture of
rccPAI-1 and CR456 and the sum of spectra of rccPAI-1 and CR456 (�). B, effect of 10 mM EDTA added to buffer.
200 nM rccPAI-1 (f), 200 nM CR456 (F), 1:1 mixture of rccPAI-1 and CR456 (Œ), difference spectrum between 1:1
mixture of rccPAI-1 and CR456 and rccPAI-1 (�), and difference spectrum between 1:1 mixture of rccPAI-1 and
CR456 and the sum of spectra of rccPAI-1 and CR456 (�). Note that the much lower intensity of the spectrum
of CR456 in the presence of EDTA compared with the Ca2� complex in A is as expected from the typical large
increase in tryptophan fluorescence of CR domains upon binding Ca2� (20).

TABLE 1
Affinity of lysine and related species for CR3

Species Kd �G

mM kJ mol�1

L-Lysine 2.2 � 0.1 �14.9
L-Lysine methyl ester 1.3 � 0.3 �17.5
N-Acetyl L-lysine methyl ester 1.7 � 0.2 �15.5
�-Aminocaproic acid 6.4 � 0.2 �12.5
L-Arginine 10.2 � 0.4 �11.2

LRP-Serpin Specificity

JULY 3, 2009 • VOLUME 284 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 17993



This was independently confirmed by quantitation of the inte-
grated absorbance of the complex peak and the peak for
unbound CR456 (elution position�28ml). This gave a stoichi-
ometry for the PAI-1�CR456 complex of 1:1.26. A similar exper-
iment in which excess CR56 was incubated with cleaved PAI-1
gave an early eluting peak at a slightly later position than for the
PAI-1�CR456 complex, reflecting the smaller size of CR56 (�9
kDa) and thus also consistent with a 1:1 complex. Again, this
was confirmed by analysis of the integrated absorbances of the
peaks corresponding to complexed and free CR45, which gave a
stoichiometry of PAI-1/CR56 for the early eluting peak of
1:0.94.
Comparison of PAI-1 with PN-1—PN-1 is the second mem-

ber of the serpin clade E to which PAI-1 also belongs (30). PN-1
and PAI-1 consequently have the same gene structure and also
have similar proteinase target specificity (31). However, they
are located on different chromosomes and have quite different

sequences (42% identity) and different tissue distributions, with
PAI-1 being present in blood plasma, whereas PN-1 is secreted
from various cell types, including glial cells (32). It was there-
fore of interest to compare the ability of cleaved and native
PN-1 to bind to the LRP fragments examined above for binding
to PAI-1. For the four triple-domain species CR345, CR456,
CR567, and CR678 and the two-domain species CR34, CR45,
CR56, and CR78, cleaved PN-1 bound with an affinity either
similar or higher than that for cleaved PAI-1 to the same species
(Table 4). CR89 bound much less tightly, but this was also the
case for binding to cleaved PAI-1. A difference was that
although cleaved PAI-1 showed a preference for binding to
CR456, with binding energy 11–18% higher than for other
(CR)3 species, PN-1 showed a preference for binding to CR567,
with binding energy 5–9% higher than for other (CR)3 species.
A comparison of native PN-1 with cleaved PN-1 wasmade for a
single three-domain species, CR456, with no difference in affin-

ity found (Table 4).

DISCUSSION

We have presented a systematic
analysis of the binding of native,
cleaved and proteinase-complexed
PAI-1, as well as of native and
cleaved PN-1, to a range of two-do-
main and three-domain fragments
from the principal ligand-binding
region of LRP, cluster II. With the
exception of CR89, cleaved PAI-1
could bind with high affinity (Kd �
18–90 nM) to all tandem fragments,
and with even higher affinity (Kd �
3–59 nM) to triple-domain frag-
ments that cover the region from
CR3 to CR8. Nevertheless, there
was some preference for the site of
binding, such that cleaved PAI-1
bound to CR456 more tightly than
to other (CR)3 species, whereas
cleaved PN-1 bound more tightly to
CR567.The stoichiometries of these
complexeswas 1:1, whether the LRP
fragment was (CR)2 or (CR)3. Such a
combination of high affinity and rel-
atively low specificity, either for a
given serpin to different sites or dif-
ferent serpins to the same site, is
similar to what we found recently in
a detailed examination of the bind-

FIGURE 3. Gel shift assay of binding of all (CR)x fragments to cleaved PAI-1. Shown are 8% non-denaturing
polyacrylamide gels for binding of (CR)2 species (A) and (CR)3 species (B) to rccPAI-1. Each (CR)x species is shown
alone and in a 1:1 complex with rccPAI-1. Cleaved PAI-1 is shown in the leftmost lane of each gel.

FIGURE 4. Titration curves for binding of (CR)x fragments to cleaved PAI-1. A, titration curves for all two-
domain fragments with fits. �, 500 nM CR34; f, 300 nM CR45; Œ, 300 nM CR56; �, 1000 nM CR78; F, 500 nM CR89
titrated with rccPAI-1. B, titration curves for all three domain fragments. Œ, 200 nM CR345; F, 200 nM CR456; f,
200 nM CR567; �, 500 nM CR678 titrated with rccPAI-1. The curves are fits to a 1:1 binding isotherm model and
normalized to a relative fluorescence of 1. Kd determinations are the averages of a minimum of three inde-
pendent titrations.

TABLE 2
Affinity of cleaved PAI-1 for different (CR)2 and (CR)3 fragments

CR fragmenta

CR34 CR45 CR56 CR78 CR89 CR345 CR456 CR567 CR678

Kd (nM) 62 � 15 18 � 6 48 � 18 90 � 13 1200 � 200 22 � 4 2.7 � 0.5 32 � 10 59 � 5
�G0 (kJ mol�1) �41.1 � 0.6 �44.1 � 0.9 �41.7 � 1 �40.1 � 0.4 �33.7 � 0.5 �43.6 � 0.5 �48.8 � 0.5 �42.7 � 0.8 �41.2 � 0.2
�Fmax/F0b 0.53 0.53 0.22 0.50 0.24 0.48 0.55 0.28 0.26

aKd values are the average and spread of best fits to multiple independent determinations.
b�Fmax/F0 is the change in fluorescence intensity at saturation relative to the starting fluorescence intensity of the (CR)x species, measured at the wavelength of observation.
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ing of RAP and RAP fragments to (CR)2 and (CR)3 fragments
from the same LRP cluster II.3

The basis for thismay be that on the one hand lysine residues
appear to make a dominant contribution to binding to a CR

domain and on the other that there are relatively modest
requirements to be such a lysine. Thus, we have shown above
that a lysine side chain contributes about 15.5 kJmol�1 to bind-
ing a single CR domain. If the lysine has an additional positive
charge close to the backbone, an additional �2 kJ mol�1 of
binding energy results. Although such a single binding interac-
tion may appear to be small (Kd of 1–6 mM), it should be real-
ized that the affinities reported in Tables 2 and 3 for binding of
(CR)2 or (CR)3 species, which are nearly all in the range of �41
to �49 kJ mol�1, could be nearly completely accounted for by
each of two CR domains binding to a single such lysine to give a
total binding interaction of ��35 kJ mol�1. Binding of a third
CR domain by the same mechanism would actually give too
strong an interaction and thus suggests that, although both CR
domains of (CR)2 species engage a lysine on the ligand, the third
domain of (CR)3 fragments binds in a less specific mode and
contributes only a small additional amount. As examples from
Table 2, cleaved PAI-1 binds to CR34 with �G of �41.1 kJ
mol�1 but to CR345 with only an additional 2.5 kJ mol�1,
whereas it binds to CR56 with �G of �41.7 kJ mol�1 but to
CR567 with only an additional 1 kJ mol�1. Interestingly, in the
case of the binding of the receptor binding domain of �2M to
(CR)x fragments, it was found that mutagenesis of two very
close lysine residues (1370 and 1374), which had been shown to
be critical for receptor binding (26), reduced the affinity of the
receptor binding domain by�13 kJmol�1 (15), consistent with
loss of a single CR-lysine interaction (here it should be noted
that the residues were mutated to methionine so that the
hydrophobic interaction with tryptophan could still occur,
whereas the close juxtapositioning of Lys1370 and Lys1374 would
probably make it impossible for each to separately engage a CR
domain). This conclusion with respect to the number of CR
domains engaged by a serpin ligand of LRP also parallels what
was seen in our recent study on RAP, where each of the three
domains bound tightly to (CR)2 species but gave only modestly
higher affinity when a third CR domain was present.3 Themin-
imal requirements placed on the lysine may thus be (i) that it is
exposed in such a way that it can fit into the binding cleft that is
part of the calcium binding site present in each of the domains
CR3-CR9 (33), which would probably favor lysines that occur
on the outer face of�-helices or in exposed loops rather than on
the surface of �-sheets; (ii) that it (preferably) has an additional
positive charge close to it to modestly enhance the binding
interaction; and (iii) that two such lysines are at an appropriate
separation such that each can engage a CR domain without
interference but not so far apart that both CR domains cannot
be simultaneously engaged. In regard to the latter, it should be
noted that the separation of the �-carbons of the two lysines
that separately engage a CR domain in the LA34�RAP-D3 com-
plex is about 21 Å. Although the four-residue linker between
LA3 and LA4 might allow a slightly larger separation between
the lysines, a shorter one would result in clashes between the
two CR domains.
Suchmodest requirements for coordinating lysines, together

with the ability of a given pair of CR domains to modestly vary
their separation and orientation by virtue of their short flexible
linkers would help to explain why mutagenesis of many lysine
and arginine residues in PAI-1, either singly or in combinations

FIGURE 5. Titration curves for binding of cleaved and native PAI-1 to
CR456. Native (F) or cleaved (E) PAI-1 were titrated into 200 nM CR456. Raw
data have been normalized to a relative fluorescence of 1 and show fits to a
1:1 binding isotherm model.

FIGURE 6. Fractionation of PAI-1�(CR)x complexes by size exclusion chro-
matography. Elution profiles on a 47-ml Superdex 75 column of 9 �M cleaved
PAI-1 preincubated with 0.5 eq of CR456 (solid line), with 3 eq of CR456 (F), or
with 4 eq of CR56 (E). The elution positions of the individual protein compo-
nents, run separately, together with those of bovine serum albumin (66 kDa)
and the monomeric (29 kDa) and dimeric (58 kDa) forms of carbonic anhy-
drase are indicated at the top.

TABLE 3
Affinity of various PAI-1 species for CR fragments
Kd values are the average and spread of best fits to multiple independent determi-
nations. ND, not determined.

CR45 CR345 CR456 CR567

Native
Kd (nM) ND 16 � 5 3 � 1 38 � 19
�G0 (kJ mol�1) �44.4 � 0.8 �48.5 � 0.8 �42.3 � 1.3

Cleaved
Kd (nM) 18 � 6 22 � 4 2.7 � 0.5 32 � 10
�G0 (kJ mol�1) �44.1 � 0.9 �43.6 � 0.5 �48.8 � 0.5 �42.7 � 0.8

lmw-uPA
Kd (nM) 8 � 3 8 � 1 ND 5 � 2
�G0 (kJ mol�1) �47.3 � 1.0 �46.1 � 0.3 �47.3 � 1

Trypsin
Kd (nM) ND 18 � 2 ND 14 � 1
�G0 (kJ mol�1) �44.1 � 0.3 �44.7 � 0.2
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of up to three residues, had effects on binding to LRP of only
3–5-fold in Kd, representing no more than a 7% reduction in
binding energy (28, 34), since removal of one lysine might
readily be compensated by engagement of a different lysine by
the CR domain, made possible by the flexible linkers of 3–10
residues that connect the CR domains (35). Although this
might seem to imply that most proteins should therefore be
able to bind to LRPor that a given protein should be able to bind
multiple (CR)x species at different locations on the surface, it
should be realized that the restrictions listed above on the prop-
erties of lysines that are suitable for coordination to CR
domains, although modest, are nevertheless stringent enough
to severely limit the number of potential high affinity binding
regions. In this regard, it is a possibly relevant observation that
all LRP-binding proteins are also heparin-binding proteins,
implying that they all have a region of high density of exposed
basic residues. This is also in keeping with our findings for
PN-1, the second member of the E clade of human serpins,
which binds to cluster II fragments with similar high affinity
and low specificity as PAI-1 and with comparable lack of dis-
crimination between the native and cleaved conformations.
Given the large differences in sequence between PN-1 and
PAI-1, it would be unlikely that structurally equivalent lysines
would be used for binding in each case. Nevertheless, both have
heparin binding regions that may involve the same general
region of the protein and so are likely to have the necessary
concentration of exposed “hot spot” lysines that would provide
two lysines at an appropriate separation to engage two CR
domains. The binding of kringle domains to exposed lysine side
chains, which forms the basis for exosite interactions of many
kringle-containing proteins is another example of a seemingly
low requirement for binding (an exposed lysine with a carboxyl
close by) that nevertheless occurs in only a limited number of
target proteins (36).
Although this conclusion of degenerate binding sites on both

LRP and the ligand is at variance with some literature reports
that failed to find binding of some fragment combinations for
which we here find tight binding, it should be borne in mind (i)
that the affinities reported here are close to those reported for
intact ligand to intact LRP and (ii) that our cluster II fragments
are free from any flanking linkers or fusion partners, such as
have been present in previous studies, that might modify the
binding.
Also in keeping with the high affinity but low specificity of

binding of cleaved serpin to different regions of cluster II is that
both native PAI-1 and PN-1 bind as tightly as the cleaved ser-
pin, with Kd for binding to CR456 of �3 nM for each PAI-1
species and �7 nM for each PN-1 species and indistinguishable
binding of native and cleaved PAI-1 to other (CR)3 species.
Although this observation has also been made by one other

group for PAI-1 (34), it is at variance with an assertion in the
same study and elsewhere (7) that there is a cryptic binding site
on PAI-1 for LRP that only becomes exposed in complex with
proteinase. In the former study, lysine 69 was identified as the
epitope responsible in PAI-1, based on mutagenesis data that
gave a 5-fold increase inKd for a variant PAI-1 withmutation at
this site and in complex with proteinase but no effect for the
uncomplexed variant. However, x-ray structures of native and
cleaved PAI-1 show this residue to be in essentially identical
environments (37, 38), whereas the expected structure of the
proteinase complex would also most likely leave this residue
unaffected by the presence of proteinase (10). Indeed, the pos-
sibility that theremight be another epitope that is only exposed
in a proteinase-complexed serpin, but not the cleaved serpin, is
at variance with all structural information on the serpin moiety
in serpin-proteinase complexes compared with cleaved serpin
(8–10, 39).
A second important conclusion of the present study is that,

although proteinase complex formation does increase the affin-
ity of the serpin for a given LRP fragment, the increase repre-
sents only a few kJ mol�1, which also represents only a few
percent of the total binding energy. Thus, the lmw-uPA com-
plex with PAI-1 binds to CR567 with a Kd of 5 nM compared
with 32 nM for cleaved PAI-1. This should be viewed in the
context of specific binding of uPA alone to LRP having a disso-
ciation constant of �50 nM (40). Thus, the affinity of the
uPA�PAI-1 complex is clearly not the sum of the individual
binding interactions of uPA and PAI-1 by many kJ mol�1.
Given this small, presumably nonspecific contribution of the
proteinase in complex, it is not surprising that a non-cognate
proteinase, such as trypsin, also increases the affinity, in our
study to a Kd of 14 nM. Interestingly, this minor role for the
nature of the proteinase was also pointed out earlier, although
with the assertion that the proteinase played no role (7).
Although it was not possible to measure the affinity of the
trypsin�PAI-1 and lmw-uPA�PAI-1 complexes with the higher
affinity CR456, because of experimental limitations of our flu-
orescence approach, it is likely that the affinity would be
enhanced in a similarmanner and thusmake this site the some-
what preferred binding site for such complexes in intact LRP.
Consistent with this, the uPA�PAI-1 complex binds to LRPwith
Kd of 0.2–1 nM (28, 40, 41). The possible significance of a mod-
est increase in affinity for PAI-1 to LRP upon complex forma-
tion with proteinase is that it could tip the Kd from a value that
is well above the usual physiological concentrations of PAI-1
(20 ng/ml, �0.5 nM) (42) to one that is close to those encoun-
tered in vivo. In this way, it could be ensured that the PAI-
1�proteinase complex would bind efficiently to LRP, whereas
uncomplexed PAI-1, whether native, cleaved, or even latent,
would bind very poorly. It is therefore not the absolute affinity

TABLE 4
Dissociation constants (nM) of PN-1 versus PAI-1 species for selected CR fragments
Kd values are the average and spread of best fits to multiple independent determinations. ND, not determined.

CR34 CR45 CR56 CR78 CR89 CR345 CR456 CR567 CR678

PN-1N ND ND ND ND ND ND 7 � 1 ND ND
PN-1C 7 � 3 18 � 2 10 � 1 13 � 7 130 � 36 7.7 � 0.2 7 � 2 2.8 � 0.4 14 � 9
PAI-1N ND ND ND ND ND 16 � 5 3 � 1 38 � 19 ND
PAI-1C 62 � 15 18 � 6 48 � 18 90 � 13 1200 � 200 22 � 4 2.7 � 0.5 32 � 10 59 � 5
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of a serpin or serpin-proteinase complex for LRP that is impor-
tant but rather the affinity relative to the concentrations that
would be encountered in vivo. By extension, one would expect
lower affinities for more abundant serpins and higher affinities
for rarer ones. In keeping with this idea, antithrombin, whose
physiological concentration is verymuch higher (�2.3�M) (43)
binds very much less tightly to LRP, even when complexed to
proteinase (40, 41).
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