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ABSTRACT: The hallmark of serpins is the ability to undergo the so-called “stressed-to-relaxed” switch during
which the surface-exposed reactive center loop (RCL) becomes incorporated as strand 4 in central β-sheet A.
RCL insertion drives not only the inhibitory reaction of serpins with their target serine proteases but also the
conversion to the inactive latent state. RCL insertion is coupled to conformational changes in the flexible joint
region flanking β-sheet A. One interesting serpin is plasminogen activator inhibitor-1 (PAI-1), a fast and
specific inhibitor of the serine proteases tissue-type and urokinase-type plasminogen activator. Via its flexible
joints’ region, native PAI-1 binds vitronectin and relaxed, protease-complexed PAI-1 certain endocytosis
receptors. From a library of 35-nucleotides long 20-fluoropyrimidine-containing RNA oligonucleotides, we
have isolated two aptamers binding PAI-1 by the flexible joint region with low nanomolar KD values. One of
the aptamers exhibited measurable binding to native PAI-1 only, while the other also bound relaxed PAI-1.
While none of the aptamers inhibited the antiproteolytic effect of PAI-1, both aptamers inhibited vitronectin
binding and the relaxed PAI-1-binding aptamer also endocytosis receptor binding. The aptamer binding
exclusively to native PAI-1 increased the half-life for the latency transition to more than 6 h, manyfold more
than vitronectin. Contact with Lys124 in the flexible joint region was critical for strong inhibition of the
latency transition and the lack of binding to relaxed PAI-1. We conclude that aptamers yield important
information about the serpin conformational switch and, because they can compete with high-affinity
protein-protein interactions, may provide leads for pharmacological intervention.

The distinguishing feature of proteins of the serpin superfamily
is their ability to undergo the so-called stressed-to-relaxed confor-
mational change, a transitionmainly consisting of the insertion of
the solvent-exposed reactive center loop (RCL1) as strand 4 of
central β-sheet A (Figure 1). Most serpins are serine protease
inhibitors, and the stressed-to-relaxed transition drives the serpin
inhibitory mechanism. At the initial encounter between a serpin
and its target protease, a so-called Michaelis complex is formed,
inwhich the protease active site binds noncovalently to the reactive

center peptide (P1-P10) bond. The protease active site attacks the
serpin’s P1-P10 peptide bond, leading to formation of an acyl-
enzyme intermediate, in which the carboxyl group of the P1 resi-
due is attached by an ester bond to the hydroxyl groupof the active
site Ser. The breakage of the P1-P10 bond allows stabilization of
the serpin by RCL insertion, leading to translocation of the pro-
tease to the opposite pole of the serpin. Upon translocation of the
protease, a deformation of the active site prevents the completion
of the catalytic cycle, resulting in the formation of a stable, cova-
lent complex between the serpin and the protease (for reviews, see
refs 1 and 2). Under some conditions, complex formation is abor-
tive and the P1-P10 bond is cleaved without complex formation,
termed serpin substrate behavior. In the serpins plasminogen acti-
vator inhibitor-1 (PAI-1) and antithrombin, the RCL can insert
into β-sheet A without cleavage of the reactive center peptide
bond. This change is termed the latency transition. Concomitan-
tly with RCL insertion, β-strands 3A, 2A, and 1A are pushed
toward R-helices D and E (Figure 1), which thereby shift confor-
mation. The area comprising these helices and connecting loops is
termed the flexible joints’ region (for reviews, see refs 2 and 3).

The serpin PAI-1 is a fast and specific inhibitor of both tissue-
type plasminogen activator (tPA) and urokinase-type plasminogen
activator (uPA), rendering it the primary physiological inhibitor
of activation of the zymogen plasminogen to plasmin. The active
serine protease plasmin can degrade substrates such as fibrin and
other extracellular proteins (for a review, see ref 4). Besides the
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plasminogen activators, PAI-1 also exhibits a high affinity for the
protein vitronectin and endocytosis receptors of the low-density
lipoprotein receptor family, like low-density lipoprotein receptor-
related protein-1A (LRP-1A) and very low-density lipoprotein
receptor (VLDLR) (for reviews, see refs 2 and 5). Both vitronectin
and the endocytosis receptors bind the flexible joint region.Vitro-
nectin binds native PAI-1 with a low nanomolar KD, while the
affinity of RCL-inserted PAI-1 for vitronectin is ∼100-fold
lower. PAI-1-protease complexes bind with higher affinity to
the endocytosis receptors as compared to free PAI-1 (6-8). This
interaction allows the receptors to clear uPA-PAI-1 complexes
bound to the receptor for uPA, uPAR, from the cell surface, lead-
ing to lysosomal degradation of uPA and PAI-1 (for a review,
see ref 9).

In humans, a high plasma PAI-1 level is a risk factor for cardio-
vascular diseases (for reviews, see refs (10-12)). Evidence of a
direct causal role of PAI-1 in thrombotic events comes from the
observation that transgenic mice with an increased plasma PAI-1
level developvenous and arterial occlusions (13, 14). uPA-catalyzed
plasmin generation and the ensuing plasmin-catalyzed degrada-
tion of basement membranes are believed to enable the spread of
cancerous diseases (for a review, see ref 7). This idea is supported
by evidence from model systems and the observation that high
tumor levels of uPA are correlated with a poor prognosis in
several cancer types (for a review, see ref 15). Surprisingly, a high
tumor level of PAI-1 is an even better marker for a poor prog-
nosis than uPA (16, 17). The tumor biological functions of PAI-1
are most likely related to a delicate balance between uPA and
PAI-1 being needed to form a tumor stroma optimal for cancer
cell invasion (for reviews, see refs 9 and 18). PAI-1 is therefore a
potential target for antithrombotic and anticancer therapy.

To unravel the biochemicalmechanisms and physiological and
pathophysiological functions of the different molecular inter-
actions of PAI-1, specific conformational probes and inhibitors
of each individual interaction are needed. We have now screened
anRNAoligonucleotide librarywith humanPAI-1 as bait.Nucleic
acid aptamers are generated using the in vitro selection process

termed Systematic Evolution of Ligands by Exponential Enrich-
ment (SELEX), and this process takes advantage of the ability
of short DNA or RNA oligonucleotides to fold into sequence-
dependent three-dimensional structures that can recognize a great
variety of targets, ranging from small molecules like metal ions,
antibiotics, and organic dyes to entire cells, bacteria, and virus
particles (19, 20). A number of aptamers have been developed to
target proteins with affinities and specificities comparable to
those of antibodies. Aptamers have some additional interesting
features such as low immunogenicity and small size (typically
Mw values of 10000-30000) and can be generated using SELEX-
compatible modified nucleoside analogues (20-fluoropyrimidines)
to increase their resistance to nucleases. We isolated PAI-1 bind-
ing aptamers that can interfere with specific biochemical func-
tions of PAI-1 and have properties not seen with other PAI-1
binding reagents.

EXPERIMENTAL PROCEDURES

PAI-1.Human PAI-1, extended at theN terminus with aHis6
tag and a recognition motif for heart muscle kinase, was expres-
sed in Escherichia coli and purified by nickel affinity chromato-
graphy and size exclusion chromatography (21). The purified
PAI-1 was more than 95% pure, as evaluated by SDS-PAGE
and Coomassie Blue staining. N-Terminal sequencing showed
the expectedN-terminus, i.e.,MGSHHHHHHGSRRASVHH...
The N-terminal extension did not affect the specific inhibitory
activity of PAI-1, its second-order rate constant for reaction with
uPA, its VN binding, or its rate of latency transition (21). The
specific inhibitory activity of wild type (wt) PAI-1 was around
80% of the theoretical maximum.

Glycosylated human PAI-1 was purified from serum-free con-
ditioned medium of dexamethasone-treated HT-1080 cells or
fromHEK293T cells transfected with PAI-1 cDNA by immuno-
affinity chromatography (22, 23). The purified latent PAI-1 was
converted to the active state by denaturation with guanidinium
chloride and refolding by dialysis against phosphate-buffered
saline (PBS) [10 mM sodium phosphate (pH 7.4) and 140 mM

FIGURE 1: Structural features ofPAI-1. (A)Ribbonpresentation of the structure ofPAI-1 in the active conformation (60) (PDBentry 1B3K). The
RCL is colored orange and β-sheet A green, and R-helices D-F are colored blue. (B) Surface presentation of the same setup as shown in panel A
with the residues tested for involvement in the binding of PAI-1 to paionap-5 and paionap-40 highlighted. Substitution of residues colored red
(Arg78, Lys82, Phe116, and Arg120) with Ala resulted in no detectable binding, as determined by SPR analysis. The Lys124 colored pink was
implicated in binding of paionap-40 but was of no importance for the binding of paionap-5. Substitution of residues colored blue (Lys71, Tyr81,
Arg103, Gln109, Met112, Pro113, Arg117, Glu123A, Gln125, Arg133, Phe136, His145, Lys147, Asn152, Lys156, Trp177, Gln321, andMet356)
with Ala had no measurable effect on binding of any of the aptamers. Residues colored gray were not tested for binding to the aptamers.
(C) Surface representation of the structure of thePAI-1-somatomedinBcomplex (53) (PDBentry 1OC0),with somatomedinB colored green and
somatomedin B-binding residues on PAI-1, as determined by site-directed mutagenesis (21), colored yellow. The figures were constructed with
PyMol (The PyMOL Molecular Graphics System, version 1.2r3pre, Schr€odinger, LLC).
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NaCl] (22). The remaining inactive PAI-1 was removed by
affinity chromatography on immobilized β-anhydrotrypsin (24).
Latent PAI-1 was prepared by incubation of PAI-1, at a con-
centration of 0.5 μM, at 37 �C for 24 h. Complete conversion to
the latent state was verified by the absence of formation of a
detectable complex after incubation with a molar excess of uPA,
as analyzed by SDS-PAGE. The PAI-1 amino acid numbering is
used throughout this paper (S1-A2-V3-H4-H5...) (25).

PAI-1 mutants were produced by site-directed mutagenesis
with the QuickChange site-directed mutagenesis kit (Stratagene)
and expressed in E. coli. All the tested PAI-1 mutants folded into
the active conformation (21, 26).

Labeling of P9-Cys in PAI-1 S340C withN-{[2-(iodoacetoxy)-
ethyl]-N-methyl}amino-7-nitrobenz-2-oxa-1,3-diazole (IANBD
ester, Molecular Probes), creating the fluorescent molecule
PAI-1P9-NBD, was conducted essentially as described previ-
ously (24). The labeling efficiency was 0.8-1.0 mol of probe/
mol of PAI-1. Incorporation of the fluorescent probes at this
position on PAI-1 was shown previously to have no adverse
effects on PAI-1 activity (24, 27). Latent PAI-1, generated during
the labeling reaction, was removed by affinity chromatography
on immobilized β-anhydrotrypsin (24).
uPA. Human uPA was purchased from Wakamoto Pharma-

ceutical Co. (Tokyo, Japan). The amino-terminal fragment of
uPA (ATF, amino acids S1-K135) and 125I-labeled uPA-PAI-1
complex were prepared as described previously (28, 29).
RNA Library Construction and Aptamer Selection. Selec-

tion of aptamers to PAI-1 basically followed the guidelines des-
cribed in ref 30 with minor modifications. The following oligo-
nucleotides were obtained from DNA Technology A/S: The
“Forward N35” library primer (50-CGCGGATCCTAATAC-
GACTCACTATAGGGGCCACCAACGACATT-30) contains
a T7 promoter sequence, and the “N35 library” primer [50-GA-
TCCATGGGCACTATTTATA-
TCAAC(N35)AATGTCGTTGGTGGCCC-30] includes the de-
generate sequence. Primerswere annealed and extended byKlenow
enzyme [30 f 50 exo- (New England Biolabs)] and double-
stranded DNA products purified on a 6% nondenaturing poly-
acrylamide gel (National Diagnostics).

The RNA library was then produced by transcription of an
amount of double-stranded DNA corresponding to 1015 mole-
cules in a reaction mixture with the following composition:
80 mM HEPES (pH 7.5), 30 mM DTT, 25 mM MgCl2, 2 mM
spermidine-HCl, 2.5mMATP, and 2.5mMGTP (GEHealthcare/
Amersham Biosciences), 20-fluoro-dCTP and 20-fluoro-dUTP
(TriLink Biotechnologies), 100 μg/mL BSA (New England
Biolabs), and 45 μg/mL double-stranded DNA template and
150 μg/mL mutant T7 RNA polymerase Y639F, followed by
Nap-5 column (GEHealthcare/AmershamBiosciences) purifica-
tion. IndividualRNAaptamerswas produced by a similarmethod
but purified with an 8% denaturing polyacrylamide gel. E. coli
BL21 cells expressing T7RNApolymerasemutantY639Fwere a
kind gift from R. Sousa (University of Texas Health Science
Center, San Antonio, TX). In contrast to wt T7 polymerase, this
mutant efficiently utilizes 20-fluoropyrimidines as a substrate.
The mutant polymerase was expressed and purified as described
previously (31, 32). RNA sequences with affinity for PAI-1 were
selected using PAI-1-conjugated Sepharose. Ten milligrams of
Protein A Sepharose (GE Healthcare/Amersham Biosciences)
was incubated overnight with 10 μg of a rabbit polyclonal anti-
PAI-1 antibody inHEPES-buffered saline (HBS) [30mMHEPES
(pH 7.4) and 135mMNaCl] supplemented with 0.01%Tween 20

overnight at 4 �C, followed by washing. One half of the antibody-
conjugated beadswere used for counter selection to removeRNA
sequences binding to the Protein A Sepharose or the antibodies.
The other half was incubated with 5 μg of PAI-1 from HT-1080
cells for 30min at room temperature, followed by washing. In the
first selection round, counter selection beads were incubated
with 5�1015 RNA oligonucleotides in HBS (pH 7.2) containing
2 mMMgCl2, 25 μg/mL tRNA (Sigma-Aldrich), 25 μg/mL poly-
AGC(Sigma-Aldrich), and100μg/mLBSA(NewEnglandBiolabs)
for 30 min at room temperature. Unbound material was then
passed onto PAI-1-conjugated beads for 30 min at room tempe-
rature. After being extensively washed, bound RNA sequences
were eluted by proteinase K digestion (New England Biolabs).
Library RNA sequences were annealed to reverse transcription
primer “Reverse N35” (50-CCCGACACCCGCGGATCCATG-
GGCACTATTTATATCAA-30) and reverse transcribed using
AMV RT (Promega). Double-stranded DNA transcription tem-
plates for the next round of selectionwere then generated by PCR
(Taq system, Invitrogen) using Forward N35 and Reverse N35
primers, followed by BamHI digestion (New England Biolabs).
RNA for subsequent rounds of selection was produced in the
presence of trace amounts of [R-32P]dATP and purified byNap-5
columns (rounds 2-5) or on a 12% denaturing polyacrylamide
gel (rounds 6-8). In rounds 2-5, 500 nM RNA was applied in
the selection procedure, while the amount was 100 nM in rounds
6-8. Scintillation counting was applied to follow the amount of
RNA retained by PAI-1-conjugated Sepharose beads for every
selection round.

To identify individual PAI-1 bindingRNA sequences, the pool
of double-stranded DNA transcription templates after round 8
was ligated into plasmid vectors according to the manufacturer’s
protocol (TOPO TA Cloning Kit, Invitrogen).
Aptamer Extinction Coefficient and Secondary Struc-

ture Prediction. The aptamer molar extinction coefficient and
precise molecular mass were calculated using the online calcu-
lator tool Oligocalc (http://www.basic.northwestern.edu/
biotools/oligocalc.html). The secondary structure of the selected
aptamers was predicted with the web-based program mfold. The
prediction is based onminimum free energy calculations (33, 34).
Aptamer-PAI-1 Surface Plasmon Resonance Binding

Assays. Surface plasmon resonance (SPR) analysis was perfor-
med on a BIACORE T100 instrument at 25 �C. Active, latent, or
reactive center-cleaved PAI-1 wt or PAI-1mutants were captured
on monoclonal anti-PAI-1 antibody mAb-1 (35) immobilized on
a CM5 sensor chip. mAb-1 immobilization was performed by
amine coupling to a level of approximately 2000 response units
(RU). All binding reactions were performed in a buffer of HBS
(pH 7.4) supplemented with 2 mMMgCl2 and 0.05% Tween 20.
PAI-1 was captured via injection of a 40 nM PAI-1 solution at a
flow rate of 30 μL/min, reaching capture levels of 300-500 RU.
Concentration series of the aptamers (0.5-30 nM) were injected
at a flow rate of 20 μL/min. The sensor chip surface was regene-
rated with 10 mM glycine (pH 2.5) and 1MNaCl after each run.
Binding of<5RU to a captured PAI-1mutant was considered as
no binding.

The uPA-PAI-1 complex was captured on soluble urokinase-
type plasminogen activator receptor (uPAR; a kind gift from
M.Ploug, Finsen laboratory), immobilized on aCM5 sensor chip
to a level of 2000 RU. uPA was captured on the immobilized
uPAR by injection of a 100 nM uPA solution. Following the
capture of uPA, 100 nM E. coli PAI-1 or 200 nMHT1080 PAI-1
was injected, leading to the formation of the uPA-PAI-1 complex
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on the immobilized uPAR.The aptamers were then introduced at
concentrations between 0.50 and 130 nM. Regeneration was
achieved with 0.1 M acetic acid and 0.5 M NaCl.

All binding reactions were analyzed by the kinetic software
in the BIACORE T100 evaluation program and KD values esti-
mated from association and dissociation rates based on a 1:1
stoichiometry.
PAI-1-Vitronectin Surface Plasmon Resonance Binding

Assays. Monomeric vitronectin was immobilized on a BIA-
CORE CM5 sensor chip to a level of 500 RU. The binding of
5 nMwtPAI-1, PAI-1K124A, or PAI-1R78A to the vitronectin-
coated chip was assessed in the presence of the aptamer at con-
centrations between 0 and 15 nM.
Fluorescence Spectroscopy. Fluorescence measurements

were taken on a PTI Quantamaster instrument, equipped with
rapid Peltier temperature-controlled single-sample holder. All
experiments were performed in quartz cuvettes using a 1500 μL
sample in 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 2 mM
MgCl2, supplemented with 0.1% (w/v) PEG6-8000 and at a
temperature kept constant at 22 �C. Fluorescence emission
spectra were recorded from 304 to 450 nm in 2 nm steps, with
an excitation wavelength of 295 nm. All spectra were recorded
using a PAI-1 or aptamer concentration of 50 nM, and all spectra
were corrected with a buffer spectrum. Reactive center-cleaved
14-1B PAI-1, as used in the experiments, was prepared according
to the method described in ref 6.

Binding experiments were performed with a fixed paionap-5
concentration of 40 nM while the PAI-1 concentration was
increased by addition of a series of 2 μL aliquots of a PAI-1
stock solution, reaching a final PAI-1 concentration between 60
and 70 nM after additions of up to 40-50 μL. The fluorescence
change was measured at the wavelength of maximum perturba-
tion, outside the Raman water peak (318-335 nm) at 340 nm.
Each point was an average of a 90 s recording. The titration curve
was corrected for added fluorophore by subtraction of a corres-
ponding titration curve of PAI-1 into buffer. The resulting curve
was fitted to a 1:1 binding isotherm with floating Fmax, KD, N,
and P0 values.

F ¼
Fmax½NP0 þ KD þ L0 -

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNP0þKDþL0Þ2 - 4NP0L0�

q
2NP0

ð1Þ
where F is a function of the titrant concentration (L0), P0 is the
aptamer concentration in the cuvette, KD is the dissociation
constant, Fmax equals F at saturation whereL0. P0 (N=1), and
N is the stoichiometry of the reaction.
Radioactive Labeling of RNA. In vitro-transcribed RNA

was dephosphorylated using calf intestinal phosphatase (New
England Biolabs) and subsequently extracted with a phenol/
chloroform mixture and 50 end-labeled using T4 polynucleotide
kinase (New England Biolabs). End-labeled RNA was diluted to
approximately 0.1 μM following gel purification and a second
round of phenol/chloroform extraction. Size markers were the
50-end-labeled 25 bp DNA ladder (Invitrogen) and Decade
Marker (Ambion). We prepared the T1 sequencing ladder by
mixing 50-end-labeled RNA and tRNA carrier in 20 μL of G
buffer [20 mM sodium citrate (pH 5.0), 1 mM EDTA, and 7 M
urea] and incubating the mixture for 5 min at 50 �C prior to
the addition of 1 μL of T1 (50 units/mL, Ambion) and further
incubation for 15 min at 50 �C.

Electrophoretic Mobility Shift Assay (EMSA). Binding
reactions were performed by incubation of 50-end-labeled RNA
with PAI-1 in binding buffer [30 mMHEPES (pH 7.4), 135 mM
NaCl, and 2 mM MgCl2] followed by incubation for 15 min at
room temperature. The mixtures were analyzed for complex
formation on a 6% native polyacrylamide gels and visualization
using a phosphorimager (Bio-Rad).
RNA Modification Using Ethylnitrosourea (ENU).

In vitro-transcribed 50-end-labeled RNAwasmodified according
to the protocol described in ref 36. Ten microliters of H2O and
RNA (50 ng/106 cpm) was mixed with 10 μL of 2�modification
buffer [600 mM sodium cacodylate (pH 8.0) and 10 mMEDTA]
and 5 μL of saturated ENU (750mM) and incubated for 2 min at
80 �C, followed by precipitation and resuspension in binding
buffer [30 mM HEPES (pH 7.4), 135 mM NaCl, and 2 mM
MgCl2]. After selection and purification on a native PAGE gel,
modification-specific backbone cleavage was induced by resus-
pension of the RNA in 10 μL of strand scission buffer [100 mM
triethylammoniumbicarbonate (pH9.0)] and incubation at 50 �C
for 5 min. The resulting cleavage products were resolved on a
15% denaturing polyacrylamide gel.
RNase Footprinting of RNA-Protein Complexes. Foot-

printing studies were performed with the binding conditions
described above for RNA-protein complexes. Enzymes T2
(Sigma) and V1 (Ambion) were added in concentrations of
0.5U/mL and 10U/mL respectively, and samples were incubated
for 2min at room temperature followed by addition of urea loading
buffer and analysis on a 15% denaturing polyacrylamide gel. All
mapping experiments were controlled for the expected formation
of RNA-protein complexes by an EMSA (data not shown).
Determination of PAI-1 Specific Inhibitory Activity. To

measure the specific inhibitory activity of PAI-1, i.e., the fraction
of PAI-1 capable of inhibiting the proteolytic activity of uPA,
aliquots of PAI-1were serially diluted inHBS supplemented with
0.25% gelatin and 2 mM MgCl2, giving PAI-1 concentrations
between 0.5 ng/mL (11 pM) and 0.5 μg/mL (11 nM). One volume
of 0.05 μg/mL uPA in HBS with gelatin was added to each well,
followed by incubation for at least 5 min. The remaining uPA
activity was determined via addition of the chromogenic sub-
strate S-2444 [pyro-Glu-Gly-Arg-p-nitroanilide (Chromogenix)]
to a final concentration of 70 μM and measurement of the
absorbance at 405 nm after 30 min. The specific inhibitory acti-
vity of PAI-1 was calculated from the amount of PAI-1 that
inhibited 50% of the uPA. When the effect of the aptamers was
assayed, these were added to all wells of a dilution series using a
constant saturating concentration.
Protection of PAI-1 from Inactivation by bis-ANS. The

specific inhibitory activity of PAI-1 was determined, as described
above, in the absence or presence of bis-ANS. Dilution series of
PAI-1 were incubated either in buffer, in the presence of aptamers,
or in the presence of vitronectin. Then, 0.5μMbis-ANSwas added,
followed by incubation for 10 min before the addition of uPA.
Latency Transition Assays. PAI-1 (0.5 μg/mL) was incu-

bated at 37 �C in a buffer of HBS supplemented with 0.25%
gelatin and 2 mM MgCl2, in the absence and presence of
paionap-5, paionap-40, or control RNA aptamers (0.3 μg/mL).
After different time periods, the specific inhibitory activity of
PAI-1 was measured. The half-life for latency transition was
calculated from semilogarithmic plots of the specific inhibitory
activity versus time.
Insertion Peptide Inactivation Assays. The peptide used

was TVASS, acetylated at the N-terminus and amidated at the



Article Biochemistry, Vol. 49, No. 19, 2010 4107

C-terminus. PAI-1 (0.5 μg/mL) was incubated at 37 �C in HBS
buffer with 0.25% gelatin, in the absence or presence of aptamers
(0.3 μg/mL) and in the absence or presence of TVASS (125 μM).
After different incubation periods, the remaining specific inhibi-
tory activity of PAI-1wasmeasured. The half-life for inactivation
was calculated from semilogarithmic plots of the specific inhibi-
tory activity versus time.
Determination of Second-Order Rate Constants for uPA-

PAI-1 Binding. The apparent second-order rate constant for
the irreversible inhibition of uPA by PAI-1 in the absence and
presence of aptamers (65 nM) was determined by a competitive
kinetic method with the chromogenic substrate S-2444. Reac-
tions were performed under pseudo-first-order conditions, in
which PAI-1 (1.25-50 nM) was at a minimum level in a 5-fold
molar excess of uPA (0.25 nM). The reactions were performed in
the presence of S-2444 (3 mM), and the progression curve was
monitored at 405 nm every minute for 60 min. The progression
curve (A405 vs time) was fitted to a single-exponential function,
and kobs values for each PAI-1 concentration were estimated on
the basis of eq 2 (37).

½P�t ¼ ½P�0 þ ½P�¥ð1- e- kobstÞ ð2Þ
where [P]t, [P]0, and [P]¥ are the product concentrations at time t,
time zero, and time infinite, respectively, proportional to the
recorded A405 values. The observed kobs values were plotted ver-
sus PAI-1 concentrations.Km and klim were determined by fitting
the data to eq 3.

kobs ¼ klim½PAI-1�0=½KDð1 þ ½S-2444�=KmÞ þ ½PAI-1�0� ð3Þ
where [S-2444] is the concentration of S-2444 at time zero and
[PAI-1]0 the PAI-1 concentration at time zero. TheKm for S-2444
is 0.1 mM. The second-order rate constant k2 is given by klim/KD.
Stopped-Flow Fast Kinetic Analysis. The reactions of

PAI-1P9-NBD (10 nM) with uPA (0.05-4 μM) in the absence or
presence of aptamer (16 nM) were assessed on anApplied Photo-
physics SX.18MV stopped-flow reaction analyzer with a thermo-
stated syringe chamber. All samples were diluted in SF buffer
[30 mM HEPES (pH 7.4), 135 mM NaCl, 2 mM MgCl2, and
0.1% PEG 8000]. PAI-1P9-NBD and aptamers were preincubated
for 10 min at room temperature before the reactions. Excitation
was at 480 nm, and fluorescence emission was measured with a
cutoff below 515 nm and a 9.3 nm band-pass. For each uPA
concentration, four to nine reactions with PAI-1P9-NBD alone or
in complex with the aptamer were measured. The kobs value for
each reaction was determined by fitting the data to a single-
exponential function. An average was calculated for each uPA
concentration. The kobs values were plotted versus the uPA con-
centration. The klim and Km values were determined by a non-
linear regression analysis of the plots of kobs versus the uPA
concentration according to eq 4:

kobs ¼ klim½uPA�0
Km þ ½uPA�0

ð4Þ

Solid Phase Receptor Binding Assays. VLDLR and LRP
were coated onto 96-well Maxisorp microtiter wells overnight at
4 �C in 50 mMNaHCO3 (pH 9.6) at a concentration of 1 μg/mL.
The wells were blocked with 10%BSA in binding buffer [10 mM
HEPES (pH 7.8), 140mMNaCl, 2 mMCaCl2, and 1mMMgCl2]
for 2 h, washed, and incubated overnight at 4 �C with 20 pM
[125I]uPA-PAI-1 complex.Washing and incubationwith ligands
were performed in binding buffer with 1% BSA.When the effect

of aptamers on binding of the [125I]uPA-PAI-1 complex to
receptors was investigated, aptamers were added at concentra-
tions from 1 to 130 nM. Aptamers were preincubated with the
complex for 15 min prior to the incubation with the solid phase
bound receptor. After the incubation, the supernatants were
removed for γ-counting and the wells washed. Bound ligand was
solubilized with 10% SDS and taken for γ-counting. The con-
centration of bound ligandwas corrected for nonspecific binding,
i.e., the radioactivity recovered from wells without receptor, and
plotted versus the total aptamer concentration. The KD value
(KD2) for the binding of the aptamers to the uPA-PAI-1 complex
was determined by fitting the data to eq 5.

bound ¼ a

2
-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

4
- ½125I-uPA-PAI-1�total½receptor�total

r

ð5Þ
where a¼ ½125I-uPA-PAI-1�total þKD1 þ ½receptor�total þðKD1=
KD2Þ½aptamer�total and KD1 symbolizes the KD value for binding
of the uPA-PAI-1 complex to LRP [0.4 nM (7)] or VLDLR
[1.5 nM (38)].
Receptor-Mediated Ligand Degradation Assays. U937

cells (American Type Culture Collection, CR1 1593) were cul-
tured in RPMI medium with 10% fetal calf serum (39). For ana-
lysis of receptor-mediated ligand degradation, the cells were
incubated in serum-free medium supplemented with 0.5% BSA
at a density of 10� 106 cells/mL, with 10 pM [125I]uPA-PAI-1
complex and aptamers, receptor-associated protein, and/orATF,
at concentrations as described for each individual experiment.
After incubation for 2 h at 37 �C, we determined the fraction of
complex that had been degraded bymaking the cultures 7%with
respect to trichloroacetic acid and centrifuging them. The radio-
activity in pellets and supernatants was determined, and the frac-
tion of degraded ligandwas scored as the fraction of radioactivity
soluble in 7% trichloroacetic acid (40).

RESULTS

Selection of Aptamers. A library of RNA oligonucleotides
containing a random region of 35 nucleotides, prepared with
20-fluoropyrimidines, was screened with glycosylated PAI-1 in
the active form as bait. From round 6 to 8 in the selection, we
observed a significant increase in the amount of 32P-labeledRNA
retained on the PAI-1-conjugated beads after selection and there-
fore identified the sequences of individual clones after round 8.
Two sequences were selected for further analysis. The corres-
ponding aptamers will be termed paionap-5 and paionap-40
(Table 1).
Binding ofAptamers toPAI-1.Wenext analyzed the binding

of paionap-5 and paionap-40 to different forms of PAI-1 by the
use of SPR. Amonoclonal anti-PAI-1 antibody was immobilized
and used to capture PAI-1 in different conformations. The
antibody used for immobilization, mAb-1, binds an epitope in
R-helix C (35) and was chosen because we expected the aptamers
to bind the relatively basic R-helix D, distant from R-helix C. To
analyze binding of the aptamer to the uPA-PAI-1 complex, we
captured the complex on a chip coated with urokinase-type
plasminogen activator receptor (uPAR), which binds uPA by
its N-terminal growth factor domain. In this setup, only PAI-1
that is in complex with uPA is presented on the chip, thereby
avoiding misleading results from noncomplexed PAI-1. The
binding of the aptamers to the captured PAI-1was thenmeasured
by application of different concentrations of the aptamers to the
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chip. By these analyses, we found PAI-1-aptamer binding kinetics
to be compatible with a simple 1:1 binding model. A simple 1:1
bindingmodelwas supported byEMSAanalysis of formation of the
aptamer-PAI-1 complex, exemplifiedwith paionap-5 (Figure 2).
At molar ratios at which either PAI-1 or aptamer was in excess,
only one slower migrating aptamer-PAI-1 complex band was
formed. In our SPR analyses, we found that paionap-5 bound
glycosylated as well as nonglycosylated PAI-1 in the active, latent,
reactive center-cleaved, or protease-complexed form, with KD

values in the low nanomolar range (Table 2). Glycosylated PAI-1
bound with a slightly lower affinity than nonglycosylated PAI-1,
particularly in the loop-inserted forms. In contrast, paionap-40
bound measurably only to the active form, not the RCL-inserted
forms (Table 2). The KD of the interaction of paionap-40 with
RCL-inserted forms was in each case estimated to be at least 10
times higher than the highest tested concentration at which no
binding was observed. We observed no binding to murine PAI-1
(data not shown).

An independent determination of the PAI-1-aptamer binding
affinity was done by measurement of tryptophan fluorescence in
the absence and presence of aptamers. The fact that PAI-1
contains four tryptophan residues, with at least two in the vicinity
of the presumed aptamer binding surface, suggested that pertur-
bation of intrinsic tryptophan fluorescence could be used as a tool
to study PAI-1-aptamer binding. A reactive center-cleaved ver-
sion of the stable variant 14-1B PAI-1 (41) was used to avoid
interpretation ambiguities due to latency transition during the
assay, the lower solubility of the other forms, or the presence of
latent PAI-1 in the cleaved samples. paionap-5 was chosen on
the basis of its ability to bind both stressed and relaxed confor-
mations of PAI-1. The addition of the aptamer resulted in a clear

increase in the tryptophan fluorescence compatible with a mark-
edly changed environment of at least one tryptophan in PAI-1
(Figure 3). paionap-5 did not by itself exhibit any appreciable
fluorescence. The binding affinity of PAI-1 for paionap-5 was
estimated at the 340 nm emission wavelength. Addition of in-
creasing amounts of the reactive center-cleaved PAI-1 resulted in
a saturable binding curve. The binding curves could be fitted to a
1:1 binding model, and a KD of 1.9 ( 0.6 nM was in agreement
with the tight binding observed by SPR.
Mapping of the Binding Site for Aptamers on PAI-1 by

Site-Directed Mutagenesis. We next mapped the binding site
for the aptamers on PAI-1 by the use of site-directedmutagenesis.
The aptamer binding to various PAI-1 mutants was analyzed by
SPR, using preparations of nonglycosylated PAI-1 in the active
conformation. In most cases, Ala substitutions were used. All
mutant preparations used in the SPR experiments contained app-
roximately the same high fraction of active PAI-1 as the wt. By
this analysis, a group of residues at the top of R-helix E and the
bottom of R-helix D was found to be essential for paionap-5
binding. The same group of residues was shown to be essential
also for paionap-40 binding. In the special case of Lys124, bind-
ing kinetics similar to those of wt were observed for paionap-5
[kon=2.6( 1.2 μM-1 s-1, koff=0.0023( 0.0006 s-1, andKD=
1.1 ( 0.5 nM (n= 5)], whereas no binding to paionap-40 was
detected with concentration of up to 65 nM. The binding sites for
the two aptamers overlap with, but are clearly distinct from, the
binding site for vitronectin. For instance, the triplemutantR103A/
M112A/Q125A is without detectable binding to vitronectin (42)
but binds normally to the aptamers (Figure 1).
Mapping of the Binding Site for PAI-1 on Aptamers. To

characterize the aptamer regions directly involved in PAI-1 bind-
ing, we used RNase footprinting and phosphate modification
interference analyses. For the RNase footprinting analysis, we
used the double-strand-specific RNase V1 and the single-strand-
specific RNase T2. The phosphate modification interference
technique involves ethylation of backbone phosphates by ENU
treatment, thereby allowing assessment of binding of PAI-1 to
phosphate at specific positions in the RNA. After selection of
modified RNA in fractions bound or unbound by PAI-1, back-
bone cleavage was induced at ethylated phosphates by mild alka-
line treatment. This resulted in a cleavage pattern in which the
absence of signal revealed positions where phosphate ethylation
prevented the RNA aptamer from binding PAI-1. Formation of
RNA-protein complexes was confirmed by EMSAs in all cases.
With RNase footprinting as well as phosphate modification
interference, the use of 20-fluoropyrimidines in the aptamers
limited the analysis to purines.

With paionap-5, the phosphate modification interference
analysis showed a clear difference in signal intensity for bound
and unboundRNA in positions 24-29 and 41 and 42 (marked by
bars in Figure 4A), indicating that these backbone phosphates
serve as critical binding sites for PAI-1. No cleavage was seen for
control RNA not treated with ENU (Figure 4A, left panel), con-
firming the specificity of the mapping. The RNase footprinting

Table 1: Sequences of the Selected RNA Aptamersa

aptamer sequence

paionap-5 GGGGCCACCAACGACAUUGAACCACGUAGGCUCGUUUCUGAGCCGAUCUCGAUGUUGAUAUAAAUAGUGCCCAUGGAUC

paionap-40 GGGGCCACCAACGACAUUUAUCGAAUUGAUAACCUUACGCGAGAGCGUAGUUCGUUGAUAUAAAUAGUGCCCAUGGAUC

aThe variable regions are highlighted in bold.

FIGURE 2: EMSA of [32P]paionap-5 binding to PAI-1. Approxima-
tely 300 nM 32P-end-labeled paionap-5 was incubated with the indi-
cated concentrations of E. coli-expressed PAI-1 in the active con-
formation for 15 min at room temperature. The incubation mixtures
were then subjected to nondenaturing polyacrylamide gel electro-
phoresis. The radioactive bands were visualized with autoradio-
graphy. Labels indicating the migration of the free and PAI-1-
complexed aptamer are shown at the left.
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analysis supported these findings by showing a PAI-1-induced
protection fromRNaseV1 in positions 20-30 aswell as positions
41 and 42 (Figure 4B). The protection pattern observed with
RNase T2 supports the fact that the flexible loop in positions
20-30 of the aptamer is involved in binding;moreover, an altered
processing in the constant region upon addition of PAI-1 (position
55 for V1 and position 62 for T2) suggests that protein binding
could alter theRNA structure flanking the binding site (Figure 4C).
As expected from the mutagenesis analysis, no protection was
observed with the double mutant PAI-1 R117E/R120E (data not
shown). The interactions between paionap-5 and PAI-1, as map-
ped by ENU and RNase treatment, are summarized on the pre-
dicted aptamer secondary structure in Figure 4D.

A similar interaction analysis was conducted for the paionap-
40-PAI-1 complex (data not shown). The phosphate modifica-
tion interference analysis showed positions 16, 31-37, and 54 to
be sensitive to ENU modification. The region of paionap-40
protected fromRNase V1 degradation largely coincided with the
areas sensitive to ENU treatment, although RNase V1 footprint-
ing extended beyond the region sensitive to ENU modification,
suggesting a region with a lower binding affinity or interactions
independent of backbone phosphates. No protection was obser-
ved when the paionap-40-PAI-1 complex was digested with
RNase T2, due to the predominance of 20-fluoropyrimidines in

single-stranded parts of the PAI-1 binding region of paionap-40.
Thus, the PAI-1 binding site on paionap-40 appears to be a central
bulge in which two small stems divide (Figure 4E). The overall
binding surface on the RNA aptamer is larger for paionap-40
than for paionap-5, in agreement with the finding from site-
directed mutagenesis of PAI-1 described above.
Effects of Aptamers on PAI-1-Vitronectin Binding. Since

the binding sites on PAI-1 for the aptamers and vitronectin over-
lap, we looked for possible effects of the aptamers on the inter-
action between PAI-1 and vitronectin. Vitronectin was immobilized
on a BIACORE chip. When PAI-1 was applied, high-affinity
binding was observed (43). Upon addition of PAI-1, which had
been preincubated with either of the two aptamers, the binding
was strongly inhibited, with an IC50 in the low nanomolar range,
in good agreement with the KD determinations described above
(Figure 5). The interaction between vitronectin and PAI-1 mutant
R78A, which retains normal vitronectin affinity but is incapable
of aptamer binding, was not inhibited by the aptamers. Interest-
ingly, vitronectin binding of mutant K124A was strongly inhi-
bited by paionap-5, which has an affinity similar to that of the
mutant for wt PAI-1, but only slightly affected by paionap-40,
which displays a very low affinity for this mutant.
Effects of Aptamers on the Reaction of PAI-1 with uPA.

We evaluated the effect of the aptamers on the antiproteolytic

Table 2: Binding of Different Forms of PAI-1 to Aptamersa

paionap-5 paionap-40

PAI-1 variant kon (μM
-1 s-1) koff (s

-1) KD (nM) kon (μM
-1 s-1) koff (s

-1) KD (nM)

E. coli active 1.78( 0.29 (3) 0.0028( 0.0008 (3) 1.58( 0.34 (3) 4.15( 0.79 (3) 0.0050( 0.0016 (3) 1.23( 0.43 (3)

E. coli latent 0.664( 0.078 (3) 0.0017( 0.0001 (3) 2.56( 0.12 (3) no measurable binding at 65 nMc

E. coli complex 0.866( 0.361 (3) 0.0026 ( 0.0007 (3) 3.18( 1.04 (3) nomeasurable binding at 130 nMc

14-1B active 1.12( 0.25 (3) 0.0038( 0.0001 (3) 3.52( 0.80 (3) 2.01( 0.62 (3) 0.0045( 0.0013 (3) 2.27 ( 0.10 (3)

14-1B cleaved 0.628( 0.099 (3) 0.0024( 0.0005 (3) 3.72( 0.31 (3) no measurable binding at 65 nMc

HT-1080 active 0.555( 0.053 (3) 0.0021( 0.0009 (3) 3.77( 1.26 (3) 2.63( 0.11 (3) 0.0097( 0.0043 (3) 3.66( 1.54 (3)

HT-1080 latent 0.471( 0.119 (3) 0.0072( 0.0002 (3) 16.2( 6.17 (3)b nomeasurable binding at 65 nMc

HT-1080 complex 0.504( 0.198 (3) 0.0049 ( 0.0021 (3) 9.71( 0.39 (3)b nomeasurable binding at 65 nMc

aABIACORE chip was coated with monoclonal anti-PAI-1mAb-1 (for analysis of active, latent, or reactive center-cleaved PAI-1) or uPAR (for analysis of
the uPA-PAI-1 complex) to a density of approximately 2000 RU/mm2. Between 100 and 500 RU of the indicated form of PAI-1 was captured on the chip. For
cleaved PAI-1, we used a trypsin-treated form of the PAI-1 variant 14-1B expressed inE. coli, which could be produced without significant contamination with
latent PAI-1 (21). Different concentrations of paionap-5 or paionap-40 were applied, and the kon, koff, and KD values were calculated from the time course of
association and dissociation using the BIACORE T100 evaluation software. Means, standard deviations, and numbers of determinations are given. bSigni-
ficantly different from the KD for active HT-1080 PAI-1 (p < 0.01) and significantly different from the KD values for the corresponding forms of E. coli
(p < 0.01). cThe KD values were estimated to be at least 10 times higher than the highest tested concentration at which no binding was observed.

FIGURE 3: Intrinsic tryptophan fluorescence used to study the binding of PAI-1 to paionap-5. (A) Emission spectra of reactive center-cleaved
PAI-1 (O), 50 nM paionap-5 (;), and the mixture (b). (B) Change in tryptophan fluorescence at 340 nm for 26 nM paionap-5 and the indicated
concentrations of reactive center-cleaved PAI-1. Values were corrected for reactive center-cleaved PAI-1 fluorescence, normalized, and averaged
for three independent titrations, with a best fit to a 1:1 binding model. rccPAI-1 stands for the reactive center-cleaved PAI-1.
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effect of PAI-1 by measuring its specific inhibitory activity to-
ward uPA or tPA in the absence and presence of aptamers. There
was no measurable effect of any of the two aptamers. We also
demonstrated that the aptamers had no direct effects on the
activity of the plasminogen activators (data not shown). The
effect of the aptamers on the PAI-1-uPA interaction was also
evaluated by measurements of second-order rate constants for the
reaction between the two. The second-order rate constants for the
reaction of PAI-1 with uPA without additions, with paionap-5,
or with paionap-40 were determined to be (0.82 ( 0.32) � 107

(n=6), (3.18( 1.38)�107 (n=4), and (2.17 ( 1.08)�107 M-1

s-1 (n=4), respectively. These values correspond to a small but
significant increase (p< 0.025 by the Student’s t test) in the
second-order rate constant in the presence of both PAI-1 binding
aptamers.

Furthermore, the effect of the aptamers on the reaction be-
tween PAI-1 with uPA was studied by the use of a PAI-1 variant
labeled with the fluorescent tag NBD at the P9 residue. The
tag becomes buried under R-helix F when the RCL is inserted
into β-sheet A during complex formation or serpin substrate
behavior, resulting in an increase in fluorescence emission (44).
The fluorescence change can be followed by stopped flow-fast
kinetic analysis. Determining the rate constant for RCL inser-
tion, kobs, at several uPA concentrations, a Km, and a klim can be
accomplished using eq 4. Both aptamers, paionap-40most strongly,
caused a reduction in klim as well as Km (Figure 6 and Table 3).
Since the second-order rate constant according to theory equals
klim/Km, the observed changes in klim and Km correspond to a
small increase in the second-order rate constant, in complete
agreement with results obtained by direct measurement of this
constant (see above).
Effects of Aptamers on Latency Transition.To investigate

whether the aptamers affect the rate of conversion of PAI-1 from
the active to the latent state, we measured the specific inhibitory
activity of PAI-1 after various time periods during incubations at
37 �C.Without additions, the specific inhibitory activity was lost
with a half-life of∼60 min. There was a striking delay in the loss
of specific inhibitory activity in the presence of either of the two
aptamers, most strongly with paionap-40, which caused an up to
8-fold increase (Table 4).
Effects of Aptamers on the Rate of Inactivation of PAI-1

by RCL-Mimicking Peptides. The antiproteolytic action of
serpins can be inactivated by peptides with the same sequence as
theN-terminal part of theRCL (45). The peptides insert as strand
4 intoβ-sheet A and prevent insertion of theRCLduring reaction
with target proteases, inducing serpin substrate behavior (46).
Recently, the rate of inactivation of PAI-1 by anRCL-mimicking
peptide was used to probe the “openness” of the gap between
β-strand 5 and β-strand 3 (47). We therefore measured the rate of
inactivation of PAI-1 by an excess of the peptide TVASS in the
absence or presence of paionap-5 or paionap-40. With 10 nM
E. coli PAI-1, 125 μM TVASS, and 0.3 μg/mL aptamer, the
inactivation half-lives were 7.90 ( 0.46 min (n = 4) without
aptamer, 5.57( 0.89 min (n=3) with paionap-5, 39.7( 4.6 min
(n = 3) with paionap-40, and 7.93 ( 0.00 min (n = 3) with a
control aptamer. These values correspond to statistically signifi-
cant effects of paionap-5 and paionap-40 on the inactivation rate
(p<0.01).
Effects of Aptamers on Inactivation of PAI-1 byOrgano-

chemical Compounds. We previously demonstrated that bis-
ANS, with an IC50 of ∼0.5 μM, causes a rapid and irreversible
inactivation of the antiproteolytic activity of PAI-1, due to a
rapid conversion of active PAI-1 to a form exhibiting substrate
behavior, followed by conversion to inert polymers over the course
of a few minutes (48, 49). PAI-1 is protected against the inacti-
vating effect of bis-ANS by vitronectin (21, 48). Since the RNA
aptamers described here bind in the same region as vitronectin,
we tested whether the aptamers protect PAI-1 against bis-ANS
inactivation.Wemeasured the specific inhibitory activity of PAI-1
with various combinations of bis-ANS and aptamers (Figure 7).
The specific inhibitory activity of PAI-1 was reduced 5-fold
by the presence of 0.5 μM bis-ANS. Equimolar amounts of each

FIGURE 4: Mapping of the binding site for PAI-1 on the aptamers.
(A) Phosphate modification interference. Cleavage products result-
ing fromENU- or control-treated paionap-5 selected by anEMSA in
fractions bound or unbound by PAI-1. Black bars indicate positions
where ENU-modified RNA is under-represented in the bound frac-
tion, showing position to be important for RNA-protein inter-
action. (B) RNase V1 footprint of paionap-5 bound by PAI-1. Black
bars indicate regions protected from degradation by the presence of
PAI-1. (C) RNase T2 footprint of paionap-5 bound by PAI-1. Black
bars indicate regions protected from degradation by the presence of
PAI-1. (D) RNA-protein interaction sites mapped onto the second-
ary structure of paionap-5 as predicted by mfold (30, 31). Arrows
indicate positions sensitive to ENU modification; dashed lines show
regions protected fromV1 cleavage, while filled circles denote regions
protected fromT2 degradation. The overall region of RNA-protein
contacts summarizing findings frommapping studies is colored gray.
(E) RNA-protein interaction sites mapped onto the secondary
structure of paionap-40 as predicted by mfold (30, 31). All symbols
are the same as for paionap-5. P-5 stands for paionap-5.
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of the two aptamers caused almost complete protection against
bis-ANS.
Effects of RNA Aptamers on the Binding of the uPA-

PAI-1 Complex to LRP-1A and VLDLR. Having estab-
lished that paionap-5, but not paionap-40, binds with high affi-
nity to the uPA-PAI-1 complex, we were able to investigate the

effect of the aptamers on the binding of the uPA-PAI-1 complex
to the clathrin-coated pit-localized endocytosis receptors LRP-
1A and VLDLR. Both receptors bind the uPA-PAI-1 complex
with a KD of∼1 nM (7, 38). We used an assay in which either of
the two receptors was coated onto the solid phase of a 96-well
Maxisorp microtiter plate and the complex added to the fluid
phase in 125I-labeled form.We added paionap-5 or paionap-40 at

FIGURE 5: PAI-1 binding aptamers inhibit PAI-1-vitronectin binding.Vitronectinwas coatedonaCM5BIACOREchip to a density of 500RU/
mm2; 5 nMPAI-1 (wt orR78AorK124Amutant) was applied to the chip in the presence of paionap-5 (left) or paionap-40 (right) in the indicated
concentrations. The binding at each combination of aptamer and PAI-1 is expressed relative to the observed response with wt PAI-1 alone.

FIGURE 6: Effects of aptamers on the rate of protease inhibition by
PAI-1. The reaction between 10 nM P9-NBD-PAI-1 and the indi-
cated concentrations of uPA in the absence (b) or presence of 16 nM
paionap-5 (O) or 16 nM paionap-40 (1) was characterized by
stopped-flow fast kinetic analysis. The fluorescence emission was
measured at a wavelength of 527 nm, with excitation at 480 nm.
Average kobs values from four to nine acquisitions at each uPA
concentration were plotted vs the uPA concentration. The experi-
ment shown in the figure is a representative from three independent
experiments.TheKmandklim values, determinedby fitting the data to
eq 4 in all three experiments, are listed in Table 3.

Table 3: Effect of Aptamers on the Rate Constants for uPA Inhibition

by PAI-1a

aptamer klim (s-1) Km (μM) klim/Km (M-1 s-1)

none 8.90( 0.53 (3) 1.18( 0.37 (3) (0.81( 0.25)� 107 (3)

paionap-5 5.72( 0.65 (3)b 0.32 ( 0.06 (3)b (1.85( 0.57)� 107 (3)

paionap-40 3.69( 0.39 (3)b 0.21 ( 0.14 (3)b (2.33( 1.43)� 107 (3)

aA stopped-flow fast kinetic analysis was performed to determine the
rate of RCL insertion during the reaction of PAI-1P9-NBD with uPA. The
reaction of PAI-1P9-NBD (10 nM) with different concentrations of uPA was
followed, using excitation at 480 nm and measuring emission at 527 nm.
Averaged kobs values from 6 to 10 acquisitions at each uPA concentration
were plotted vs the uPA concentration (Figure 5). klim and Km values were
estimated by fitting the data to eq 4. The table shows means and standard
deviations from three independent experiments. bSignificantly different
from the corresponding value for PAI-1 alone (p<0.01).

Table 4: Effect of RNA Aptamers on the Rate of Conversion of PAI-1 to

the Latent Statea

t1/2 (min)

PAI-1 variant no addition paionap-5 paionap-40 control aptamerb

E. coli 49( 16 (6) 192( 80 (4)c 398( 83 (3)c 50( 16 (3)

HT-1080 91( 26 (3) 165( 36 (3)c 716( 265 (3)c 86( 13 (3)

aEither of the two PAI-1 variants (11 nM)was incubated with or without
aptamers (13 nM) at 37 �C. At various time points, samples were taken for
the determination of specific inhibitory activity. The half-lives for latency
transition were determined by semilogarithmic plots of the specific inhibi-
tory activity vs incubation time. Means, standard deviations, and numbers
of determinations are given. bThe control aptamer was an aptamer clone
from the library that did not bind PAI-1. cSignificantly different from the
half-life of PAI-1 alone (p<0.01).

FIGURE 7: Effect of bis-ANS on the specific inhibitory activity of
PAI-1 in the absence and presence of RNA aptamers. The specific
inhibitory activity of PAI-1 was determined in the absence or pre-
sence of bis-ANS after preincubation with aptamers or vitronectin as
indicated. The specific inhibitory activity of PAI-1 at each condition
was expressed as a percentage of the specific inhibitory activity in the
absence of additions. Means and standard deviations of three inde-
pendent experiments are given.
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various concentrations between 0 and 130 nM. paionap-5 inhi-
bited the binding of the [125I]uPA-PAI-1 complex, while there
was little effect of paionap-40 evenat concentrations of up to130nM
(Figure 8). Assuming that paionap-5 binding and receptor bind-
ing aremutually exclusive, aKD value for binding of paionap-5 to
the complex can be estimated by fitting the dependence of bound
complex on the aptamer concentration to eq 5. Values of 2-8 nM
at 4 �C were obtained, in good agreement with the values deter-
mined by SPR.
Effects of Aptamers in Cell Cultures.We further tested the

effect of the aptamers on receptor-mediated endocytosis in U937
cells. These cells express uPAR which binds uPA and the uPA-
PAI-1 complex with a KD of∼100 pM and also express VLDLR
(50). Endocytosis is dependent on an initial binding of the com-
plex to uPAR, as the endocytosis receptors bind the complex
inefficiently from the fluid phase (8). To assess endocytosis, we
incubated the cells with the complex for 2 h and estimated the
fraction of degraded complex by precipitation of the non-
degraded complex with trichloroacetic acid. As controls, we first
demonstrated inhibition of degradation by ATF of uPA, block-
ing the binding to uPAR, and by receptor-associated protein,
blocking the binding to VLDLR. paionap-5, but not paionap-40,
inhibited the degradation with an IC50 of ∼100 nM (Figure 9).

DISCUSSION

Aptamers recognizing a broad range of protein targets, inclu-
ding blood coagulation factors, growth factors, and extracellular
matrix proteins, have been isolated in recent years. Such apta-
mers can potentially be used in the development of therapeutic
formulations and diagnostic assays (20). One aptamer (NX 1838,
Macugen, or pegaptanib sodium), inhibiting receptor binding of
vascular endothelial growth factor (51), has been approved by the
U.S. Food and Drug Administration for the treatment of age-
related macular degeneration. Aptamers bind their targets with
high affinity and high specificity. Accordingly, it has also become
relevant to investigate the binding of aptamers to serpins.
Recently, Blake et al. (52) reported the isolation of a PAI-1
binding RNA aptamer, with a binding site overlapping with that
of vitronectin, and suggested that it can be used to inhibit the
tumor biological functions of PAI-1. However, a much needed
biochemical characterization of the aptamer was not undertaken.

We here describe a detailed biochemical characterization of
binding and functional effects of two newly isolated PAI-1 binding

aptamers, paionap-5 andpaionap-40, and several observations of
general interest concerning serpin structure and function as well
as the possibility of pharmacological intervention with the patho-
physiological effects of PAI-1.None of the aptamers inhibited the
antiproteolytic effect of PAI-1, but both affected the binding of
PAI-1 to vitronectin and the endocytosis receptors, as well as the
conformational stability of PAI-1.

Footprinting analysis showed that the protein-binding ele-
ments of the aptamers are located in the aptamers’ central,
variable parts and largely consist of single-stranded loop
regions, possibly folding into a specific structure upon binding
to PAI-1. The flexibility of these regions allows a very close
and specific interaction between RNA and protein. It is
interesting to notice that the contact area of paionap-40 was
larger than that of paionap-5, corresponding to the implica-
tion of more PAI-1 residues in the binding area for paionap-40
than in that for paionap-5. The restriction of the binding area
largely to the variable region of the RNA suggests that it may

FIGURE 8: Effect of PAI-1 binding aptamers on the binding of the uPA-PAI-1 complex to endocytosis receptors. LRP (A) or VLDLR (B) was
coated onto the solid phase of a 96-well plate. The binding of 20 pM [125I]uPA-PAI-1 complex to the receptors was monitored in the presence of
the indicated concentrations of paionap-5 (b) or paionap-40 (O). Each of the experiments shown represents a typical one of four independent
experiments. The concentration of bound complex was plotted vs the free aptamer concentration. KD values for binding of aptamers to the
uPA-PAI-1 complexwere determined by fitting the data to eq 5.Values of (5.5( 2.6)� 10-9 (n=3) and (5.4( 2.0)� 10-9M (n=5)were obta-
ined with LRP and VLDLR, respectively.

FIGURE 9: Effect of PAI-1 binding aptamers on receptor-mediated
endocytosis of the uPA-PAI-1 complex. The [125I]uPA-PAI-1 com-
plex was preincubated with the indicated additions prior to addition
to theU937 cells. Thepreincubatedmixtureswere thenadded to1mL
aliquots containing 106 U937 cells, with a final [125I]uPA-PAI-1
complex concentration of 10 pM, with 10 nM ATF, 100 nM RAP,
40-400 nM paionap-5, or 400 nM paionap-40. After incubation for
2 h at 37 �C in serum-free medium, the fraction of degraded complex
was determined byadditionof trichloroacetic acid. The bars show the
means and standard deviations of the percentage of degraded com-
plex from three independent experiments.
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be possible to use aptamers of reduced length while maintain-
ing binding strength.

A mutational screen identified the binding sites for both
aptamers as being in the flexible joint region of PAI-1. A number
of natural and synthetic ligands bind in this area (for reviews, see
refs 2 and 3). Thus, the N-terminal somatomedin B domain of
vitronectin binds to residues centered aroundArg103 andGln125
in β-strand 2A and β-strand 1A, respectively (Figure 1) (21, 53).
An area centered on the top of R-helix E and the bottom of
R-helix D forms an additional contact to vitronectin outside the
somatomedin B domain (43). Vitronectin causes a 1.5-2-fold
decrease in the latency transition rate and binds active PAI-1with
an affinity∼100-fold higher than that of the loop-inserted forms
of PAI-1 (for reviews, see refs 2 and 3). Some monoclonal
antibodies (54) and a peptide (55), which bind to the loop con-
necting R-helix D and β-strand 2A, have a relatively low affinity
for the active formof PAI-1 but a stronger affinity for latent PAI-1
and cause a strong to moderate increase in the latency transition
rate. A number of small organochemical compounds, for ins-
tance, bis-ANS, have been shown to induce PAI-1 substrate
behavior followed by conversion to a polymeric, likewise inactive
state. These compounds bind to a hydrophobic pocket lined by
R-helix D and β-strand 2A and have a differential affinity for
active and loop-inserted forms of PAI-1 (for reviews, see refs 18
and 56). Thus, each of these compounds responds to RCL inser-
tion by a change in their binding affinity, when binding to the
native form, that either delays or stimulatesRCL insertion. There
is bidirectional communication between the flexible joint region
and the movements of the RCL. The differential effects of the
ligands are coupled to different binding sites within the flexible
joint region.

Since both aptamers impose functional effects on PAI-1
resembling those of vitronectin, i.e., prolongation of the latency
transition half-life, delay of loop insertion during the reaction with
target proteases, and protection against inactivation of PAI-1’s
antiproteolytic activity by organochemical compounds like bis-
ANS (48, 57-59), it is particularly instructive to compare their
binding sites. The binding site for vitronectin is centered around
Arg103 and Gln125, in β-strand 2A and β-strand 1A, respec-
tively (21, 53). Four residues, relatively close to each other at the
bottom of R-helix D and the top of R-helix E, form the binding
site for paionap-5. paionap-40 binds to the same four residues
but, in addition, has a remarkable contact with Lys124. Inter-
estingly, Lys124 is of little importance for the binding to vitro-
nectin (21). Comparing the three-dimensional structures of
active (60) and loop-inserted (61) forms of PAI-1, we can account
for the ∼100-fold lower affinity of somatomedin B for RCL-
inserted PAI-1 than for active PAI-1 by relative large transloca-
tions of the side chains of the central binding residues, Arg103
and Gln125. In the aptamer binding sites, the four residues
common to the binding sites for the two aptamersmove relatively
little upon RCL insertion (60, 61), explaining the approximately
identical affinities of paionap-5 for the two forms of PAI-1.
However, the very weak binding of paionap-40 to the RCL-
inserted forms of PAI-1 can be explained by a substantial reloca-
tion of Lys124 during loop insertion (59-61).

The differential binding sites for somatomedin B and each of
the two aptamers are correlated with differential effects on the
rate of conversion of PAI-1 to the latent state. First, it is remar-
kable that the latency transition of PAI-1 may be delayed by
the aptamers, which have binding sites different from that of
somatomedin B. Second, it is remarkable that paionap-40 causes

the strongest delay of the PAI-1 latency transition ever reported
for a specific ligand. Via comparison of the binding sites for
paionap-5 and paionap-40, it seems clear that it is the contact of
paionap-40 with Lys124 that enables this aptamer to delay the
latency transition so strongly. Also, the aptamers seem to affect
the movements of the RCL differently, as indicated by their
different effects on the rate of inactivation of PAI-1 by the RCL-
mimicking peptide TVASS. paionap-5 caused a small but sig-
nificant acceleration of the inactivation of PAI-1 by TVASS.
According to a recent report (47), such a change would suggest
that the RCL goes from a partially inserted state to fully exposed
state, leaving a gap between β-strands 3A and 5A open for in-
corporation of TVASS. In contrast, paionap-40 caused a sever-
alfold deceleration of the rate of TVASS-induced inactivation,
suggesting that its effect on the latency transition state has a
mechanism completely different from that of paionap-5. The
most ready explanation is that paionap-40 causes a complete
extraction of the RCL but, in contrast to paionap-5, also a
complete closure of the gap between β-strands 3A and 5A. The
assumption that both aptamers cause a change in the RCL
conformation agrees with the observation that both aptamers
cause an increase in the second-order rate constant for the
interaction between uPA and PAI-1, presumably resulting from
a more optimal presentation of the RCL to the active site of the
protease. In contrast, the effect on the klim for the reaction was
modest, emphasizing the differential nature of strand insertion
during complex formation and latency transition.

In agreement with the fact that only paionap-5 binds with high
affinity to the RCL-inserted forms of PAI-1, this aptamer is an
effective inhibitor of the binding of the uPA-PAI-1 complex to
the endocytosis receptors LRP-1A and VLDLR. Endocytosis
receptors of the low-density lipoprotein receptor family are
responsible for the clearance of a variety of proteins from cell
surfaces and the circulation (for a review, see ref 5). Prominent
among these proteins are plasminogen activator-serpin com-
plexes (for a review, see ref 2). The receptor binding area on the
uPA-PAI-1 complex was mapped to an extended surface
spanning both PAI-1 and uPA (6, 7, 50). On the PAI-1 moiety,
the binding area encompasses the flexible joint region around
R-helix D and R-helix E (50, 62, 63). paionap-5 binds exactly in
this area. We previously isolated a PAI-1 binding cyclic peptide
also binding in that area and also inhibiting endocytosis receptor
binding (64). However, the IC50 for the peptide was in the micro-
molar range, so high that the window between the target specific
effect and nonspecific detergent-like effects was very small. In
contrast, the IC50 for paionap-5, as described here, is in the nano-
molar range with no measurable effect of aptamers of irrelevant
sequence.

Glycosylated PAI-1 has a slightly lower affinity for paionap-5
and paionap-40 than nonglycosylated PAI-1. The glycans at-
tached to Asn211 of PAI-1 probably partly shield the binding
sites. In agreement with this, we previously reported that PAI-1
variants lacking this glycosylation site have an increased affinity
for monoclonal antibodies binding to the adjacent loop connect-
ing R-helix D and β-strand 2A (65).

A variety of compounds have previously been isolated and
characterized with respect to their effect on the variousmolecular
interactions of PAI-1. Prominent among those are monoclonal
antibodies developed to inhibit the antiproteolytic effect of PAI-1.
They do so either by sterically hindering the access of plasmino-
gen activators to the RCL, by inhibiting protease translocation,
or by accelerating the conversion of PAI-1 to the inactive latent
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state (for a review, see ref 66). As mentioned above, a variety of
organochemical compounds have been shown to induce PAI-1
substrate behavior followed by conversion to a polymeric, like-
wise inactive state (for reviews, see refs 18 and 56). Common to
these compounds is the fact that they inhibit more than one
function of PAI-1. Compounds inhibiting the antiproteolytic
effect will also inhibit the interaction with the endocytosis
receptors, as PAI-1 in a complex with protease bind with higher
affinity than free PAI-1 to these receptors. All the antiproteoly-
tically inactive forms of PAI-1, induced by antibodies or orga-
nochemicals, bind to vitronectin with a drastically reduced
affinity, and the substrate behavior-inducing antibodies compete
with vitronectin for binding. In fact, paionap-40 is the first
compound to be developed which among the three types of
intermolecular interactions of PAI-1 has been demonstrated
to inhibit only vitronectin binding. Compared to the organo-
chemicals, the aptamers have the same advantages as the anti-
bodies, having a high specificity and a high affinity. In conclu-
sion, aptamers like those described here hold the promise of being
useful for target validation in analysis of the molecular mechan-
isms of physiological and pathophysiological functions of PAI-1
in in vivo model systems. Furthermore, they will be useful tools
for analyzing serpin conformational changes in in vitro studies.
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