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Abstract

Background: Plasminogen activator inhibitor-1 (PAI-1), a key inhibitor of plasminogen 

activators (PAs) tissue-type PA (tPA) and urokinase-type PA (uPA) plays a crucial role in many 

(patho)physiological processes (e.g., cardiovascular disease, tissue fibrosis) as well as in many 

age-related pathologies. Therefore, much effort has been put into the development of small 

molecule or antibody-based PAI-1 inhibitors.

Objective: To elucidate the molecular mechanism of nanobody-induced PAI-1 inhibition.

Methods and Results: Here we present the first crystal structures of PAI-1 in complex with 

two neutralizing nanobodies (Nbs). These structures, together with biochemical and biophysical 

characterization, reveal that Nb VHH-2g-42 (Nb42) interferes with the initial PAI-1/PA complex 

formation, whereas VHH-2w-64 (Nb64) redirects the PAI-1/PA interaction to PAI-1 deactivation 

and regeneration of active PA. Furthermore, whereas vitronectin does not have an impact on 

the inhibitory effect of Nb42, it strongly potentiates the inhibitory effect of Nb64, which may 

contribute to a strong inhibitory potential of Nb64 in vivo.
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Conclusions: These findings illuminate the molecular mechanisms of PAI-1 inhibition. Nb42 

and Nb64 can be used as starting points to engineer further improved antibody-based PAI-1 

inhibitors or guide the rational design of small molecule inhibitors to treat a wide range of 

PAI-1-related pathophysiological conditions.
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1 ∣ INTRODUCTION

Plasminogen activator inhibitor-1 (PAI-1), a 45-kDa glycoprotein, is the main physiological 

inhibitor of tissue-type (tPA) and urokinase-type (uPA) plasminogen activators (PAs) 

that represent important components of the fibrinolytic system.1 Numerous studies have 

demonstrated that elevated levels of PAI-1 are a risk factor for various thrombotic 

diseases.2-4 Experimental animal studies provided evidence that inhibition of PAI-1 activity 

results in a profibrinolytic effect.5-9 Furthermore, studies in animal models as well as 

epidemiologic and clinical studies in humans have shown that PAI-1, apart from its role 

in cardiovascular disease, is also involved in various other pathophysiological processes by 

acting through multiple pathways.1,10-12

Structural studies have distinguished three conformations of PAI-1: active, cleaved, and 

latent (Figure 1).13,14 In the active conformation, PAI-1 inserts its flexible surface-exposed 

reactive center loop (RCL) that presents a substrate-mimicking peptide sequence (P1-P1′ 
corresponding to Arg346-Met347) into the active site of the PA to form a transient Michaelis 

complex. Following this initial docking step, an acyl-enzyme intermediate is formed by 

cleavage of the P1-P1′ bond. This triggers a major conformational change in which the 

cleaved RCL is rapidly inserted into the central β-sheet A of PAI-1 to form an extra 

antiparallel strand (s4A). Simultaneously, the bound PA is translocated 70 Å to the opposite 

side of the PAI-1 molecule, where the PA remains stably attached because of distortion 

of its catalytic triad.15,16 The substrate form of PAI-1 varies from the active conformation 

in that the acyl-enzyme intermediate is supposedly more prone to hydrolysis resulting in 

the release of the PA and yielding cleaved PAI-1.17 Finally, active PAI-1 spontaneously 

converts into a nonreactive stable latent form by insertion of the RCL without prior cleavage, 

thereby making P1-P1′ inaccessible for its target PA.18 In plasma and the extracellular 

matrix, vitronectin (Vn) binds to active PAI-1 with high affinity, thereby slowing down this 

transition and stabilizing the active form.19,20

The involvement of PAI-1 in various pathophysiological conditions makes it an attractive 

target for the development of specific inhibitors. PAI-1 inhibition can be achieved through 

three mechanisms: (a) by a direct interference with the formation of the PAI-1/PA Michaelis 

complex, (b) by accelerating the conversion of PAI-1 to its latent form, or (c) by inducing 

the PAI-1 substrate behavior. Over the past 2 decades, several PAI-1 inhibitors including 

small molecules, peptides, antibodies, and antibody derivatives have been discovered and 

characterized. However, to the best of our knowledge, to date none of those are suitable for 
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therapeutic use in humans, presumably because of toxicity and selectivity issues.21 Better 

understanding of the molecular mechanisms of PAI-1 inhibition is therefore necessary to 

guide the rational design of improved PAI-1 modulators.

Our laboratory has generated a variety of monoclonal antibodies (mAbs), antibody 

fragments, and nanobodies (Nbs) that impair the functional activity of PAI-1.6,22,23 Nbs 

(~15 kDa) are recombinant antigen-binding variable domains derived from heavy-chain-only 

antibodies found in sera of Camelidae.24 Within a panel of Nbs, VHH-2g-42 (Nb42) 

and VHH-2w-64 (Nb64) exhibit distinct inhibitory properties toward PAI-1.23 According 

to biochemical characterization, Nb64 switched the PAI-1/PA interaction to the substrate 

pathway, whereas Nb42 appeared to interfere with the initial steps of the PAI-1/PA complex 

formation.23

Beyond the very few structures of PAI-1 complexes with small molecule or peptide 

inhibitors25-27 and only one recent structure of PAI-1 in complex with an antibody Fab 

fragment,28 no structures of PAI-1/Nb complexes have been described. Here, we report 

the first atomic structures of two stabilized active PAI-1 mutants, PAI-1-W175F and PAI-1-

N150H-K154T-Q301P-Q319L-M354I (PAI-1-stab), each in a triple complex with Nb42 and 

Nb64 as well as PAI-1-stab in complex with Nb42. These structures, complemented with 

biochemical and biophysical characterization, reveal the mechanisms of PAI-1 inhibition. 

This deeper understanding of PAI-1 inhibition at the molecular level is essential to improve 

the inhibitory properties of these antibody-based profibrinolytics and to guide rational 

design of small molecule PAI-1 inhibitors.

2 ∣ METHODS

2.1 ∣ Cloning, expression, and purification of recombinant PAI-1 and Nbs

A Nb library was previously constructed, and a panel of Nbs with distinct inhibitory 

properties toward PAI-1 activity were characterized and reported.23 The selected Nbs, wild-

type PAI-1 (PAI-1-wt), PAI-1-W175F, and PAI-1-stab were expressed in Escherichia coli 
as His-tagged small ubiquitin-like modifier (SUMO) fusion proteins29 using auto-induction 

ZYP-5052 media.30 Native proteins were prepared by treating the fusion proteins with 

SUMO hydrolase and purified by subtractive immobilized metal affinity chromatography, 

ion exchange chromatography, and gel filtration at 4°C.

2.2 ∣ Crystallization and data collection

To prepare the PAI-1-stab/Nb42 complex, PAI-1-stab was incubated with Nb42 (1:1.1 molar 

ratio, 22°C, 30 minutes) and concentrated to 5.6 mg mL−1 at 4°C. The complex was 

crystallized using the sitting-drop vapor diffusion method, mixing an equal volume of 

protein solution with precipitant (1 mol L−1 succinic acid, 0.1 mol L−1 HEPES, 1% w/v 

PEG2000, pH 7.0) at 20°C. For cryoprotection, the drop was overlaid with paraffin oil and 

the crystals were pulled through the oil before flash-cooling in liquid nitrogen. The triple 

PAI-1-stab/Nb42/Nb64 complex (1:1.1:1.1 molar ratio) was prepared in a similar way as 

the PAI-1-stab/Nb42 complex and concentrated to 6.8 mg mL−1. Optimized crystals were 

grown by mixing the protein solution with precipitant (0.1 mol L−1 Bis-Tris pH 6.5, 17% 
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w/v PEG3350, 3% v/v methanol) at a 2:1 volume ratio in a sitting-drop vapor diffusion 

format at 20°C and cryoprotected by transferring the crystals through paraffin oil. The 

PAI-1-W175F/Nb42/Nb64 complex was prepared in a similar way as PAI-1-stab/Nb42/Nb64 

and concentrated to 6.8 mg mL−1. Optimized crystals were grown by mixing the protein 

solution with precipitant (0.1 mol L−1 Bis-Tris pH 6.5, 10% w/v PEG3350) at a volume ratio 

of 2:1 using hanging-drop vapor diffusion at 4°C. Crystals were cryoprotected by briefly 

transferring the crystal to crystallization solution supplemented with 20% v/v ethylene 

glycol.

X-ray diffraction data were collected at 100 K using the PROXIMA2 beamline of SOLEIL 

Synchrotron and the ID-30A and ID-30B beamlines at the European Synchrotron Radiation 

Facility (ESRF). Data collection and refinement statistics are listed in Table 1.

2.3 ∣ Structure determination, refinement, and analysis

The obtained diffraction data were processed using autoPROC in default settings, with 

a high-resolution cutoff on CC1/2 0.60.31 The data were initially phased by molecular 

replacement using the structure of PAI-1-W175F (Protein Data Bank [PDB]: 3Q0232) or 

PAI-1-stab (PDB: 1DB233) in active conformation as a search model using PHASER.34 

Nb42 and Nb64 were initially modelled based on homologous Nb structures that were 

selected using a protein basic local alignment search tool (BLAST) (PDB: 5JA8 and 

5JA9, respectively35). The structures of the PAI-1/Nb complexes were improved by iterative 

rounds of manual rebuilding in Coot and refinement in phenix.refine.36 Final models have 

been deposited to the PDB under the accession codes 6GWN (PAI-1-W175F/Nb42/Nb64), 

6GWP (PAI-1-stab/Nb42/Nb64), and 6GWQ (PAI-1-stab/Nb42). PyMOL (The PyMOL 

Molecular Graphics System, version 2.0.7, Schrödinger, LLC) was used to visualize and 

superimpose models and to compute root-mean-squared deviations for all Cα atoms (Cα 
RMSD). The interfaces present in the complexes were analyzed using the PISA software.37

2.4 ∣ Size exclusion chromatography and inline small-angle X-ray scattering (SAXS)

SAXS experiments were performed at 288 K on the PAI-1/Nb complexes in a buffer 

containing 20 mmol L−1 Bis-Tris pH 6, 300 mmol L−1 NaCl and 5% v/v glycerol at 

the SWING beamline (SOLEIL Synchrotron). Protein samples (40-50 μL, ~10 mg mL−1) 

were loaded on an Agilent Bio SEC-3, 300Å, 4.6 × 300-mm high-performance liquid 

chromatography column and were eluted into the SAXS capillary cell at a flow rate of 0.3 

mL min−1. SAXS data for both buffer (180 frames, 750 ms exposure time, and 250 ms dead 

time) and PAI-1/Nb complex (254 frames, same exposure and dead times) were collected. 

Buffer frames were processed, averaged, and subtracted from each protein frame (excluding 

outliers) using Scatter.38 For each sample, five scattering curves collected around the 

peak maximum were selected using CORMAP39 and averaged and scaled using Scatter.38 

Solution-scattering profiles from the atomic structures of the complexes were calculated and 

fitted to the experimental averaged scattering curves using CRYSOL.40 Models for fitting 

the SAXS data for the triple complex were based on the crystal structure of PAI-1-W175F/

Nb42/Nb64 (PDB: 6GWN). Models for fitting the SAXS data for binary complexes were 

based on the same crystal structure by taking chains A and B (PAI-1-W175F/Nb42) or A 

and C (PAI-1-W175F/Nb64).
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2.5 ∣ Effect of Nbs on the stoichiometry of inhibition (SI) of uPA and tPA by PAI-1

The SI, defined as the number of moles of PAI-1 required for the inactivation of one mole 

of PA, for the reaction between free or monomeric Vn-bound PAI-1-wt and two-chain tPA 

(tctPa) or uPA (tcuPA) (all from Molecular Innovations Inc) in the presence of Nbs was 

estimated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) as 

described previously.41,42 Briefly, PAI-1-wt (3.0-4.0 μmol L−1) (in the absence or presence 

of Vn at 1.2- to 1.5-fold molar excess) was preincubated with Nb (6.0-8.0 μmol L−1) for 

10 minutes on ice and 2 minutes at room temperature, then mixed with an equal volume of 

3.6-8.0 μmol L−1 tcuPA or tctPA (1.5- to 2.0-fold molar excess) and incubated 10 minutes 

at room temperature. The gels were stained with GelCode Blue Safe Protein Stain, and 

scanned and analyzed using a Molecular Imager equipped with Quantity One (version 4.2.3) 

software (Bio-Rad Laboratories). The amount of PAI-1 (unreactive plus latent, cleaved, and 

complexed with PA) was estimated from the intensity of the corresponding bands on gel 

scans.

2.6 ∣ Effect of Nbs on the rate of RCL insertion during the reaction of NBD P9 PAI-1 with 
tPA and uPA

Time-dependent RCL insertion during the reaction of PAI-1 with tctPA and tcuPA was 

measured by incubating various amounts of the PA (0-5.0 μmol L−1) with 18-24 nmol L−1 

NBD (N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-3-diazole) P9 PAI-1 

(Molecular Innovations Inc) (in the absence or presence of Vn at 1.2- to 1.5-fold molar 

excess) alone or in in the presence of 180-24 nmol L−1 Nb42, Nb64 or both Nbs in a manner 

similar to that used for studies of mAbs.17,43,44 A microvolume stopped-flow reaction 

analyzer (SX-20; Applied Photophysics Ltd), equipped with a fluorescence detector and a 

thermostated cell (25°C) was used to record the time change in NBD fluorescence emission 

through a 515-nm cutoff filter (excitation at 490 nm). The first-order observed rate constant 

(kobs) was calculated by fitting the recorded change in NBD fluorescence with a single 

exponential equation Ft = F∞+Ae−(kobs)t, where Ft is the fluorescence emission at time t, 
F∞ is the final fluorescence, and A is the amplitude. The fitting was done using Pro-Data 

Viewer software (Applied Photophysics Ltd). Dependences of kobs on the concentration of 

PA ([PA]) were plotted using SigmaPlot 12.0. The values of klim and Km were estimated by 

fitting a hyperbolic equation kobs = klim*[PA]/(Km+[PA]). (klim is kobs at infinite [PA] and 

Km is the [PA] at kobs = klim/2. The values of the second-order rate constant klim/Km were 

estimated by fitting a linear equation kobs = klim/Km *[PA]+A0 to the data. All experiments 

were carried out in 0.1 mol L−1 Hepes/NaOH pH 7.5 buffer.

2.7 ∣ PAI-1 neutralization assay

The functional properties of Nb42 and Nb64 were determined by assessing their ability to 

inhibit active PAI-1. PAI-1 activity was determined by a chromogenic plasminogen-coupled 

assay described by Verheijen et al.45 and performed as previously described23 with minor 

modifications. PAI-1-wt (168 ng mL−1 with an activity of ~60% of the theoretical maximum 

value) was incubated with buffer or a 10-fold molar excess of Vn, followed by incubation 

with serial two-fold dilutions of Nb, resulting in a molar ratio between 0.5- and 256-fold 

molar excess of Nb over PAI-1. To evaluate the ability of the Nbs to inhibit PAI-1 activity 
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towards uPA, a similar assay was conducted with minor modifications. Following incubation 

of PAI-1-wt (120 ng mL−1 with an activity of ~60% of the theoretical maximum value) with 

buffer or Vn, and subsequent incubation with Nb, 50 μL of uPA (5 IU mL−1) was added. 

After incubation, a substrate solution containing plasminogen (2 μmol L−1) and S-2403 (0.6 

mmol L−1) was added. A standard curve spanning 5 IU mL−1 to 1 IU mL−1 uPA was used 

to quantify the amount of residual uPA activity. To quantify the additive effects of Nb42 and 

Nb64 on PAI-1 neutralization, dose-response curves for Nb42 were evaluated in the presence 

of Nb64 at fixed concentrations (1- to 16-fold molar excess over PAI-1). The percentage of 

PAI-1 inhibition (ie neutralization of PAI-1 activity) was calculated from the residual PAI-1 

activity measured in the presence of Nbs.

2.8 ∣ Statistical analysis

Inhibition curves were fitted using the non-linear regression [Inhibitor] vs. response – 

Variable slope (four parameters) model on GraphPad Prism 7.03 (GraphPad Software). 

Maximum inhibition and half maximal inhibitory concentration (IC50) values were 

calculated for each experimental repeat and reported as mean ± SD (n ≥ 3). Statistical 

analyses were performed with the two-tailed unpaired t-test. P < 0.05 was considered 

statistically significant.

Stopped-flow fluorescence traces were analyzed using a Pro-Data Viewer (Applied 

Photophysics Ltd). Assuming pseudo-first-order kinetics with [PA] at least 5-fold higher 

than that of NBD P9 PAI-1 or its complex with Nbs, a single exponential equation was fit 

to the stopped flow traces to calculate kobs. The quality of the fit was estimated by visual 

analysis of the plots of the residuals (deviation of the fitted function from the actual data). 

The values of kobs (n ≥ 3; standard error < 10%) were plotted against [PA]. Plots were fitted 

by hyperbolic or linear equation to calculate parameters (klim, Km, and klim/Km), using 

nonlinear least squares fitting with the Levenberg-Marquardt algorithm (SigmaPlot 12.0 for 

Windows; SPSS Inc). Correlation coefficients (r) calculated from curve fittings were used as 

a parameter of the goodness of fit; r2 of the fit was greater than 0.90 for all the kinetic data.

3 ∣ RESULTS

3.1 ∣ Overview of the PAI-1/Nb complex structures

The crystal structures of the triple complexes PAI-1-W175F/Nb42/Nb64 and PAI-1-stab/

Nb42/Nb64 as well as of the binary complex PAI-1-stab/Nb42 were determined at 2.0, 2.3, 

and 2.3 Å resolution, respectively (Table 1). Superimposition of the structures of the two 

triple complexes yielded a Cα RMSD of 1.093 A, excluding the flexible RCL, showing 

that they are essentially the same. In addition, the crystal structure of the PAI-1-stab/Nb42 

binary complex is very similar to the corresponding substructure of the triple PAI-1-W175F 

complex (Cα RMSD of 1.709 Å). Therefore, only the PAI-1-W175F/Nb42/Nb64 structure 

will be used to discuss the interactions between PAI-1 and both Nbs.

The structure of PAI-1 in the complex (Figure 2A) represents the well-studied active 

conformation seen for various serpins.46 As expected, a major part of the RCL, residues 

335 to 348, is disordered in the electron density maps and is therefore not included in 
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the final model of the complex. Comparison of the PAI-1-W175F structure in the complex 

and the isolated PAI-1-W175F structure (PDB: 3Q02,32 chain A) shows that no major 

conformational changes are induced upon interaction of PAI-1 with the inhibitory Nbs (Cα 
RMSD of 0.678 Å).

SAXS data, collected to verify whether the obtained crystal structures of PAI-1/Nb 

complexes represent the true structure in solution, convincingly support the crystallographic 

conformations in each case (Figure S1).

3.2 ∣ Interactions between PAI-1 and Nb42

The structures reveal that Nb42 binds to a conformational epitope on PAI-1 which comprises 

the loop connecting strands 1 and 2 of β-sheet B (s1B and s2B) as well as the proximal 

portions of each strand (Figure 2A). The 608 Å2 interface is stabilized mainly by polar 

interactions made by residues on all Nb CDRs (Figure 2B). CDR1 Thr31 and Gln35, CDR2 

Asn53, and CDR3 Arg100 and Leu101 interact with PAI-1 through the formation of 5 

hydrogen bonds and a salt bridge (Figure S2B, C and Table S1).

Next, we have superimposed the PAI-1-W175F/Nb42/Nb64 structure with the previously 

established structures of Michaelis complexes of PAI-1 with S195A mutants of tPA (Figure 

3A) and uPA (Figure 3B), respectively (PDB: 5BRR47 and 3PB148). Such superimposition 

reveals that the binding of Nb42 occurs at a distance from the RCL and thus should not 

interfere with the interaction of the RCL and the active site of the PA, which was confirmed 

by fluorescence measurements using NBD P1′ PAI-1 (data not shown). Simultaneously, 

there is a small overlap in the binding region in PAI-1 for Nb42 and an additional exosite 

binding region in PAI-1 for both PAs (Figure 3C, D). Indeed, a negatively charged patch 

formed by the side chains of Tyr210, Glu212, Tyr241, and Asp222 on β-sheet B of PAI-1 

makes electrostatic interactions with the so-called 37-loop of tPA and uPA.47,48 This loop 

includes two consecutive positive charges of Arg37a and Arg37b. In the uPA complex, 

there is likewise a salt bridge between PAI-1 Glu212 and the sole charged residue Arg37a. 

Additionally, the aromatic side chain of Tyr220 interacts with uPA Arg37a through a cation-

π interaction. In this respect, it is notable that the PAI-1/Nb42 interface includes a salt 

bridge formed between PAI-1 Glu212 and CDR3 Arg100. We thus conclude that the binding 

of Nb42 interferes with the interaction of PAs with this exosite on PAI-1 and thereby could 

affect the initial Michaelis complex formation.

3.3 ∣ Interactions between PAI-1 and Nb64

Nb64 binds to an epitope located at the opposite side of the PAI-1 molecule with respect 

to the RCL (Figure 2A). The larger part of the epitope is formed by the exposed portion of 

the hI-s5A loop (residues 300 to 314) (Figure 2C). Nb64 has its CDR3 folded over the FR2 

region and binds PAI-1 in a sideways orientation, resulting in a slightly larger interaction 

interface of 802 Å2 compared with Nb42. This interface is stabilized by 10 hydrogen bonds 

and 3 salt bridges, mainly involving CDR2 (Ser54, Asp55, and Tyr60) and CDR3 (Arg102, 

Arg105, Asn106, and Tyr108) (Figure S2D, E and Table S1). Notably, interactions between 

PAI-1 and the FR2 region (Glu44 and Arg45) as well as a stacking interaction between 
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PAI-1 Phe302 and the disulfide bond formed between Cys50 (CDR2) and Cys104 (CDR3) 

contribute to the sideways binding of Nb64 to PAI-1 (Figure S2E).

Interestingly, this interface in PAI-1, comprising hC and the hI-s5A loop, was previously 

identified as a major determinant of the epitope of the substrate inducing mAb 

MA-8H9D4.49 Previous studies showed that MA-8H9D4 neither affects binding of PAs 

to PAI-1, nor induces significant deacylation of the PAs from preformed PAI-1/PA 

complexes.17 This indicates that, as reported for MA-8H9D4, Nb64 acts after initial 

complex formation and prior to the formation of the final inhibitory complex, possibly by 

preventing disordering of the active site of the PA.17

3.4 ∣ The reaction of PAI-1 with tPA and uPA is redirected toward the substrate branch by 
Nb64, but not by Nb42, irrespective of the presence of Vn

To evaluate the effects of both Nbs on PAI-1 functionality, we analyzed the outcome of the 

reaction between PAI-1-wt and tctPA and tcuPA by SDS-PAGE. Nb42 and Nb64 affected 

the PAI-1/PA interaction differently, as evident from the analysis of the reaction products 

(PAI-1/PA-complex, unreactive or latent PAI-1, and cleaved substrate PAI-1) (Figure 4). The 

amounts of latent PAI-1 did not change in the presence of one or both Nbs. Thus, neither Nb 

significantly accelerates the transition from active to latent PAI-1 (Figure 4). Furthermore, 

Nb42 did not significantly change the distribution between complexed and cleaved PAI-1 

upon the interaction with both PAs (Figure 4 and Table 2), indicating that Nb42 affects the 

initial complex formation. In contrast, Nb64 almost completely redirected the PAI-1 reaction 

toward the substrate branch for both PAs. As a result, a dramatic decrease in the inhibitory 

complex coincided with a simultaneous increase in cleaved PAI-1 and free PA (Figure 4). 

The extent (SI value) of this redirection was more pronounced for uPA (SI = 27 ± 5) than 

tPA (SI = 15.6 ± 3.0). Nb42 did not significantly alter the effects of Nb64 on the PAI-1/tPA 

interaction. However, the simultaneous presence of both Nbs (Figure 4) affects the SI for 

uPA, decreasing it to the values similar to that for tPA (16.9 and 12.4, respectively, Table 2). 

Vn did not have an impact on the effect of Nb42 on the outcome of the PAI-1/PA reactions. 

In contrast, for Nb64, the presence of Vn increased the SI for the PAI-1/tPA reaction (15.6 

± 3.0 to > 30) and decreased the SI for the PAI-1/uPA reaction (27 ± 5 to 10.0 ± 2.0). This 

decrease, however, only reflects a minor effect on the overall reaction outcome (96% to 90% 

substrate reaction).

3.5 ∣ The rate of RCL insertion during the interaction of PAI-1 with both PAs is 
dramatically affected by Nb42, but not by Nb64, irrespective of the presence of Vn

NBD P9 PAI-1,50 an active PAI-1 mutant in which the fluorescent NBD probe is introduced 

at position P9 (N-terminal to the P1-P1′ bond) in the RCL, was used to determine the effects 

of the Nbs on the rate of RCL insertion. The values of the first-order limiting rate constant 

of RCL insertion (klim), the [PA] at half-saturation (Km) and klim/Km for the reaction of free 

NBD P9 PAI-1 and its Nb complexes with PAs are shown in Table 2. Binding of Nb42 to 

NBD P9 PAI-1 resulted in an increase in the klim (1.5 to 5.0 s−1) and Km (0.22 to 1.2 μmol 

L−1), decreasing the specificity of the PAI-1/tPA reaction (klim/Km) from 6.8 to 4.2 (μmol/L)
−1 s−1 (Table 2). A more pronounced effect was observed for the reaction of NBD P9 PAI-1 

with uPA, resulting in a 16-fold decrease in the klim/Km (from 11.3 to 0.7 (μmol/L)−1 s−1; 
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P < 0.05) (Table 2). In the presence of Vn, the kinetic parameters were affected similarly 

(Table 2). While binding of Nb64 did not significantly change klim or Km for the reaction 

of NBD P9 PAI-1 with tPA, it resulted in a more than two-fold decrease in both the klim 

(from 8.7 to 4.4 s−1; P < 0.05) and the Km (from 0.77 to 0.3 μmol L−1; P < 0.05) with only 

a slight increase in the klim/Km (from 11.3 to 14.7 μmol L−1 s−1; P < 0.05) for the reaction 

with uPA. The presence of Vn did not affect the changes in the klim and Km induced by 

Nb64 for the PAI-1/tPA reaction; however, it resulted in a slight decrease in the Km for the 

reaction with uPA (from 4.4 to 2.5 s−1). Furthermore, when Vn was present, the specificity 

for both PAI-1/PA reactions decreased (Table 2). The simultaneous presence of Nb64 and 

Nb42 did not significantly change klim or Km for the reaction of NBD P9 PAI-1 with tPA 

compared with Nb42 alone (5.2 vs 5.0 s−1 and 1.4 vs 1.2 μmol L−1, respectively; P > 0.05). 

This observation indicates that the effects on the kinetics of RCL insertion for tPA and uPA 

in the presence of both Nbs are primarily due to Nb42. Interestingly, binding of Nb42 to the 

exosite for both PAs on PAI-1 affected the PAI-1/tPA and PAI-1/uPA reactions differently, 

which illuminates the differences in exosite interactions between PAI-1 and both PAs.

3.6 ∣ Both Nb42 and Nb64 prevent PAI-1 from inactivating PAs independently of Vn, 
whereas Vn strongly potentiates the inhibitory effect of Nb64

Of note, the crystal structures of the PAI-1/Nb complexes provide a rational explanation 

of the previously obtained affinity data for both Nbs, including the effect of glycosylation 

and mouse and rat PAI-1 cross-reactivity (Supporting Information). Next, to understand 

the ability of both Nbs to interfere with the PAI-1/PA interaction in semi-physiological 

conditions, we carried out further functional analysis. These showed that both Nbs inhibit 

PAI-1-wt activity in a dose-dependent manner (Figure S4A) when followed by incubation 

with tPA, reaching a maximum inhibition of 30% ± 6% and 55% ± 5% for Nb42 and Nb64, 

respectively (Figure 5A), with corresponding IC50 values of 87 ± 46 and 16 ± 5 nmol L−1 

(Figure 5B). For Nb42, the values observed for the PAI-1/uPA interaction are similar to 

those for the PAI-1/tPA interaction. Interestingly, when PAI-1 is incubated with uPA, the 

maximum inhibition by Nb64 is increased to 88% ± 4% (P < 0.0001) with a corresponding 

lower IC50 value of 4.6 ± 0.6 nmol L−1 (P < 0.01) (Figure 5A, B). Furthermore, whereas 

binding of Vn to PAI-1 did not change the inhibitory effects of Nb42, it strongly potentiated 

the inhibitory effects of Nb64, resulting in an increased maximum PAI-1 inhibition of 93% 

±6% (P < 0.0001) with a lower IC50 value (2.8 ± 0.8 nmol L−1, P < 0.0001) when incubated 

with tPA, and a lower IC50 value (2.0 ± 0.5 nmol L−1, P < 0.0001) when incubated with 

uPA (Figure 5A, B). Nb42 and Nb64 were also evaluated as a mixture for their capacity 

to inhibit PAI-1-wt activity. Incubation of PAI-1 with Nb42 in the presence of a fixed 

concentration of Nb64 clearly increased the maximal observed effect of Nb42, reaching a 

maximum inhibition of 67% ± 10% with an IC50 value of 4 ± 2 nmol L−1 (Figure S4B, C). 

This observed effect did not significantly differ from the theoretically calculated values for 

an additive effect (P = 0.5185, Figure S4D).

4 ∣ DISCUSSION

In the past, numerous attempts have been made to discover and develop PAI-1 inhibitors 

and to optimize their properties. Beyond the several crystal structures of PAI-1 in active, 
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latent or cleaved conformations,32,51,52 only a handful of structures containing PAI-1 in 

complex with inhibitory peptides or small molecules have been reported.25-27 Compared 

with these ligand-bound structures, the epitopes of PAI-1 neutralizing mAbs and Nbs have 

been mapped to different regions of the PAI-1 molecule.53 Although several molecular 

mechanisms of PAI-1 neutralization by mAbs were discovered,1,22,42,54 only one crystal 

structure of PAI-1 complexed with an inhibitory antibody fragment was reported.28 The 

structure containing the Fab fragment of the neutralizing antibody MEDI-57928 reveals that 

the fragment binds the RCL from P2 to P3′, including the reactive center P1-P1′ residues, 

and the adjacent exosite for binding the so-called 37-loop of PAs.

In this study, we have determined the crystal structures of complexes of two stabilized 

active PAI-1 mutants, PAI-1-W175F and PAI-1-stab, with two inhibitory Nbs, Nb42 and 

Nb64. Nb42 exclusively binds to strands s1B and s2B in PAI-1, previously identified as a 

region involved in making exosite interactions with the 37-loop of tPA and uPA.47,48 The 

importance of this 37-loop/exosite interaction with respect to PA specificity and the rate 

of Michaelis complex formation was demonstrated by studies using 37-loop mutants9,55 

or antibodies specifically binding to this region of the PA.56 Notable differences between 

exosite interactions of tPA and uPA exist, resulting in a stronger and more extensive 

PAI-1/tPA exosite interaction.47,48,57 The current structures suggest that Nb42 sterically 

interferes with PA binding or affects the PAI-1/PA Michaelis complex by interacting with 

key residues in the exosite for the PA 37-loop. SDS-PAGE analysis of the effect of Nb42 

on the PAI-1/PA reaction did not reveal any role for Nb42 in redirecting the reaction toward 

the substrate branch or in accelerating latency transition, indicating that Nb42 acts before 

the formation of the Michaelis complex. Furthermore, the observed effect of Nb42 on the 

kinetics of the interaction between NBD P9 PAI-1 and PAs illuminates the differences 

in exosite interactions between PAI-1 and both PAs. As mentioned, exosite interactions 

stabilize the PAI-1/tPA Michaelis complex and slow down the dissociation of the acylated 

proteinase from the initial binding site on the PAI-1 molecule,58 which becomes a limiting 

step for the rate of RCL insertion. Binding of Nb42 results in a simultaneous increase in 

the klim and Km for the reaction of RCL insertion and causes a similar, but much more 

pronounced, effect on the rate of RCL insertion with uPA, dramatically decreasing klim/Km. 

This could reflect faster dissociation of the acylated proteinase or even a change in the rate-

limiting step of the reaction (ie RCL insertion instead of dissociation). Thus, Nb42 possesses 

a novel mechanism of PAI-1 neutralization, that is, destabilizing both the Michaelis complex 

and acyl-enzyme bound to the initial binding site on PAI-1, via interference with exosite 

interactions that do not block the inhibitory reaction between PAI-1 and PAs or change 

the SI. This mechanism is considerably different from previously described antibodies 

MEDI-579,28 MA-56A7C10,54 and MA-42A2F6,54 which also bind directly to residues in 

the RCL, thereby blocking the accessibility of the P1-P1′ bond for the PA active site.

It was previously reported that Nb64 redirects the inhibitory pathway of PAI-1 to the 

substrate pathway upon the interaction with its target PA.23 The epitope determined by 

alanine scanning identified residues from hB, hC, and the hI-s5A loop as major determinants 

of the epitope.23 By structural analysis of the PAI-1/Nb64 complex we could confirm the 

crucial involvement of the latter loop. Importantly, Nb64 redirects the PAI-1 mechanism 

toward substrate reaction, exceeding 90%, which correlates with previously reported 
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biochemical data.23 Our structural data suggest that the key residues of the Nb64 epitope 

should be localized very close to the position of the PA after translocation to the opposite 

side of PAI-1. This strongly indicates that Nb64 prevents the final locking step required for 

the irreversible PAI-1/PA complex formation, possibly by preventing distortion of the active 

site of the PA, as previously reported for MA-8H9D4.17

Notably, when both Nbs are bound to PAI-1, additivity in the effects was observed. Nb42 

does not significantly contribute to the effects of Nb64 in redirecting the PAI-1 mechanism 

toward the substrate pathway. At the same time, Nb64 does not affect the changes in the rate 

of RCL insertion induced by Nb42. These findings confirm that both Nbs act independently 

while interfering with different stages of the PAI-1/PA interaction.

As expected, based on the structures, the effect of Nb42 was not affected by the presence 

of vitronectin. Strikingly, Vn strongly potentiated the inhibitory effects of Nb64. Previous 

studies on the effects of Vn-binding to PAI-1 revealed a considerable stabilization of regions 

in PAI-1 remote from the Vn binding site, including the hI-s5A loop.59 Conformational 

stabilization of this region, including the epitope of Nb64, increases the potency of Nb64, 

as reflected by the substantial improvement in maximum inhibitory activity reaching 

approximately 90% in the presence of Vn, and the low nanomolar IC50 values. Of note, 

previous in vivo evaluations of PAI-1 inhibitory mAbs, displaying 58% to 80% inhibition, 

indicate that complete inhibition of PAI-1 activity is not a prerequisite to achieve a desirable 

profibrinolytic effect.6

Taken together, these crystal structures of PAI-1 in complex with two neutralizing Nbs, 

together with biochemical and biophysical characterization provide detailed and novel 

insights into the molecular mechanisms of PAI-1 inhibition and highlight the versatility 

of Nbs in modulating various stages of the PAI-1/PA interaction. Remarkably, while the 

inhibitory capacity of Nb42 is retained in the presence of Vn, Vn strongly potentiates the 

inhibitory effects of Nb64, and may contribute to a strong inhibitory potential of Nb64 in 

vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

• High plasminogen activator inhibitor-1 (PAI-1) levels are a risk factor for 

cardiovascular diseases.

• PAI-1 inhibitory nanobodies were characterized by biochemical and 

biophysical methods.

• Three crystal structures of PAI-1 in complex with nanobodies that modulate 

PAI-1 were solved.

• These nanobodies modulate distinct stages of the PAI-1/plasminogen activator 

interaction.
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FIGURE 1. 
Schematic overview of the plasminogen activator inhibitor-1 (PAI-1) conformations as 

well as the inhibitory (I) and substrate (S) branch upon interaction with the plasminogen 

activators (PAs) tissue-type PA (tPA) and urokinase-type PA (uPA). PAI-1 is light gray; the 

central β-sheet A of the PAI-1 molecule is blue; the flexible reactive center loop (RCL) is 

red; Arg346 and Met347 (P1-P1′) of the reactive center are indicated by magenta and cyan 

spheres, respectively. The PA is green. PDB structures 1DVN, 1DB2, 5BRR, 3EOX, 1EZX, 

and 1H4W were used to generate this figure
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FIGURE 2. 
Cartoon representation of the crystal structure of PAI-1 complexed with Nb42 and Nb64. 

A, Overall structure, consisting of PAI-1 (orange), Nb42 (cyan) and Nb64 (green). The 

flexible reactive center loop (RCL) is colored red. Residues 335 to 348 of the RCL were not 

observed in the crystal structure and are presented by a dashed line. Framework regions of 

Nb42 and Nb64 are cyan and green, respectively; the complementarity-determining regions 

(CDR) 1, CDR2, and CDR3 are yellow, brown, and blue, respectively. The residues closer 

than 4 Å to Nbs are magenta. B, Close-up view of the PAI-1/Nb42 interface. C, Close-up 

view of the PAI-1/Nb64 interface
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FIGURE 3. 
Superimposition of the current crystal structure of PAI-1 (light gray) complexed with Nb42 

(blue) and the previously determined structures of the Michaelis complexes between PAI-1 

(dark gray) and tPA (green) (A, PDB: 5BRR), and PAI-1 (dark gray) and uPA (yellow) 

(B, PDB: 3PB1). The RCL of PAI-1 is red. C, Detail of the interaction interfaces of the 

PAI-1/Nb42 complex and the PAI-1/tPA complex. D, Detail of the interaction interfaces of 

the PAI-1/Nb42 complex and the PAI-1/uPA complex
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FIGURE 4. 
Outcome of the reactions of two-chain tPA (tctPA) (top) and tcuPA (bottom) with PAI-1-

wt in the presence of Nb42, Nb64 or both Nbs. SDS-PAGE analysis of products of the 

reaction between 1.8 μmol L−1 human recombinant tctPA (top) or 1.8 μmol L−1 of human 

recombinant tcuPA with human recombinant PAI-1-wt (1.5 μmol L−1) alone and in the 

presence of 3.0 μmol L−1 of Nb42, Nb64, or both Nbs. Positions of PAI-1-wt/PA inhibitory 

complex (1), PA (2), unreactive/latent PAI-1-wt (3), and cleaved (4) PAI-1-wt, are indicated 

to the right of the gels. The ladder in the top image was rearranged to the left-hand side
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FIGURE 5. 
Inhibition of PAI-1 activity by Nb42 and Nb64. A, Maximum inhibition of the activity of 

free or vitronectin-bound (+Vn) PAI-1-wt, by Nb42 and Nb64 in the presence of tPA (black 

bars) or uPA (white bars). B, IC50 values for the inhibition of free or Vn-bound (+Vn) 

PAI-1-wt by Nb42 and Nb64 in the presence of tPA (black bars) or uPA (white bars). All 

data are represented as mean ± SD; n ≥ 3. ** P < 0.01, **** P < 0.0001
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TABLE 1

Data collection and refinement statistics

PAI-1-
W175F/
Nb42/Nb64

PAI-1-stab/
Nb42/Nb64

PAI-1-stab/
Nb42

PDB ID 6GWN 6GWP 6GWQ

Data collection

 Space group P 21 P 21 C 2

 Cell dimensions

  a, b, c (Å) 45.48, 71.42, 96.60 43.68, 70.80, 98.51 89.87, 123.65, 64.98

  α,β,γ (°) 90, 100.54, 90 90, 97.48, 90 90, 129.94, 90

 Resolution (Å) 94.97-2.03 (2.05-2.03) 48.84-2.28 (2.34-2.28) 49.82-2.32 (2.35-2.32)

 Rmerge 0.056 (0.721) 0.093 (1.06) 0.076 (0.533)

 I/σ(I) 12.22 (2.00) 10.29 (2.01) 9.97 (2.00)

 CC1/2 0.997 (0.784) 0.994 (0.75) 0.995 (0.746)

 Completeness (%) 98 (96) 97(99) 100 (100)

 Redundancy 3.7 (3.5) 3.8 (4.0) 3.9 (3.7)

Refinement

 No. of complexes/ASU 1 1 1

 Reflections used in refinement 38 685 (1158) 26 555 (1889) 23 423 (751)

 Reflections used for Rfree 1957 (66) 1362 (101) 1153 (36)

 Rwork 0.209 0.203 0.206

 Rfree 0.249 0.224 0.231

 No. of atoms 4676 4750 3596

  Protein 4567 4686 3577

  Water 109 64 19

 B factors (Å2)

  Protein 55.89 61.43 55.09

  Water 51.87 49.24 51.91

 R.m.s. deviations

  Bond lengths (Å) 0.007 0.009 0.009

  Bond angles (°) 1.06 1.22 1.20

Note: Diffraction data were collected from a single crystal. The values in parentheses are for the highest resolution shell.
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