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Abstract. Plasminogen activator inhibitor type 1 (PAI-1) 
is a serpin protein, a natural inhibitor of urokinase (uPA) 
and tissue plasminogen activators (tPA). By inhibiting uPA 
it can block growth of the cancer tumors by suppressing 
angiogenesis, while when acting on tPA in the blood it can 
avert conversion of plasminogen to plasmin preventing lysis 
of the clot. Furthermore, blocking PAI-1 activity can protect 
against thrombosis. Thus PAI-1 makes great impact on 
human homeostasis and is desirable for clinical application. 
Wild-type PAI-1 (wt-PAI-1) has a short span of activity with a 
t1/2 of ~2 h, being spontaneously converted into a latent form. 
An enormous effort has been made to create a more stable 
molecule with >600 PAI-1 variants constructed to study 
its structure-function relationship. In the present study, we 
evaluate the structure of the active recombinant VLHL-PAI-1 
(very long half life, active >700 h) which is glycosylated 
similarly to wt-PAI-1 at N232 and N288, with the extended 
reactive center loop, intact engineered -S-S-bridge (Q174C, 
G323C) that precludes latency without affecting structure, and 
can be controlled by a reducing agent to terminate activity at 
will. We have already proven its usefulness to control cancer 
in human cancer cells, as well as preventing clot lysis in 
human whole blood and plasma and in a mouse model. Our 
results demonstrate the potential therapeutic applications 
(topical or systemic) of this protein in the treatment of cancer, 
for the trauma patients to ward off an excessive blood loss, 
or for people with the PAI-1 deficiency, especially during 
surgery.

Introduction

Proteins naturally produced in the body could be of great 
clinical value as non-immunogenic agents, if their function 
can be protected for a therapeutically significant period of 
time. Engineering proteins by single-point or multiple-point 
mutations always raise question how far the expressed mutant 
deviates from the wild type (wt) protein, especially if some 
dramatic changes in protein characteristics are observed. 
Maintaining 100% of VLHL PAI-1 starting activity for about 
700 times longer than wt-PAI-1 in the parallel experiments 
at the same conditions (50 mM Tris HCl, 150 mM NaCl, 
pH 7.5, incubated with 100 µg/ml of bovine serum albumin at 
room temperature) is such a dramatic change (1). The X-ray 
analysis is the only method for larger proteins to provide solid 
evidence about similarities and structural properties, but it 
requires orderly crystals to produce the desired diffraction 
data. For such crystals to form, the protein solution has to be 
chemically and structurally homogeneous over an extended 
period of time. Crystallizing wt-PAI-1 (t1/2 ~2 h) was a bewil-
dering challenge since its active form with a flexible, far out 
extended reactive center loop (RCL, encompassing |355-373|, 
also denoted as P14-P4'), converts within hours into radically 
different, latent (inactive) form where this loop slides inside 
a β sheet as its central strand (A4). This changes the size and 
shape of the entire molecule causing structural heterogeneity. 
Thus, only the structure determination of the latent form of 
the recombinant wt-PAI-1 enzyme was possible [PDB ID: 
1c5g, 1dvn (2,3) and 1lj5 (Stein and Baek, revised in 2009)]. 
However, experiments with functionally extended mutants 
(t1/2 ranging from several to ~180 h) were more successful. 
To avoid confusion and assure consistency when discussing 
mutations we use human PAI-1 sequence numbering after 
Swiss-Prot P05121 chain 24-402 with P1-P1' at R369-M370, 
regardless of the numbers used in the original publication. The 
known structures describe PAI-1 so called 14-1B, containing 
four mutations N173H, K177T, Q342L, M377I [PDB ID: 1b3k, 
1dvm, 1oc0 (missing |361-370|)] (2,4), and another with addi-
tional point mutation at Q324P (PDB ID: 1db2) (5). Another 
recent PDB entry 3pb1 describes the complex of the PAI-1 
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14-1B mutant with the enzymatically inactive uPA S195A 
mutant, giving valuable information about the complex forma-
tion between these molecules (6). The most recently deposited 
structure PDB ID: 3q02 contains only one mutation (W198F) 
and has stability superior over these listed above (t1/2 ~400 h 
and 18 times better than wt-PAI-1 at the same conditions) 
(7) but like 1oc0 does not depict the reactive loop due to a 
disorder (missing |355-370|) (8). Natural PAI-1 is glycosylated 
at two asparagines: 232 and 288, but except for cleaved PAI-1 
where it was confirmed in the crystal structure (PDB ID: 
1a7c, with pentapeptides mimicking A4-β-strand thus having 
a molecule core as in the latent form) (9), this information is 
otherwise not provided.

In our efforts to create a stable and active PAI-1 we 
rationally designed to introduce a -S-S bond by replacing 
Q197 and G355 with cysteines that would hold together A3 
and A5 strands of the central β-sheet being the core of this 
molecule and thus preserving activity by preventing retraction 
of the RCL (Fig. 1). We have found that in the presence of the 
reducing agent the disulfide bridge breaks and the molecule 
converts to the latent form, but when this reducer is removed 
the molecule spontaneously rebuilds -S-S- and regains 
activity (10). This molecule shows no decline in activity for 
a month at room temperature (testing ceased after 700 h) in 
contrast to other known functionally stabilized mutants for 
which t1/2 does not exceed 16 days (7). Such long undeterred 
activity assures adequate stability in storage and treatment in 
the future possible clinical applications.

Materials and methods

VLHL PAI-1 expression and purification. Glycosylated 
VLHL-PAI-1 was expressed in insect cells (Sf9) and puri-
fied to 98% according to a previously described protocol 
(11). Briefly, cell lysate was applied to a Ni2+-NTA agarose 
column pre-equilibrated with a buffer (20 mM sodium acetate, 
pH 5.6, 0.5 M NaCl, 5 mM imidazole, and 0.01% Tween 80). 
The column was washed with the same buffer, then with the 
wash buffer (20 mM sodium acetate, 0.5 M NaCl, 60 mM 
imidazole, and 0.01% Tween 80, pH 5.6), and eluted with the 
buffer containing a 60-1000 mM imidazole gradient. Column 
fractions containing active PAI-1 were pooled and loaded 
onto a desalting column equilibrated with a buffer (0.025 M 
phosphate buffer, 0.6 M NaCl, 1 mM EDTA, pH 6.9). The 
column was washed and PAI-1 was eluted, concentrated and 
stored at -80˚C.

Crystallization, data collection and structure determination. 
VLHL-PAI-1 at a concentration of 5 mg/ml in 0.025 M 
phosphate buffer, 0.6 M NaCl, 1 mM EDTA, pH 6.9, was crys-
tallized by vapor diffusion in hanging drops using 1:1 mixture 
with 0.025 M NaCl, 27% t-butanol in 0.05 M Tris HCl pH 8.5 
at 295 K. Crystallographic data were collected at Berkeley 
National Laboratory beam line 5.0.3, at 100 K, processed 
with HKL suite v.0.95 to a 2.7 Å resolution (12), solved by 
molecular replacement (CCP4 suite of programs) and refined 
by Refmac 5.6 to R = 20.9%, Rfree = 28.2% using 13038 inde-
pendent reflections and a molecular model of 3086 atoms (13). 
Modeling to the electron density maps was performed using 
Coot (14), the figures were prepared utilizing CHAIN v.8 and 

PyMOL (15,16). The detailed relevant information, the sets of 
atomic coordinates and structure factors have been deposited 
in the Protein Data Bank entry 3r4l.

Results and Discussion

Our X-ray analysis of VLHL-PAI-1 (deposited as PDB 
entry 3r4l) confirmed presence of the expanded RCL and a 
junction of 197-355 residues via -S-S- (Fig. 2a). Structural 
comparison with other active PAI-1 molecules (1b3k, 1dvm, 
1db2, 3q02 and 3r4l) shows amazingly small structural 
differences with consensus scores rmsd of 0.53-1.11 Å and 
a Q-score of 0.77-0.83 [PDBeFold v. 2.36 (17)]. These PAI-1 
mutants have 95-99% sequence identity and when aligned 
on the Cα-backbone in a pairwise manner give an rmsd of 
0.02 Å (1dvm), 0.55 Å (1db2), 0.28 Å (3q02) and 0.50 Å 
(3r4l) in relation to 1b3k. While these overall values are 
negligible a graphical representation of the aligned structures 
clearly shows regions where they significantly differ (Fig. 1) 
indicating their high mobility, especially for the flexible coil 
of the RCL segment. 

The impact of the mutations on the functional stability 
is obvious in the case of VLHL-PAI-1. Examination of the 
197 Cα→355 Cα distance in the latent (PDB ID: 1c5g, 1dvn, 
1lj5) and active forms (PDB ID: 1b3k, 1db2, 1dvm) of PAI-1 
structures shows 4.1-4.2 Å in the latent and 3.4 Å, 4.4 Å and 
5.0 Å in the active PAI-1 (respectively), which corresponds 
well to the 5.0 Å observed in the structure with -S-S- reported 
in the present study (resolution 2.7 Å). Hence this distance 
is similar regardless of the PAI-1 form and comparable with 

Figure 1. Superposition of PAI-1 structures in active form are shown in the 
center, the ribbon diagram with the secondary structure elements shown in 
grey where they coincide and in color for the disparate fragments. Red, 3r4l; 
cyan, 3q02; green, 1b3k; yellow, 1dvm; black, 1db2; R369 shows position P1 
and the spheres mark cysteines in 3r4l. Additional panels: at right, G355C 
and Q197C forming the disulfide bridge in VLHL-PAI-1 (3r4l, red) and 
W198F in 3q02 (cyan); upper left, the glycosylation sites (3r4l), asparagines 
and sugars shown as the space filling models in purple, N232 belongs to the 
nearby β-sheet exposed to solvent; the lower left panel illustrates the change 
to the helical structure in 14-1B mutants in contrast to the unstructured 
coil in the native sequence. The enlarged details are in arbitrary scale and 
orientation.
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the ~5 Å Cα...Cα fusion observed between the A3...A5 ↑↑ 
β-strands in this ↓↑↑↓ β-sheet of the active form. While it 
practically does not impact the overall trace of main chain 
(rmsd), the secondary or tertiary structure (of the active form), 
this -S-S- harness at the hinge region firmly holds these 
segments of molecule at 5 Å distance thus precluding their 
rearrangement from the active to latent (inactive) form ↓↑Ü↑↓ 
which requires partition of ↑↑ by >9 Å for such insertion to 
occur. T357 should be placed between E350 and F194 which 
are the residues initiating the central hydrogen bonds zipper 
between the ↓↑↑↓ parallel β-strands. 

Our other mutant with the disulfide bridge joining 192-347 
in the middle of these ↑↑ strands is only somewhat more 
stable (t1/2 ~198 h) (1) than 14-1B, because it may still allow 
collapse of RCL and its partial insertion. However replacing 
flexible glycine G355 (P14) with stiff cysteine trapped in the 
disulfide bridge (with C197) keeps T356-T357 out, hinders 
opening of the hydrogen bonds zipper and the incorporation 
of P13-P4 (T356→V366) fragment of RCL as the antiparallel 
↓↑Ü↑↓ β-strand. 

The placement of mutations in the discussed structures 
are far from the RCL hinge region (except for W198F in 3q02 
and cysteines in VLHL-PAI-1) and are slowing the movement 
of the structural subdomains necessary for the active→latent 
transition by affecting local charge and hydrophobicity. The 
W198F single mutation (3q02) eliminates the hydrogen bond 
W198 NE1 to N352 O which is observed in some active as 
well as in latent structures and thus might be irrelevant. The 
interactions between aromatic moieties of W(or F)198...Y251...
F194 are preserved and it must be this aromatic moiety that 
is crucial in the rate-limiting step of the serpin reaction, i.e. 
release of P'-side of the cleaved RCL from the substrate pocket 
of the proteinase, a step which highly depends on the structure 
of the serpin breach region (7). However, from the structural 
point of view the notable improvement in serpin's stability [18 
times better than wt-PAI-1 (18)] seems to be resulting from 
the combination of the subtle changes in the hydrophobic 
core caused by this single mutation to an aromatic but smaller 

size residue. Another pertinent observation is the helical 
secondary structure of the region where D173H and K177T 
mutations are in 14-1B mutants (1b3k, 1dvm, 1db2), which 
otherwise shows distorted coil for the native sequence both in 
the active (3q02, 3r4l) (Fig. 1) and the latent (1c5g, 1dvn,1lj5) 
forms of PAI-1.

Sugar moieties in the glycosylated enzymes are noto-
rious for disorder, often not reported in the PDB-deposited 
structures, and thus not accounted for in modeling such as 
molecular binding in in silico calculations, for example when 
seeking potential inhibitors. Among the PDB entries for 
PAI-1 their partial structure is determined in 1a7c where two 
glycosylation sites, N232-NAG and N288-NAG-NAG-RIP 
(NAG, N-acetyl-D-glucosamine; RIP, ribose), are reported. 
The presence and the structure of the sugars depend on 
the expression system. The protein used in our studies was 
expressed in Spodoptera frugiperda (Sf9) and expected to be 
‘humanized’ in terms of its glycan (19). Vertebrates (including 
human) produce complicated glycans starting with

                                                                 
α3-MAN<≈

Asn-β-NAG-β4-NAG-β4-MAN<α6-MAN<≈
                        |
                      α6-FUC

while insects create similar N-glycan structures but much 
shorter, encompassing only the above fragment with an addi-
tional second α3-FUC at the first NAG (MAN, mannose; FUC, 
fucose). Our X-ray analysis confirmed glycosylation at N232 
and N288 showing: N232, NAG, which clearly extends further 
but is disordered, and N288, NDG(FUC)- NAG-BMA-BMA 
which is more orderly but may also be incomplete [Fig. 2b, 
NDG, 2-(acetylamino)-2-deoxy-α-D-glucopyranose; BMA, 
β-D-mannose according to the PDB notation].

These two structures (3q02 with W198F and the 3r4l 
reported here with Q197C, G355C) confirm that even a small 
alteration in the vicinity of Gly355 hinge can have a very 
significant role in severe retardation of the serpin's spontaneous 

Figure 2. (a) Segment of the electron density map 2Fo-Fc contoured at 1σ (grey) showing the reactive center loop P14-P4' and the disulfide bridge. (b) The 
same map near the N288 glycosylation site showing the identified sugars (a and b are in arbitrary scales).
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transition to the latent state. In contrast to the W198F mutant 
whose transition to the latent form is irreversible, the activity 
of VLHL-PAI-1 is preserved much longer and can be turned 
off and on by breaking or reconstituting the disulfide bridge 
(20). Over 600 PAI-1 variants were constructed to study 
its structure-function relationship (18), many to extend t1/2 
of this protein and VLHL PAI-1 has the longest t1/2. Thus 
VLHL PAI-1 with its very long, controllable activity and high 
structural identity with wt-PAI-1 is a good candidate for a 
personalized, molecular therapy to aid patients with ailments 
(21,22) that may be positively affected by its utilization.
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