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A key regulatory step for serine proteases of the trypsin clan is activation of
the initially secreted zymogens, leading to an increase in activity by orders
of magnitude. Zymogen activation occurs by cleavage of a single peptide
bond near the N-terminus of the catalytic domain. Besides the catalytic
domain, most serine proteases have N-terminal A-chains with indepen-
dently folded domains. Little is known about how zymogen activation
affects the interplay between domains. This question is investigated with
urokinase-type plasminogen activator (uPA), which has an epidermal
growth factor domain and a kringle domain, connected to the catalytic
domain by a 15-residue linker. uPA has been implicated under several
pathological conditions, and one possibility for pharmacological control is
targeting the conversion of the zymogen pro-uPA to active uPA. Therefore,
a small-angle X-ray scattering study of the conformations of pro-uPA and
uPA in solution was performed. Structural models for the proteins were
derived using available atomic-resolution structures for the various
domains. Active uPA was found to be flexible with a random conformation
of the amino-terminal fragment domain with respect to the serine protease
domain. In contrast, pro-uPA was observed to be rigid, with the amino-
terminal fragment domain in a fixed position with respect to the serine
protease domain. Analytical ultracentrifugation analysis supported the
observed difference between pro-uPA and uPA in overall shape and size
seen with small-angle X-ray scattering. Upon association of either of two
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monoclonal Fab (fragment antigen-binding) fragments that are directed
against the catalytic domain of, respectively, pro-uPA and uPA, rigid
structures were formed.
© 2011 Elsevier Ltd. All rights reserved.
Introduction

Serine proteases of the trypsin family (clan SA) are
classical subjects for studies of enzyme catalytic,
regulatory and inhibitory mechanisms. Their cata-
lytic domains have a common overall fold that
forms a structural scaffold for catalysis of peptide
bond hydrolysis (for reviews, see Refs. 1 and 2).
Besides the catalytic domains, many serine pro-
teases have an N-terminal extension referred to as
the A-chain. Such A-chains contain one or more of a
few independently folded domains, that is, kringle
domains, epidermal growth factor (EGF) domains,
fibronectin finger domains, Gla domains, CUB
domains, SEA domains, complement-type repeats
and others (for reviews, see Refs. 3 and 4).
A key regulatory mechanism for serine proteases

is the activation of the initially secreted zymogens or
proenzymes, which typically have activities orders
of magnitude lower than those of the mature
enzymes. Zymogen activation is the central step in
natural protease cascade regulation, allowing for
rapid amplification of the activation signal. Zymo-
gen activation generally occurs by cleavage of the
bond between amino acid residues 15 and 16 (in
the chymotrypsin template numbering). Based on
structural analysis by X-ray crystallography of
trypsin and its zymogen trypsinogen, the liberated
N-terminus inserts into a hydrophobic binding cleft
of the catalytic domain, resulting in conformational
changes that implicate four regions jointly referred
to as the activation domain (i.e., the activation loop,
the autolysis loop, the oxyanion-stabilizing loop and
the S1 entrance frame) and a stabilization of the
active site in a catalytically productive conformation
(for reviews, see Refs. 1, 5 and 6). The A-chain
remains associated with the catalytic domain after
zymogen activation by a disulfide bond from Cys1
to Cys122 in the catalytic domain. While the
structural basis for zymogen activation is well
elucidated as far as the catalytic domain is con-
cerned, a general problem is to what extent there are
direct functional interactions between the domains
of the A-chain and the catalytic domain that changes
upon activation.
A serine protease of particular relevance is

urokinase-type plasminogen activator (uPA),
which catalyzes the conversion of plasminogen to
the active protease plasmin, which in turn catalyzes
the hydrolysis of extracellular matrix proteins (for a
review, see Ref. 7). Abnormal expression of uPA is
implicated in tissue remodeling under several
pathological conditions, including rheumatoid ar-
thritis, allergic vasculitis, xeroderma pigmentosum
and cancer (for a review, see Ref. 7). Several
proteases including plasmin,7 glandular kallikrein,8

matriptase9 and hepsin10 can catalyze the activation
of the zymogen pro-uPA. Activation of pro-uPA is a
potential target for pharmacological intervention.11

Besides the catalytic domain (residues 148/1 to 411/
251; for the catalytic domain, a double numbering is
used in the following: the first number correspond-
ing to the N-terminus and the second number
corresponding to the chymotrypsin template num-
bering system12), uPA has an amino-terminal EGF
domain (residues 5–46), a kringle domain (residues
50–131) and an interdomain linker connecting the
kringle and the catalytic domain (residues 132–148/1)
(Fig. 1). The EGF domain binds to the uPA receptor
(uPAR) at cell surfaces (for a review, see Ref. 7). The
EGF domain and the kringle domain are jointly
referred to as the amino-terminal fragment (ATF).
Activation of pro-uPA, the zymogen form of uPA,
occurs by cleavage of the Lys158/15–Ile159/16
bond.
In the case of uPA, atomic-resolution structures,

determined by structural analysis by either X-ray
crystallography or NMR spectroscopy, are available
for the isolated serine protease domain of the
two-chain activated enzyme,12 the isolated kringle
domain13,14 and the isolated ATF.15–17 However,
atomic-resolution structures of full-length uPA and
any structure of pro-uPA remain to be reported.
Accordingly, no atomic-resolution information
about interdomain interactions and changes
therein during zymogen activation are available.
However, the problem has been approached by a
variety of biophysical techniques, including NMR
spectroscopy,15,16,18 thermal unfolding analysis19

and small-angle neutron scattering.20 Taken
together, these studies suggest that the catalytic
domain and the ATF have extensive, although
not quite unrestricted, freedom of motion relative
to each other.15,16,18–20 Within the ATF, Hansen
et al. failed to detect interdomain nuclear
Overhauser effects between the EGF and the
kringle domain.17 However, most studies, including
X-ray crystallography,15,16 thermal unfolding
analysis19 and NMR spectroscopy,18 resulted in
the conclusion that the EGF domain has strong
interactions with the kringle domain. Notably, no
differences between the interdomain interactions in



Fig. 1. Schematic presentation of
uPA and its individual domains,
including sequence numbering of
interdomain boundaries and acti-
vation cleavage site. The disulfide
bond linking the serine protease
domain to the ATF is indicated.
For the catalytic domain, a double
numbering is used: the first number
starting from the N-terminus of
uPA and the second number corre-
sponding to the chymotrypsin tem-
plate numbering system.
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full-length pro-uPA and full-length active uPA were
observed in studies employing thermal unfolding.19

This was supported by a small-angle neutron
scattering study,20 which led to a conclusion that
only small and subtle structural differences exist
between the two forms.
In the present work, small-angle X-ray scattering

(SAXS) and analytical ultracentrifugation (AUC)
were employed on full-length single-chain pro-
uPA and two-chain active uPA to study the effect
of zymogen activation on the overall shapes of the
full-length proteins. Furthermore, low-resolution
structure models of these full-length proteins were
constructed using available atomic-resolution struc-
tures of the ATF and the catalytic domain of uPA.
Fig. 2. SAXS data obtained for uPA under different
conditions. uPA was analyzed in a buffer of 20 mM citric
acid, pH 4.5, with 50 mM (circle), 150 mM (triangle) or
300 mM NaCl (diamond). Further, uPA was analyzed in
20 mM Tris buffer, pH 7.5, with NaCl concentrations of
150 mM (pentagon) or 300 mM (star). The data show that
the aggregation of uPA can be avoided by increasing the
salt concentration, whereas changing the pH from 4.5 to
7.5 has no effect.
Results

SAXS analysis of pro-uPA and uPA

Experimental SAXS data for active uPA are
presented in Fig. 2. The scattering intensity, I(q), is
represented as a function of the modulus of the
scattering vector q. It was early on realized that
active uPA has a tendency to aggregate probably
because of exposure of additional surface. Thus, in
order to optimize the sample for SAXS solution
scattering, we prepared active uPA in different salt
concentrations at two different pH values. The
aggregation tendency, which was observed at
physiological salt concentration, probably as a result
of the high protein concentrations used, was absent
when the salt concentration was increased to
300 mM (Fig. 2). However, changing the pH from
4.5 to 7.5 did not have any effect on aggregation. For
these reasons, it was decided to use 300 mM NaCl
and pH 7.5 to obtain complete scattering data for
active uPA without the need of truncating the data
at low q. It should be noted that scattering curves
obtained for active uPA only differs at low q; thus,
the overall structure of uPA in solution is similar
under all conditions, except for the tendency to form
aggregates.
The pair distance distribution, p(r), functions
obtained from the experimental scattering data of
pro-uPA and uPA are displayed in Fig. 3. The p(r)
function is a histogram of distances between pair of
points within the particles. The asymmetric shape of
the p(r) functions suggests the presence of elongated
particles in both cases; however, the shape of the p(r)
functions shows a clear difference of the protein
conformations. From the p(r) function, several
characteristic parameters are obtained: the radius
of gyration Rg, the maximum dimension Dmax and
the forward scattering I(0). The molecular mass
(Mm) of the macromolecule giving rise to the
scattering is determined from the forward scattering
(i.e., scattering at q=0). The obtained parameters are
listed in Table 1. The molecular weights determined
for the individual proteins confirm their monomeric
state in solution.

image of Fig. 2


Fig. 3. Pair distance distribution function obtained from
the SAXS data for pro-uPA (black line) and active uPA
(gray line). The asymmetric shape of the p(r) functions
shows the presence of elongated though different confor-
mations of pro-uPA and active uPA.

Table 1.Overall parameters obtained from the SAXS data,
except Mm

aa that was obtained from the amino acid
sequence

Sample

Parameter

Mm (kDa) Mm
aa (kDa) Rg (Å) Dmax (Å)

Pro-uPA 59±7 54 30.6±0.2 95±5
Active uPA 55±5 54 31.6±0.8 105±5
Fab-112 51±4 50 25.3±0.2 75±5
Fab-12E6B10 43±5 50 26.3±0.2 75±5
pro-uPA+Fab-112 100±10 104 36.5±0.3 110±5
uPA+Fab-12E6B10 95±10 104 38.8±0.4 115±5
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To obtain more information on the structure of the
two proteins, we performed further modeling
exploiting prior knowledge about the atomic-reso-
lution structures of parts of the proteins. Structures
are available for the ATF domain [Protein Data Bank
(PDB) entry 2I9A]21 and for the catalytic domain in
the active two-chain form (PDB entry 1LMW).1 In
the modeling, these structures were used both for
pro-uPA and active uPA, and the domains were
connected by the linker region of 15 residues, that is,
from residue 132 to residue 148/1. To optimize the
structure of the entire protein, we allowed the ATF
domain and the linker region connecting the
domains to move freely with respect to the catalytic
domain. Due to evidence for strong interactions
between the EGF domain and the kringle domain
and the catalytic domain behaving as one folded
domain (see Introduction), the ATF and the catalytic
domain were both treated as rigid bodies. It should
be noted that dimensionally small, although func-
tionally important, variations in the structure of the
individual domains, like those expected to exist
between the catalytic domains of pro-uPA and
active uPA, are not important in the modeling due
to the relatively low resolution of SAXS. The
structural optimization was carried out by employ-
ing a simulated annealing procedure in which the
subunits were interconnected, steric clashes were
disallowed and missing residues in the structures
were represented by dummy residues. This proce-
dure is implemented in the program BUNCH.22

Multiple BUNCH runs were performed for pro-uPA
and active uPA. In both cases, only one population
was present in the performed runs. The models
within the population were compared and averaged
using the program package DAMAVER.23 The
models obtained for pro-uPA showed a high degree
of similarity, with an average normalized spatial
discrepancy (NSD) value of 0.399. The most repre-
sentative model (displayed in Fig. 4), defined as
having the highest degree of similarity to all the
other models, yielded a reasonable fit, with a
reduced chi-square value of χ2 =5.24. In the case of
active uPA, the obtained models also showed a high
degree of similarity, NSD value of 0.884; however,
the most representative model yielded a fit with
only χ2 =15.2 (data not shown). The relatively poor
quality of the fit was mainly due to discrepancy
between the model and the scattering data for q
above 0.15 Å−1, where the model underestimates the
data. A possible explanation for the extra intensity
could be fluctuation scattering caused by additional
flexibility of the protein moiety. The extra intensity
contribution was described by the scattering of a
Gaussian chain in order to investigate the possibility
of increased flexibility.24 When adding this contri-
bution to the scattering from the model fit, a far
better fit (χ2 decreases from 15.2 to 1.24) was
observed, resulting from a markedly improved
agreement between the model and the scattering
data (Fig. 4). Consequently, this suggests that the
active uPA structure contains some degree of
flexibility, which is not observed in pro-uPA.
To further investigate the flexibility of active uPA

in solution, we employed the ensemble optimization
method (EOM).25 In this approach, an ensemble of
structures is generated, and a subset is selected by a
generic algorithm to fit the scattering data. A good
fit was obtained, with χ2 =0.96, which also fitted the
data in the high q region (Fig. 4). This was in contrast
to the case when BUNCH22 was used for modeling
without the extra fluctuation term, as also displayed
in Fig. 4. The ensemble models (Fig. 4) show that a
high degree of flexibility is allowed between the
ATF and the catalytic domain. The Rg values
obtained for the ensemble are between 25 Å and
45 Å, with an average of 31.3 Å, which is slightly
larger than the Rg value of 29.7 obtained for pro-uPA
using BUNCH.22 However, the Rg values corre-
spond well to those obtained from the determined p
(r) functions. Thus, the structure of active uPA is
well described by introducing flexibility between
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Fig. 4. (a) SAXS data for pro-uPA (circle) and active uPA (square) (scaled by a factor of 101). BUNCH fit to pro-uPA
(black line), BUNCH fit to active uPAwith addition of scattering from a Gaussian chain (red line) and EOM fit (black line)
are indicated. All curves are normalized to the concentration. (b) BUNCH model for pro-uPA. The catalytic domain and
the linker region are displayed in red, and the ATF domain is displayed in purple. (c) EOM models for active uPA [color
code same as in (b)].
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the ATF and the catalytic domain. From the
structures constituting the ensemble, it was evident
that the relative position of the ATF domain to the
serine protease domain is random.
The hydrodynamic (Stokes) radius, Rh, was

computed by the program HYDROPRO26 for the
models obtained for both pro-uPA and active uPA.
In the case of pro-uPA, the most representative
model obtained through the rigid-body modeling
was used for the Rh computation, which yielded
Rh=33.3 Å. For active uPA, all the models consti-
tuting the ensemble obtained by the EOM modeling
were included in the Rh computation. Rh for the
individual models was determined, and an average
Rh was calculated by weighting the sum of the
individual Rh by the number distribution as a
function of Rg obtained from EOM modeling. This
procedure yields Rh=34.3 Å, thus slightly larger
than what observed for pro-uPA, suggesting that
active uPA is structurally more elongated than pro-
uPA (Table 2).

AUC on pro-uPA and active uPA

AUC analysis was carried out for both active uPA
and pro-uPA to obtain information on the molecular
shapes of the two forms by an independent method.
The results are displayed in Fig. 5. Both samples

image of Fig. 4


Table 2. Parameters determined by AUC and Stokes
radius determined from models obtained by SAXS using
HYDROPRO26

pro-uPA uPA

Parameters obtained from AUC experiments
Mm (kDa) 48.02 48.61
Stokes radius Rh obtained from AUC (Å) 29.6 31.2
(a/b) oblate 2.91 3.79
(a/b) prolate 2.8 3.6

Parameters calculated from SAXS models
Stoke radius (Å) 33.3 34.3

Fig. 5. AUC analysis of pro-uPA and active uPA. (a)
The top panel shows a representative raw data set
including the best fit of the data to the hydrodynamic
equations in SEDFIT to obtain the hydrodynamic param-
eters. The middle panel shows residuals representation of
the goodness of fit of the model to the raw data. The
bottom figure shows an overlay of the sedimentary
velocity profile of active uPA (broken line) and pro-uPA
(continuous line). (b) Schematic drawing depicting the
effect of the observed differences on the shape factor
between pro-uPA and uPA. The width of the molecules is
kept constant, while the length is adjusted to match the
changing a/b ratio.
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were found to contain only one significant species
that allowed a precise determination of the
molecular parameters, which are listed in Table
2. The Mm determined for both active uPA and
pro-uPA, although slightly lower than the Mm
expected for fully glycosylated proteins, shows
that both proteins are monomeric under the
conditions used in the AUC experiment. The
analysis showed that uPA is more extended than
pro-uPA, as observed by the significantly different
shape factor (a/b ratio). A comparison of models
drawn from the individual shape factors of active
uPA and pro-uPA is shown in Fig. 5b. The
schematic picture depicts a naïve presentation of
the effect of the different shape factors on the
relative shape of the two molecules by fixing one
dimension of the molecular models. In general, the
AUC results are in good agreement with the
results obtained by the SAXS analysis. However,
the Stokes radii determined for the SAXS models
for active uPA and pro-uPA are significantly larger
than the value determined by AUC. The values are
listed in Table 2. Importantly, both methods agree
on a smaller value for pro-uPA.

SAXS analysis of Fab fragments and their
complexes with pro-uPA and active uPA

mAb-112 binds pro-uPA about 300-fold better
than active uPA,11 while mAb-12E6B10 binds
active uPA more than 15,000-fold better than
pro-uPA.27 Fab-112 and Fab-12E6B10 are the
corresponding Fab (fragment antigen-binding) frag-
ments. The experimental scattering data obtained
for these Fab fragments showed an increase in
intensity at very low q, caused by the presence of
large aggregates. Since the purpose of these
measurements was to identify atomic-resolution
structures for the fragments, the very low q data
were omitted to only include data resulting from
scattering from the monomer fragments. The data
used in the further analysis are displayed in Fig. 6.
The p(r) functions were determined from the data,
and Mm were calculated from the forward scatter-
ing computed from the p(r) functions. The results
listed in Table 1 show that the antibodies were
present in their monomeric state.
To further investigate their conformation, we

compared the solution scattering data to the
scattering calculated for the atomic-resolution crys-
tal structures using the program CRYSOL.28 Fab
fragments generated from different monoclonal
antibodies of the same subtype are expected to
have similar overall fold. Therefore, the crystal
structure of an arbitrarily chosen Fab fragment
(Fab58.229) was used as a structural model when
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Fig. 6. SAXS data for Fab-112 (circle) (scaled by a factor
of 101) and Fab-12E6B10 (triangle) with their respective
CRYSOL fits (gray and black lines, respectively).

Fig. 7. Pair distance distribution functions obtained
from the SAXS data for pro-uPA+Fab-112 (black line) and
active uPA+Fab-12E6B10 (gray line).
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analyzing the data sets for Fab-112 and Fab-
12E6B10. The fits are shown in Fig. 6 and agree
well with the experimental scattering data for both
Fab-112 and Fab-12E6B10, with reduced chi-square
values of χ2=1.73 and χ2=3.20, respectively. Thus,
the two Fab fragments in solution behave as
expected from the crystal structure.
The experimental values from the SAXS analysis

of protease–Fab complexes are listed in Table 1.
Upon complex formation of pro-uPA or active uPA
with the respective Fab fragments, structures larger
than those for pro-uPA and uPA alone are obtained.
The p(r) functions, displayed in Fig. 7, show that the
proteins have an elongated shape with an increase
of Dmax of approximately 10 Å upon complex
formation. Correspondingly, the Rg increases with
approximately 6 Å upon complex formation,
supporting the formation of larger structures. The
Mm values obtained for pro-uPA+Fab-112 and
uPA+Fab-12E6B10 suggest, in both cases, the forma-
tion of 1:1 complexes.
For the verification that the experimental data

originate from a complex and not from a mixture
of the two proteins, it was shown that the
scattering data obtained for pro-uPA+Fab-112
and for active uPA+Fab-12E6B10 could not be
represented by a simple linear combination of the
scattering data for the individual proteins (data
not shown).
The complexes of pro-uPA or active uPA with

the corresponding Fab fragments were modeled
using the published atomic-resolution structures.
The epitopes for the two monoclonal antibodies
mAb-112 and mAb-12E6B10, used here as Fab
fragments, are both localized in the autolysis loop
in the catalytic domain (residues 299/142–309/
152) of pro-uPA or active uPA.11,30 Based on the
structural analysis of the antigen binding surface
of Fab58.2, Thr53 and Phe98 of the Fab, fragments
are supposed to be in close proximity to the
antigen. Using the knowledge from the epitopes,
we confined residue Glu301/144 in the catalytic
domain of active uPA or pro-uPA to be less than
15 Å away from Thr53 and Phe98 in the structure
of Fab 58.211,29 to gain geometric constraints when
modeling the binding of Fab-112 and Fab-12E6B10.
The SAXS models of free pro-uPA and active uPA
established above were used as starting points
when modeling the protease–Fab complexes. The
optimization of the structures was carried out
using the procedure implemented in the program
SASREF,22 which employs a simulated annealing
procedure. During the modeling, the position of
the catalytic domain was fixed, the individual
domains or proteins were interconnected and steric
clashes were avoided. The use of simulated
annealing resulted in small structural variations;
thus, an ensemble of models was determined.
These were compared and averaged using the
program DAMAVER.23 The best models obtained
for pro-uPA and Fab-112 and for active uPA and
Fab-12E6B10 fit the experimental data with χ2=2.2
and χ2=3.3, respectively. The corresponding fits
and models are shown in Fig. 8. Comparison of
the two best models for the two complexes
suggests that they are structurally similar
(NSD=1.38). Furthermore, comparison of the
structures for the pro-uPA and active uPA parts
of the complexes shows good agreement between
these two structures (NSD=0.884), whereas the
Fab fragments have different orientations with
respect to the catalytic domains. Thus, pro-uPA
and active uPA seem to adopt very similar shapes
when in complex with Fab fragments, and these
shapes are different from the structures observed
for either of the native proteins alone. Moreover,
the signatures of flexibility observed for active
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Fig. 8. (a) SAXS data for pro-uPA+Fab-112 (circle) and uPA+Fab-12E6B10 (square) (scaled by a factor of 101). SASREF
fit to pro-uPA+Fab-112 (black line) and to active uPA+Fab-12E6B10 (gray line) is also shown. All the curves are
normalized for the concentration. (b) Superpositioning of the most representative models of the pro-uPA–Fab-112
complex, displaying the catalytic domain (red), the ATF domain (purple) and Fab-112 (magenta), on the active uPA–Fab-
12E6B10 complex (semitransparent gray). (c) Most representative SASREF model for the complex between pro-uPA and
Fab-112 displaying the catalytic domain (red), the ATF domain (purple) and Fab-112 (magenta). (d) Most representative
SASREF model for the complex between uPA and Fab-12E6B10 displaying the catalytic domain (red), the ATF domain
(purple) and Fab-12E6B10 (magenta).
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uPA in solution are not present when complexed
with Fab-12E6B10.
Discussion

In this study, the overall conformation of the
serine protease uPA in its active and zymogen forms
in solution was investigated. In addition, both forms
were studied in association with antibodies binding
specifically to the zymogen or the active form.
Structural information could be obtained from the
SAXS data without using a priori information and by
modeling using available biochemical information
in terms of high-resolution models for the main part
of the complexes and including interdomain dis-
tance constraints.
Without the use of a priori information, the

scattering data for pro-uPA and active uPA showed
that both Dmax and Rg for the active enzyme are
larger than those for the zymogen. In support of this
observation, the AUC data also showed that active
uPA sediments were a structurally larger entity than
pro-uPA. Together, the two independent experi-
mental procedures show that pro-uPA has a more
compact structure than the activated form. In a
previous small-angle neutron scattering study of
pro-uPA and active uPA, Mangel et al. found that

image of Fig. 8
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the proteins were similar in Rg, Dmax and secondary
structure upon conversion from the inactive form to
the active form.20 Notably, the values for Rg
observed in the present study are similar to those
found by Mangel et al.; however, the Dmax deter-
mined in the present work was observed to be
slightly larger for active uPA. Further, the Rh
obtained from AUC was also observed to be larger
for active uPA. Together, these findings lead to the
conclusion that active uPA is slightly larger than the
inactive pro-uPA. The difference between pro-uPA
and uPAwas further supported by amore advanced
modeling performed in this study.
In the present work, the conformations of the two

proteins were investigated utilizing the available
structures with atomic resolution in the modeling
process. These analyses revealed a flexible structure
of active uPA, whereas pro-uPA was more rigid.
The flexibility of active uPA yielded structures with
different overall sizes, ranging from structures with
a Dmax smaller than that observed for pro-uPA to
structures with a Dmax larger than that of pro-uPA
(Fig. 4). This could explain the larger Dmax observed
for active uPA compared to pro-uPA in spite of only
small differences in Rg. From these studies, it thus
became clear that the interdomain flexibility is
restricted in pro-uPA and increases upon cleavage
of the Lys158/15–Ile159/16 bond and that zymogen
activation is accompanied by drastic changes in
domain packing. On this basis, one will have to
infer that the Ala132–Cys148/1 and the Cys1/
148–Lys158/15 sequence changes conformation
after cleavage of the Lys158/15–Ile159/16 bond.
This change could take place either actively or
passively. Actively, a conformational change in the
linker and the Cys1/148–Lys158/15 sequence initi-
ated by cleavage of the Lys158/15–Ile159/16 bond
could lead to a changed interdomain flexibility and
a different overall shape of the molecule. Passively,
an interaction between the catalytic domain and the
ATF in pro-uPA not present in active uPA could
explain the observed shape and flexibility changes
and would have to lead to conformational changes
in the linker and in the Cys1/148–Lys158/15
sequence. Established examples of contacts between
the catalytic domain and A-chain domains of serine
proteases include the most C-terminal of the two
EGF domains in factor IXa31 and factor Xa,32 which
makes extensive interactions to the catalytic domain,
involving hydrogen bonds, ionic and van der Waals
interactions. Likewise, it has been proposed that
plasminogen exists in a closed or in an open
conformation where interdomain contacts between
kringle domain and the serine protease domain
stabilize the closed conformation.33 Also, studies of
thermal unfolding of tissue-type plasminogen acti-
vator provided evidence that the catalytic domain
interacts strongly with and are stabilized by the
fibronectin finger domain and/or the EGF domain,
producing a more compact structure of the full-
length protein.34 Whether the conformational change
in the Ala132–Lys158/15 sequence occurs actively or
passively, the only presently available information
about the Ala132–Lys158/15 sequence at atomic
resolution is from X-ray crystallography of the
serine protease domain of active uPA containing
the Cys148/1–Lys158/16 sequence.12 In this X-ray
crystal structure analysis, the sequence Cys148/1 to
Pro155/8 is visible as a solvent-exposed peptide
with hydrogen bonds between the main chain amide
of Gln151/3 and the side chain amide of Gln276/
119, between the main chain amide of Gly150/2 and
the main chain carbonyl of Thr277/120 and between
the amino group of Lys152/4 and carboxyl group of
Gly294/137 and the side chain of Met368/207.
However, the relationship of the conformation of
this peptide to the situation in full-length uPA or
full-length pro-uPA is not known.
The SAXS data obtained for the two Fab frag-

ments were in agreement with the atomic-resolution
structure available for homologous proteins. Com-
pared to a previous SAXS study of a Fab fragments,
αD11 Fab,35 it is evident that the sizes obtained in
our study correspond well with those for αD11
Fab.35 Investigation of the interactions between the
Fab fragments and pro-uPA or active uPA showed
that both form 1:1 complexes with the respective Fab
fragments, in agreement with the Mm obtained for
the complexes by SAXS. The Dmax of the complexes
are larger than those of free pro-uPA or active uPA.
From the rigid-body refinement, it was evident that
the structures of both pro-uPA and active uPA
change upon association with the Fab fragments.
The distance between the ATF and the catalytic
domain increases in both cases. Thus, a more open
conformation of the protein is present in both
complexes, as compared to the free forms. Further-
more, the flexibility of active uPA is lost upon
complex formation. The combined effect of the Fab
fragment association causes the structures of pro-
uPA and active uPA in the complexes to show a high
degree of similarity. Interestingly, the observed
small though significant difference in the relative
position of the two Fab fragments in the respective
complexes is in good agreement with the fact that
the two Fab fragments have different although
overlapping epitopes in the autolysis loop, explain-
ing their differential affinity to pro-uPA and active
uPA.30 Small differences in contact interfaces lead to
different orientation of the rigid Fab fragments in
the complexes.
The flexibility observed when pro-uPA is acti-

vated to uPA could be important for the physio-
logical functions of uPA on the cell surface. The
correct orientation and distance above the cell
membrane of the catalytic domain of uPA may be
important for regulation of plasminogen activation
and/or shedding (cleavage and release from the
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cell membrane) of uPAR. The increased flexibility
of the full-length uPA following cleavage could
allow optimal positioning of the catalytic domain
relative to the potential substrates, whereas the
rigid pro-uPA could be constrained from accessing
substrates. In a similar way, it has been shown
that when factor VIIa is captured by tissue factor
on the cell surface, the distance of factor VIIa from
the cell membrane is critical for the efficient
activation of factor X.36 In pro-uPA, two covalent
connections exist between the protease domain
and the linker/ATF, that is, the cysteine bridge
and the amino acid backbone. In uPA, only one
connection exists from the protease domain to the
linker/ATF, that is, the cysteine bridge connection.
The increased flexibility of uPA observed in this
study could, in relation to these facts, imply a
higher rotational freedom of the protease domain
relative to the ATF. This could have important
implications not only for the activity of uPA but
also for its interaction with endocytosis receptors
resulting in uPA–inhibitor complex internalization
and degradation. It is known that the interactions
between uPA and endocytosis receptors of the LRP
family involve residues from both the ATF and the
protease domain of uPA.37 The correct orientation
of these domains relative to each other, whereby
distinct binding sites become aligned, could be
crucial for this interaction, and we speculate
whether rotational freedom of the protease domain
relative to the ATF could be a mechanism for
regulating the efficiency of uPA internalization.
Also, a putative well-defined structure of the

linker in pro-uPA and a structural change following
cleavage of the Lys158/15–Ile159/16 bond would
open up for the possibility of the linker having
functional interaction partners. In fact, a functional
interaction of the linker in two-chain uPA has been
reported previously. The linker (then referred to as
the connecting peptide) was suggested to mediate
interactions of uPA with integrin αvβ5 and, in this
way, stimulate αvβ5 signaling and αvβ5-mediated
events in cell migration.38,39 On the basis of the
findings reported here, one would suggest that the
interaction only becomes possible after zymogen
activation and the ensuing change in the interdo-
main flexibility.
Pro-uPA is an example of a serine protease with

the chymotrypsin fold with an N-terminal extension
containing two domains, that is, the kringle domain
and the EGF domain. However, many proteases
from the family of serine proteases have N-terminal
extensions often much longer than the one in uPA.
One example of this is matriptase, a cell-anchored
serine protease with seven extracellular domains in
the N-terminal extension (for a review, see Ref. 40).
In many cases, the physiological functions of these
extra domains are not known. Aspects of flexibility
and correct orientation/rotational freedom of the
protease domain in these large proteases would
potentially be even more important than in the case
of uPA, and similar studies with these proteases
could lead to not only new information regarding
their functions but also new strategies for the
pharmacological intervention with serine proteases
in general.
In summary, the findings reported in this study

point to new directions for pharmacological inter-
vention with uPA, including targeting the pro-uPA
activation. The reduced flexibility of pro-uPA is
compatible with an idea of a restricted access of
activating proteases such as plasmin to the Lys158/
15–Ile159/16 peptide bond may enable inhibition of
pro-uPA activation by antibodies such as mAb-112,
having epitopes not directly spanning the peptide
bond.11 mAb-112 inhibits the activation cleavage of
pro-uPA and the ensuing conformational changes in
the protease domain. This antibody displayed
efficient inhibition of cancer cell dissemination in
the CAM model showing the feasibility of the
strategy of targeting pro-uPA activation.11 Moreover,
a putative proximity of the growth factor domain
suggests the possibility of finding antibodies
inhibiting uPAR binding and pro-uPA activation
or uPA-catalyzed plasminogen activation.
Materials and Methods

uPA

Human two-chain uPA was purchased from two
different sources, either Wakamoto (Tokyo, Japan) or
ProSpec (Ness Ziona, Israel), and was purified from
human urine in both cases. Recombinant human single-
chain pro-uPA was a kind gift from Abbott Laboratories
(Illinois, USA). All uPA protein used contained the
expected human glycosylation pattern and glycan moieties.

Antibodies

The antibodies mAb-112 and mAb-12E6B10 were those
described previously.11,27 Fab fragments of each of the two
antibodies were produced by treating the monoclonal
antibodies with papain in a 1:100 (w/w) ratio of enzyme to
antibody at 37 °C in 7.5 mM cysteine and 2 mM
ethylenediaminetetraacetic acid for 24 h (mAb-12E6B10)
or 15 mM cysteine and 2 mM ethylenediaminetetraacetic
acid for 6 h (mAb-112). Fab-112 and Fab-12E6B10 were
purified from the cleavage reaction mixtures by protein A
affinity chromatography in phosphate-buffered saline,
followed by MonoS™ 5/50 GL cation exchange in 25 mM
acetate, pH 5.5, using the Amersham ÄKTA Explorer 100
Air system (GE Healthcare, Buckinghamshire, UK).

Sample preparation for SAXS

The sample containing pro-uPA was in a buffer of
20 mM citric acid (pH 4.5) and 50 mM NaCl. uPA was



427SAXS and AUC Analysis of uPA
investigated in buffers of 20 mM citric acid (pH 4.5) with
50, 150 or 300 mM NaCl or in a buffer of 20 mM Tris–HCl
(pH 7.5) with 150 or 300 mM NaCl. The samples
containing the Fab fragments, Fab-112 and Fab-12E6B10,
were prepared in 100 mM Tris–HCl (pH 7.5). The
complexes of pro-uPA and Fab-112 and uPA and Fab-
12E6B10 were prepared by mixing the proteins in a 1:1
molar ratio at a neutral pH.

SAXS measurements

The SAXS data were collected at a laboratory-based
instrument at Aarhus University, Denmark.41 For samples
of uPA, pro-uPA, Fab-112, Fab-12E6B10, pro-uPA+Fab-
112 and uPA+Fab-12E6B10, concentrations c between 1
and 4 mg/ml were investigated. The samples were
measured in a reusable quartz capillary, and all measure-
ments were carried out at 25 °C. Background (buffer)
subtraction and conversion of the data to absolute scale by
use of water as a primary standard were carried out using
the SUPERSAXS program package (C.L.P.O. and J.S.P.,
unpublished). The final intensity is displayed as a function
of the scattering vector modulus q=4πsinθ/λ, where λ is
the X-ray wavelength, and 2θ is the angle between the
incident and scattered X-rays.

SAXS data analysis and modeling

The first step in the data analysis was to perform an
indirect Fourier transformation from which the pair
distance distribution, p(r), function is obtained.42 The p(r)
function corresponds to a histogram of pair distances
inside the particle. This is a model-independent fitting
procedure, as no assumption is made for the particle
shape. The procedure is implemented in the program
WIFT (Ref. 43 and C.L.P.O. and J.S.P., unpublished). From
this procedure, the maximum particle dimension (Dmax),
the radius of gyration (Rg) and the forward scattering
[I(q=0)] were obtained. The molecular weights of the
molecules in solution were calculated from the forward
scattering Mprotein

w = I 0ð Þ = cDq2m
� �

, where c is the protein
concentration, and Δρm is the scattering length density
difference per unit mass for which a standard value of
2.0×1010 cm/g was used.
Comparison of the experimental scattering data with

structures of atomic resolution (Fab PDB entry 2f58)29 was
carried out using the program CRYSOL.28 The theoretical
scattering from the macromolecules in solution, including
a hydration layer, is computed using spherical harmonics,
and the discrepancy between the computed scattering
pattern and the experimentally obtained pattern is
evaluated. The discrepancy between the scattering data
and a model is computed as

v2 =
1
N

XN

i=1

Iexp qið Þ− Imod qið Þ� �2

j2
i

where N is the number of experimental points, Iexp(qi) are
the measured data with standard errors σi and Imod(qi) are
the model intensities.
Rigid-body modeling can be performed when the

majority of the macromolecular structures are available
with atomic resolution. The relative position of the
individual domains can be determined by optimizing
the agreement with the experimental scattering data
provided that the domain composition of the protein is
known. The optimization is carried out using a simulated
annealing protocol, where interconnection between the
domains is imposed, and steric clashes are avoided. The
optimization is performed by minimizing the function
f(X)=χ2+P(X) computed for each configuration X, where
χ2 is the discrepancy between the experimental scattering
data and the model, and P(X) is the penalty function
ensuring a physical meaningful model. If knowledge
about inter-residue distances is available, this can be
employed as an additional constraint and can be included
in the penalty function. This procedure is implemented in
the program SASREF.22 If only parts of the domains are
available with atomic resolution, the unknown part can
be included as dummy residues in the model. The
procedure is implemented in the program BUNCH,22

and the optimization is similar to the one implemented in
SASREF.22 Due to the randomness involved in the search,
these procedures do not give unique solutions, and
therefore, a minimum of 10 runs was performed. The
individual models were aligned, compared and filtered
using the programs SUPCOMB and DAMAVER.23 In
SUPCOMB, pairs of structures are aligned by represent-
ing each structure by a set of points (atoms or beads). The
alignment is performed by minimizing a similarity
measure called average NSD. An NSD value close to
unity shows that two models are similar. Models were
compared and filtered using the program DAMAVER23

that also provides an average model and the most
representative model from the set of models, that is, the
model with the lowest average NSD among the other
models of the set.
Structural analysis of flexible proteins was carried out

using EOM.25 The flexibility is modeled by introducing an
ensemble of conformations of the protein to describe the
scattering data. The structures constituting the ensemble
are selected from a large pool (10,000 conformations) of
randomly generated structures by a genetic algorithm.
The structures are selected to minimize the discrepancy
between the average scattering profile of the ensemble and
the experimental scattering data.
Analytical ultracentrifugation

The sedimentation velocity experiments were performed
in a Beckman XL-I analytical ultracentrifuge equilibrated
to 25 °C. Samples of active uPA and pro-uPA were
prepared by direct dilution into 20 mM Tris–HCl (pH 7.4)
and 140 mM NaCl to a final concentration of 3 μM
(0.16 mg/ml) and were loaded into a dual-sector charcoal-
filled epon centerpiece. The samples were centrifuged at
50,000 rpm in an An50-Ti 8-cell rotor, and sedimentation
was monitored by absorbance at 280 nm. The data were
analyzed using the program SEDFIT to generate a
continuous c(s) distribution for the sedimenting species
as a function of the sedimentation coefficient s. During this
procedure, estimated values describing the properties of
the sedimenting protein such as molecular mass, Stokes
radius (Rh) and shape factor (a/b ratio describing the ratio
between the major axis and the minor axis of an oblate or a
prolate spheroid used to approximate the sedimenting
molecule) were simultaneously calculated.44 Solvent
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densities and viscosities were calculated with the public
domain software program SEDNTERP†.
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