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ABSTRACT: The domain structure and the stability against thermal and chemical denaturation of urokinase-
type plasminogen activator (u-PA) have been investigated by NMR spectroscopy and differential scanning
calorimetry (DSC). At least five structurally autonomous regions of this three-domain protein have been
found to exist. Two of these are the EGF-like and the kringle domains; the others are all within the third
domain, which is a serine protease. The latter undergoes three unfolding transitions in its enzymatically
active form. Reaction with a specific affinity label (L-Glu-L-Gly-L-Arg-chloromethyl ketone) to produce
an inactivated protein results in a stabilization of the structure involved in two of these transitions, and an
increase in cooperativity to give a domain which unfolds in two, not three, distinct steps. These are attributed
to the denaturation of the two major subdomains of the protease structure. One of the subdomains has
exceptional stability, being unfolded only under extreme conditions such as 75 °C at pH 2.5 or 4 M GuDCl
at pH 4.5 and 29 °C. This region has been identified by isolation and characterization of a fragment
(residues Ile-159 to Thr-277) obtained by limited proteolysis with thermolysin under conditions where the
protease domain was partly unfolded. The NMR data are consistent with this stable region being at the
N-terminus of the protein and indicate that its structure and stability are similar to those of the corresponding
region of the native protein. These results support the idea that the u-PA protease domain has structural
resemblance to the digestive serine proteases, but that stabilizing interactions within the structure can differ
significantly between a group of homologous proteins.

Urokinase-type plasminogen activator (u-PA, urokinase)!
isa protein consisting of three domains: an N-terminal growth
factor-like domain (EGF-like domain, residues 1-45, 5kDa),
akringle domain (residues 46135, 10kDa), and a C-terminal
serine protease domain (residues 136—411, 30 kDa). The
protease domain contains the “catalytic triad” (His-204, Asp-
255, and Ser-356) found in all serine proteases (Steffens et
al,, 1982), but requires cleavage at the proteolytically sensitive
Lys-158 to Ile-159 bond before becoming fully active. It is
connected to the kringle domain by a 16-residue linker peptide
but can be isolated following cleavage at Lys-135 on limited
proteolysis with plasmin. The resulting two-chain low mo-
lecular weight u-PA (LMW u-PA) is fully active and is present
along withintact u-PA in body fluids. u-PA itselfissynthesized
as a single-chain glycoprotein (single-chain u-PA, scu-PA,
prourokinase), which is likewise converted to a fully active
high molecular weight two-chain form (HMW u-PA) by
cleavage between the Lys-158 and Ile-159 bond by plasmin
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(Holmes et al., 1985); the two chains remain connected by a
disulfide bridge. Together with t-PA (tissue-type plasminogen
activator), u-PA is one of the physiologically important
activators of plasminogen. It not only is an important
fibrinolytic agent but also is involved in tissue degradation in
normal and pathological processes (Dang et al., 1985),

One of the most striking properties of u-PA and other
fibrinolytic proteins is their multidomain structure. Although
no complete structural information is available for u-PA,
sequence homology leads to the conclusion that the domains
of u-PA are similar to proteins of known structure (Giinzler
et al,, 1982). For one domain, namely, the kringle domain,
experimental data are available (Li et al., 1992; Bokman et
al., 1993; Li et al., 1994) which show it to be closely similar
tokringle domains of other proteins, especially to t-PA kringle
2 (Byeon & Llinds, 1991;de Vos et al.,, 1992). The EGF-like
domain is related to human and murine growth factors; the
structures of these (Cooke et al., 1987; Montelione et al.,
1992) and of the first EGF-like domain of factor IX (Baron
et al.,, 1992) are known. The protease domain is homologous
to serine proteases for which several structures have been
solved, including those of trypsinogen and chymotrypsinogen
(Bodeetal., 1976; Kossiakoff et al., 1977; Wang et al., 1985).
Serine proteases have a distinct bilobal structure, each lobe
or subdomain having a 8-barrel-type topology (Richardson,
1981).

A comparison of spectra of intact u-PA and its fragments
(protease domain, kringle domain, and EGF-kringle domain
pair) suggests that the isolated kringle and protease domains
are fully structured and not disrupted by the absence of the
neighboring domains. This has made a significant number of
assignments in the 'H NMR spectrum of u-PA possible despite
the large size of the protein (Oswald et al., 1989; Nowak et
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al,, 1993). Assignments were obtained by comparison of the
spectra of the intact protein with those of the isolated domains.
The spectrum of the kringle domain has been virtually
completely assigned (Li et al., 1992), which has allowed
assignments of resonances in the spectrum of u-PA to specific
residues in the kringle domain to be made. Assignments to
specific domains, but not specific residues, has been possible
for a large number of resonances arising from the protease
and the EGF-like domains (Nowak et al., 1993).

An interesting feature of the domain structure of u-PA
concerns the extent of segmental mobility experienced by the
different domains. This mobility is revealed by the high-
resolution nature of the NMR spectra of u-PA, despite its
molecular weight of 46 kDa, and particularly by the obser-
vation that resonances from the kringle and the EGF-like
domains give rise to narrower lines than those from the protease
domain (Oswald et al., 1989). This arises because of faster
molecular tumbling of smaller domains if linkers do not
substantially constrain them. The domain interactions have
been studied in detail by simulations of regions of 1-D and
2-D NMR spectra (Nowak et al., 1993) to obtain line widths
of individual resonances. These were then used to define the
correlation times for the individual domains isolated and in
the intact protein.

A different and complementary approach to studying
domain structure and interactions involves unfolding studies.
By this means, the segmental unfolding of domains in the
intact molecule can be investigated and their stability can be
compared with the stability of the isolated domains. This was
originally reported for u-PA by Bogusky et al. (1989), who
studied inactivated human urinary HMW u-PA, the isolated
kringle domain, and the noninactivated protease domain by
NMR. Novokhatny et al. (1992, 1993) carried out an
unfolding study of u-PA and its domains by DSC which, like
the NMR studies, showed the unfolding of the domains of
u-PA to be independent and largely unaffected by isolation
from the intact protein. Other multidomain fibrinolytic
proteins have been studied with regard to their thermal
unfolding behavior; both calorimetric and NMR studies of
t-PA (Radek et al., 1988; Novokhatny et al., 1991; Teuten,
1991) and plasminogen (Novokhatny et al., 1984; Teuten et
al., 1991, 1993) have indicated that at least some of the domains
in these proteins have independent unfolding behavior.

In this paper, results from 1-D and 2-D NMR studies of
recombinant u-PA and its fragments are reported, along with
data from DSC studies of their thermal unfolding. Previously
obtained assignments for the NMR spectra have made possible
a study of the thermal stability of the domains of u-PA, with
special emphasis on the protease domain. The unfolding
transitions of noninactivated and inactivated LMW u-PA have
been analyzed in detail. Of particular interest has been the
characterization of a very stable part of the protease domain
which has been identified as the N-terminal subdomain by
isolation and characterization of a fragment obtained by
limited proteolysis with thermolysin.

MATERIALS AND METHODS

Protein Samples. Recombinant nonglycosylated high
molecular weight two-chain u-PA (HMW u-PA, residues
1-411) and low molecular weight u-PA (LMW u-PA, protease
domain, residues 135-411), both containing cleavages at the
activation site (Lys-158 to Ile-159), were kindly provided by
Griinenthal GmbH, Aachen, Germany. These were derived
from single-chain nonglycosylated human u-PA expressed in
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FIGURE 1: Schematic view of the sequences of u-PA indicating its
domain structure and fragments studied in this work. Only the
disulfide bridge connecting the two chains is shown; an asterisk (*)
indicates the activation site.

Escherichia coli, the two-chain protein and fragments being
produced by proteolytic cleavage. Recombinant two-chain
HMW u-PA and LMW u-PA (protease domain) were
prepared in a 0.1 M Tris, 0.15 M NacCl, 20% v/v glycerol
containing buffer at pH 7.4 at a concentration of 10 mg/mL
and inactivated with a 3-fold molar excess of EGRemk (L-
Glu-L-Gly-L-Arg-chloromethyl ketone, Cambridge Bioscience,
Cambridge, U.K.) (20 mM in ethanol) at 25 °C until the
activity against S-2444 (pyro-Glu-Gly-Arg-p-nitroanilide) was
reduced to less than 0.5% of that of the untreated protein. The
samples were buffer exchanged into 0.1 M NH,HCO; at pH
8.5 on Sephadex G-25M (PD-10) gel filtration columns at
4°Candlyophilized. The N-terminal fragment of the protease
domain was isolated following limited proteolysis by ther-
molysin. Two millimolar LMW u-PA was incubated with 3
M thermolysin at pH 4.0 and 70 °C for 15 min, prior to
addition of EDTA to terminate the digestion. The resulting
material was purified by FPLC on a MonoS column and an
at least 90% pure fragment corresponding to residues Ile-159
to Thr-277 could be isolated. A schematic view of the
sequences is given in Figure 1.

The protein samples for the NMR experiments were
dissolved in D0 (99.9% D) at pH 4.5 and purified from small
molecules and salts by five cycles of centrifugation at 4 °C
using Centricon-3 and Centricon-10 concentration cells with
a 3-kDa and 10-kDa cutoff membrane, respectively (Amicon,
Gloucester, England). The final NMR samples were 0.4 to
1.2 mM in D,0O at pH 4.5. The pH was adjusted by adding
dilute DCl and NaOD (4 and 0.4%). NMR samples for the
thermal unfolding experiments were buffer exchanged into
100 mM ds-acetic acid at pH 4.5, 3.5, and 2.5.

NMR Spectroscopy. NMR spectra were recorded on a
Bruker AM600 spectrometer with a proton resonant frequency
of 600.13 MHz. Experiments were carried out over a range
of temperatures between 29 and 74 °C. 1-D spectra were
recorded using 4K data points over spectral widths of 7812.5
and 8928.5 Hz; 200-500 scans were required for good signal-
to-noise ratios. Resolution enhancement was achieved using
the Lorentzian—Gaussian transformation (GB 0.15, LB-10)
prior to zero-filling to 8K. DQF COSY spectra (Ranceetal.,
1983) were acquired over 2K data points and 512-800 ¢,
increments in the absorption mode with time proportional
phase incrementation (TPPI) for quadrature detection in the
t; dimension. Water saturation was achieved by low-power
irradiation during the relaxation delay introduced between
scans, and 80 or 96 transients were collected for each ¢,
increment. 2-Dspectra were processed on a Sun 4 workstation
using the Felix program provided by Dr. D. R. Hare (Felix
version 1.1, Hare Research Inc.). The data set was resolution
enhanced by double-exponential and trapezoidal multiplication
int,,and a combination of double-exponential, shifted sinebell-
squared and trapezoidal multiplication in ¢, prior to zero-
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FiGURE2: 1-D!H NMR spectra (600 MHz) of the thermal unfolding
of inactivated two-chain HMW u-PA at pH 4.5. The unfolding
transition is reversible under the conditions used.

filling in both dimensions. After zero-filling, the digital
resolution was 3.8 Hz/point in both dimensions. All spectra
were referenced to a 1,4-dioxane internal standard at 3.74
ppm.

Differential Scanning Calorimetry. The sample was dis-
solved in 50 mM sodium citrate buffer, pH 4.5, to give a final
concentration of 2.30 mg/mL., determined by UV absorbance
using Azgp (1 mg/mL) = 1.36. The sample was degassed
briefly before loading into a Microcal MC-2D calorimeter.
The thermogram was recorded between 5 and 105 °C at a
scanrateof 60 °C/h. Thermodynamic parameters for protein
unfolding were obtained after normalization and base-line
correction by standard procedures (Privaiov & Potekhin, 1986;
Sturtevant, 1987) using the Microcal ORIGIN software
package.

RESULTS

Inactivated Recombinant u-PA. The spectra of recombi-
nant two-chain HMW u-PA, inactivated with EGRcmk, at
pH 4.5 between 30 and 74 °C shown in Figure 2 are closely
similar to those reported earlier for the human urinary protein
(Bogusky et al., 1989). However, the spectra are of signif-
icantly higher quality, partly as a consequence of the much
better homogeneity of the recombinant material compared
with human urinary protein, and partly because the pH and
ionic strength of the protein solutions have been optimized for
the NMR experiments (Nowak et al., 1993). In the upfield
region of the 1-D spectrum at 30 °C (Figure 2), there are
three resolved methyl group resonances of the kringle domain
as assigned by comparison with the spectrum of the isolated
kringle domain (Li et al.,, 1992), namely, Leu-96(47), Val-
123(74), and Leu-80(31) (consensus kringle numbering in
brackets), marked “K”. Methyl group resonances of the
protease domain, marked “P”, are not yet assigned to specific
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residues. As the temperature is increased, the decreasing
intensity and disappearance of resonances in the NMR
spectrum can be interpreted in terms of unfolding of structural
regions. Between 30 and 42 °C, few changes can be observed
in the spectra of u-PA (Figure 2) other than the narrowing
of the resonances anticipated from the shorter correlation
times for molecular tumbling of the still folded protein as a
consequence of the increased thermal energy. Above 52 °C,
however, although resonances from the protease domain
narrow still further, those from the kringle domain broaden
and disappear.

The broadening is an indication of rates of exchange between
the folded and the unfolded states on the order of 102-103s-!,
For the determination of the unfolding temperature, spectra
were recorded at different temperatures, increasing the
temperature in 3 or 5 °C steps. Peak areas of resolved
resonances were measured, and the transition temperature
midpoint was determined as the temperature at which the
area is reduced to half the area of this resonance in the fully
structured protein. The reversibility of the unfolding process
was shown by the regeneration of the original spectrum after
reducing the temperature following the unfolding experiment.

The midpoint of the unfolding transition (7) of the kringle
domainis 63 £ 2 °C; by 69 °C the kringle domain is effectively
fully unfolded. The unfolding transition is furthermore
associated with an increase in intensity between 0.9 and 1.2
ppm characteristic of methyl group resonances in an un-
structured protein. Most of the upfield shifted resonances of
the protease domain, which at lower temperature are poorly
resolved, are increasingly well resolved at higher temperatures.
This can be attributed to the narrowing of the resonances of
the folded domain as the correlation time is reduced by
increased thermal motion at higher temperatures. Itispossible
that the correlation time of the protease domain may be
reduced at these temperatures relative to that at lower
temperature as a consequence of the unfolding of the kringle
domain. Althoughitisclearthatthereissubstantial motional
independence between the domains, there is sufficient inter-
action to increase the line width relative to those in the isolated
domains (Nowak et al., 1993).

At temperatures above ca. 70 °C, the intensities of some
of the resonances of the protease domain decrease as unfolding
of this domain takes place. The midpoint of this transition
cannot be seen clearly here because the samples have not been
heated to temperatures higher than 76 °Cin order to minimize
irreversible denaturation of the protein that occurrs from
prolonged exposure to high temperatures. The midpoint is,
however, estimated to occur at 76 & 3 °C. It will be shown
later that this transition corresponds to the unfolding of only
part of the protease domain. The only resonance of the EGF-
like domain in this part of the spectrum (at 0.4 ppm) is not
well enough resolved to allow the determination of the
unfolding temperature.

In the low-field region of the 1-D spectrum, identification
of resonances from individual domains is limited by the large
degree of resonance overlap. Because of this, and because of
small changes in chemical shift positions with increasing
temperature, the transition related to the unfolding of the
kringle domain is difficult to follow from resonances in this
region of the spectrum. Although resonances of most of the
aromatic ring protons of the kringle domain have been assigned
in the DQF COSY spectrum of HMW u-PA, only one
resonance, corresponding to Tyr-101(52), is well resolved in
the 1-D spectrum; this has been labeled in Figure 2 and
decreases in intensity in accord with the unfolding temperature
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FiGURE 3: 'H NMR spectra (600 MHz) of inactivated recombinant
two-chain HMW u-PA at 29 °C, pH 4.5,and 0, 2, 3, and 4 M
GuDCl. The resonance at 6.8 ppm is caused by residual protons in
GuDCl.

of the kringle domain. The most obvious change in the
aromatic region of the spectrum associated with the transition,
however, is an increase in intensity in the region from 6.8 to
7.3 ppm; this results from the ring protons of the aromatic
residues resonating in the region which is typical for protons
of aromatic groups in unstructured proteins. This increasein
intensity becomes even more prominent as the protease domain
starts to unfold above 70 °C. The unfolding of u-PA is fully
reversible under the conditions used, and the spectrum recorded
after lowering the temperature to 30 °C is closely similar to
that recorded before the unfolding experiment.

The unfolding of HMW u-PA has also been investigated
in guanidine deuteriochloride where complete unfolding can
be achieved at room temperature. Spectra are shown at
GuDCl concentrations of 0, 2, 3, and 4 M GuDCl at 29 °C
and pH 4.5 (Figure 3); it is possible to observe clearly three
unfolding transitions. Unfolding of the kringle domain is
apparent between 0 and 1 M GuDCl. A major unfolding of
the protease domain takes place between 2 and 3 M GuDCl.
Nevertheless, the spectrum of HMW u-PA in 3 M GuDCl is
not one characteristic of a completely unfolded protein. In
particular, some resonances of the protease domain remain in
positions characteristic of resonances in folded proteins,
showing that there exists a stable region of this domain. It will
be shown (see below) that a similar result can be obtained by
recording spectra at high temperature. The spectrum of the
stable region of the protease domain (in 3 M GuDCI or at
high temperature) is characterized particularly by a number
of downfield shifted C,H proton resonances between 5.3 and
5.7 ppm indicating the presence of B-sheet structure. In
addition, several methyl group resonances appear upfield of
the main aliphatic region (between 0.0 and 0.7 ppm) and
resonances of a number of aromatic ring protons are resolved
in the region of 6.4-6.7 ppm, both indicating the presence of
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FIGURE 4: 'H NMR spectra (600 MHz) of the unfolding of
recombinant inactivated two-chain LMW u-PA at pH 4.5; the top
trace shows for comparison the spectrum of the high-stability region
of recombinant inactivated LMW u-PA observed at pH 3.5 and
69 °C.
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globular structure. Thus, both secondary and tertiary struc-
tures persist under these conditions. In 4 M GuDCl the
spectrum is typical for a globally denatured protein, with no
resonances upfield of 0.7 ppm or between 5.0 and 6.8 ppm.

Inactivated LMW u-PA. In order to perform a more
detailed analysis of the unfolding transitions of the protease
domain, this domain has been studied following isolation from
the intact protein. The changes observed in the spectra of
two-chain LMW u-PA, inactivated with EGRcmk, in the
temperature range studied (35~74 °C, Figure 4), are closely
similar to those of the protease domain as observed in the
spectrum of the intact protein (Figure 2) and are reversible,
Upto 62 °C, nochanges other than the narrowing of resonances
occur in the spectra, but the decreasing intensity of resolved
resonances at higher temperatures indicates an unfolding
transition with a midpoint of 76 £ 3 °C, the same as one of
the transitions attributed to the protease domain in the intact
protein. Again this transition is not complete at 74 °C under
the conditions used. However, by lowering the pH t0 3.5, the
protein is destabilized and the unfolding transition can be
observed at lower temperature. Under these conditions only
the more stable part of the protease domain remains folded
at 69 °C and the spectrum observed (Figure 4, top trace) is
similar to that observed for u-PA in 3 M GuDCL

Further evidence for the existence of a highly stable part
of the protease domain comes from DSC studies. LMW u-PA
inactivated with EGRcmk was studied at pH 4.5; the
thermogram is shown in Figure 5. Two clear transitions with
midpoints at 76.0 £ 0.1 °C (as seen in the NMR study) and
92.3 £ 0.3 °Ccan be observed (AH = 610 % 40 kJ mol-! and
290 % 40 kJ mol-!, respectively). Repeat scans were noisy
and did not show reversibility, probably due to aggregation
of the protein in its denatured state at the very high temperature
required for complete unfolding; the sample was turbid after
removal from the DSC.
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FIGURE 5: DSC thermogram of inactivated recombinant two-chain
LMW u-PA in 50 mM sodium citrate buffer, pH 4.5. The solid lines
show experimental excess heat capacity data after control base line
subtraction and concentration normalization. The dotted lines show
theoretical fits obtained by deconvolution of these data in terms of
two independent, two-state transitions with T, = 76.0 and 92.3 °C,
and AH =610 and 290 kJ mol-}, respectively. The dashed line shows
the overall fit.

Noninactivated LMW u-PA. In contrast to the intact
protein, the isolated protease domain can be studied in a
noninactivated state without fear of degradation, because the
main cleavage sites of autolysis of u-PA are not within this
domain but in the linker regions between the EGF, kringle,
and protease domains. The spectra of active recombinant
two-chain LMW u-PA are closely similar to those of the
inactivated protein. This is seen particularly clearly in the
2-D DQF COSY spectra (Figure 6a,b). Because of the size
of the protein, full analysis of the entire spectrum is not feasible.
Three regions of the spectra are, however, well enough resolved
to allow a more detailed analysis, namely, the upfield region
containing ring current shifted resonances of methyl groups,
the aromatic region, and the region of the spectrum containing
downfield shifted C,H protons. In the upfield region of the
2-D spectrum, for example, several resolved cross peaks can
be seen. Six of these, most likely arising from three leucine
or valine spin systems (labeled VII, XII, and XIII in Figure
6; in the absence of sequence specific assignments Roman
numerals have been used to label resonances) are in positions
identical within £0.02 ppm in the two proteins. Some changes
in chemical shifts do, however, occur for other resonances and
can be detected in 2-D spectra; these range from very small
changes (£0.06 ppm) for the resonances of I, VIIL, and IX
tolarger changes for the resonance labeled X (0.4 ppm). Other
cross peaks, including those labeled II, III, IV, V, and X1 in
Figure 6, cannot be observed clearly in the spectrum of the
noninactivated protein because of the lower signal-to-noise
ratio. Inthe aromatic region of the spectrum (see Figure 6),
the four tryptophan spin systems have been identified, and
another (Trp-V) has been tentatively assigned. Three of these
are in nearly identical positions in the spectra of inactivated
and noninactivated LMW u-PA (Trp-III, Trp-1V, and Trp-
V, within £0.02 ppm). The other two (Trp-I and Trp-II), the
most upfield shifted resonances of the tryptophan residues,
are in contrast shifted and are found slightly closer to the
random coil values in the spectrum of the noninactivated
protein than in the inactivated analogue (the chemical shift
differences of the H4 resonances of Trp-I and Trp-1I in the
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two samples are 0.10 and 0.07 ppm, respectively). Most
tyrosine cross peaks are closely similar in both spectra; Tyr-I
is, however, again slightly less shifted from the random coil
position in the noninactivated protein (by 0.10 ppm). Tyr-II
is split into two cross peaks most likely as a consequence of
small structural changes on inactivation that cause two cross
peaks to overlap. The cross peaks of Phe-I and Phe-II are in
closely similar chemical shift positions (%0.05 ppm) in the
two proteins.

Chemical inactivation of LMW u-PA therefore causes only
minor changes in the spectrum at low temperature and, hence,
indicates that the overall fold of the proteinat least is essentially
identical under these conditions. At higher temperatures,
however, the spectra are no longer closely similar. This can
beattributed tosignificant differences in the thermal unfolding
behavior of noninactivated and inactivated LMW u-PA. Two
unfolding transitions can be observed for the noninactivated
protein in the temperature range between 30 and 74 °C (Figure
7). The first transition occurs with a midpoint of 53 £2 °C
(see Table 1); this can be seen most directly in the disap-
pearance of the two most upfield shifted resonances at —0.46
and—0.60 ppm and in the aromatic region by the disappearance
of resonances between 5.6 and 6.4 ppm. The next transition
occurs witha midpoint of 62 £ 2 °C and is particularly evident
in the loss of the majority of the upfield shifted methyl
resonances (Figure 7). This unfolding behavior is consistent
with the two transitions in this temperature range that have
been observed in DSCstudies (Novokhatny etal., 1992). Even
at 74 °C one region of the protein, however, remains folded;
the spectrum under these conditions is characterized by several
resonances upfield of the main aliphatic region between 0.0
and 0.7 ppm, and between 6.3 and 6.7 ppm, and by downfield
shifted C,H proton resonances between 5.0and 5.7 ppm. These
features are closely similar to those described above for u-PA,
partly unfolded either thermally or by intermediate concen-
trations of GuDCl.

High-Stability Region of the Protease Domain. To gain
further insight into the high-stability region of the protease
domain,a 2-D NMR study has been performed on inactivated
recombinant two-chain LMW u-PA at pH 3.5 and 69 °C,
conditions under which the less stable region of the domain
is fully unfolded whereas the more stable part remains
structured (see top trace of Figure 4). In the upfield region
of the DQF COSY spectrum (Figure 6c), resonances of the
three residues discussed above (labeled VII, XII, and XIII)
are observed at chemical shift positions very close (less than
0.1 ppm difference) to corresponding resonances in the
spectrum of the fully folded protein at pH 4.5 and 29 °C
(Figure 6b). Other resonances are, however, missing, and no
cross peaks can be observed upfield of 0.1 ppm; these are
attributed to residues in the less stable region of the protease
domain which has unfolded under the conditions used. Part
of the protein structure is, however, preserved under these
conditions.

In the aromatic region of the spectrum (Figure 6c)
assignment of spin systems of the partly folded state by
comparison with those of the fully folded protease domain is
more difficult because of spectral overlap. This is also a
consequence of the large number of cross peaks near to the
diagonal in this region of the spectrum of the partly unfolded
LMW u-PA. This correlates with an increase in intensity
between 6.8 and 7.3 ppm as seen in the 1-D spectra, and
results from resonances of residues in the unfolded segment
of the protein. Resonances of ring protons of at least one
tyrosine and one tryptophan residue can, however, be seen at
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Domain Structure of u-PA
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FiGURE 7: 'H NMR spectra (600 MHz) of a temperature study of
noninactivated recombinant two-chain LMW u-PA at pH 4.5. As
this sample had been dissolved in H,O and only then been transferred
into deuterated solvent, several amide NH resonances are present
downfield of 8.5 ppm. Most of the amide NH protons are exchanged
for deuterons in samples when spectra are recorded above ca. 60 °C.
This is, however, attributable not only to the unfolding but also to
accelerated hydrogen exchange rates at higher temperature.

Table 1: Unfolding Midpoint Temperatures (°C) of Two-Chain
HMW u-PA and Its Fragments®

K SP-C SP-N

HMW u-PA, inactivated, pH 4.5 62 76 >76
LMW u-PA, inactivated, pH 4.5 76 92b
LMW u-PA, noninactivated, pH 4.5 53,62 >74
human urinary kringle, pH 4.5 60¢

LMW u-PA, inactivated, pH 2.5 45 71
thermolysin resistant u-PA fragment, pH 2.5 58

4 “K” is used as the abbreviation for the kringle domain; “SP-C” and
“SP-N” are used for the C-terminal and the N-terminal regions of the
protease domain. Thelower limit set for SP-N indicates the temperature
range of the experiment and not the thermal stability of the domain. The
transition temperature of the EGF-like domain could not be determined
in these experiments. The errors in the transition temperatures are £2
°C. b Data from DSC; all other data are taken from the NMR studies.
< Bogusky et al., 1989.

chemical shift positions similar to those of resonances of Tyr-
IT and Trp-IV in the spectrum of the fully folded protein
(within 0.04 for Tyr-II and a maximum chemical shift
difference of 0.08 ppm for the ring protons of Trp-IV).
Resonances of another three tyrosine residues can be observed
at chemical shift positions very similar to those in the fully
folded protein; these are, however, close to random coil shift
positions and would not be expected to experience a large
change in chemical shift position even on unfolding.

The third part of the spectrum that provides evidence for
the existence of a structured region of the protease domain
under these conditions is that downfield of 5 ppm. Resonances
inthis region arise from C,H protons and indicate the existence
of B-sheet structure. Fourteen C,H-CgH cross peaks with
C.H chemical shift positions downfield of 5 ppm can be
detected; this compares to 41 cross peaks in this region in the
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fully folded protease domain under optimal conditions at
50 °C.

Further analysis of the high-stability region of the protease
domain was made possible by its isolation from the intact
domain by controlled digestion with thermolysin. Noninac-
tivated LMW u-PA was partly unfolded at pH 4.0 by heating
the sample to 70 °C and exposed to thermolysin which retains
proteolytic activity under these conditions. A fragment with
a molecular weight of 13.5 kDa was isolated, with a sequence
corresponding to residues Ile-159 to Thr-277 of HMW u-PA.
Figure 6 shows a comparison of the DQF COSY spectrum of
thermolysin resistant u-PA at pH 4.5 and 47 °C (d) with that
of inactivated LMW u-PA at pH 3.5 and 69 °C (c). In the
upfield region, a clear similarity between the two spectra can
be seen; resonances of the three residues labeled VI1I, XII, and
XIII can be observed in chemical shift positions similar within
#£0.06 ppm in both dimensions of the corresponding resonances
in partly unfolded LMW u-PA. Inthe aromatic region of the
spectrum, the cross peaks corresponding to Tyr-I and Tyr-11
resonate within £0.02 ppm in the two spectra. Only part of
the spin system of Trp-VI can be observed in the spectrum of
the fragment. A striking difference between the spectra of
the fragment and that of partly unfolded LMW u-PA is a
number of resonances in the latter which occur close torandom
coil shift positions and are attributed to ring protons of residues
in the unfolded part of the protein. Furthermore, several
downfield shifted C,H resonances typical of -sheet structure
are present in the spectrum of the isolated fragment between
5.0and 5.7 ppm. Ten C,H-CgH cross peaks can be observed
inthe DQF COSY spectrum downfield of 5§ ppm with chemical
shift positions very close to those seen in the spectrum of the
partly unfolded LMW u-PA (within £0.05 ppm for nine of
the cross peaks, £0.07 ppm for the other).

Examination of the temperature dependence of the NMR
spectrum of thermolysin resistant u-PA shows that theisolated
fragment, like the same region in the intact protein, is highly
stable. At low temperature, resonances of several slowly
exchanging amide protons can be observed between 8.0 and
10.3 ppm indicating the persistence of globular structure. The
fragment unfolds with a transition midpoint of 58 £ 2 °C at
pH 2.5 (Figure 8), and this process is again reversible. This
compares to a transition midpoint of 71 £ 2 °C at pH 2.5
observed for this region of the structure in inactivated LMW
u-PA. The unfolding transition can be seen most clearly by
the disappearance of the most upfield shifted resonances and
of resonances between 5.0 and 6.8 ppm in a manner similar
to that found for the intact protein (see above); the spectrum
at 74 °C is typical of that for a fully unfolded protein.

DISCUSSION

The unfolding behavior of u-PA and its isolated domains
has been analyzed in detail from the changes observed in the
NMR spectra on heating or addition of GuDC], together with
the results of the DSC studies. The unfolding temperatures
are summarized in Table 1. All the unfolding transitions
studied by NMR were reversible. The results for inactivated
and noninactivated LMW u-PA, and for the kringle domain,
show many similarities, and closely similar transition tem-
peratures, to those from a DSC study published by Novokhatny
and co-workers (Novokhatny et al., 1992), although our data
show slightly higher transition temperatures under similar
conditions (by up to 6 °C). The conclusion of Novokhatny
et al. that the inactivated protease domain unfolds cooper-
atively is not, however, consistent with our data. This is not,
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FIGURE 8: 1-D 'H NMR spectra (600 MHz) of the unfolding study
of a thermolysin resistant u-PA fragment (residues 159-277) at pH
2.5.

however, due to inconsistencies within the experimental data.
Novokhatny and co-workers did not observe the high-stability
region of the protease domain because of the solution conditions
and the temperature range chosen for their studies; the proteins
were not heated to high enough temperatures to observe the
final unfolding transition. Furthermore, studies using chem-
ical denaturation did not detect residual structure because
they were performedin 4 and 6 M GuHCl at pH 4.5, conditions
under which the protein is fully denatured at 29 °C, as shown
by the NMR studies reported here.

Having observed two unfolding transitions for inactivated
LMW u-PA, it has been our aim to identify the structural
regions associated with these transitions. The region of highest
stability can be assigned to the N-terminal region of the
protease domain by comparison of the spectra of the protease
domain with those of the N-terminal fragment. The spectra
of the partly unfolded LMW u-PA and the fragment isolated
by digestion with thermolysin are closely similar and give
evidence for similar secondary and tertiary structure. This
can be seen by the presence in both spectra of a number of
downfield shifted C,H proton resonances, indicating 8-sheet
structure, and resonances of side chain protons shifted away
from their random coil chemical shift positions to a comparable
extent, indicating similar contacts within the globular fold.
The fragment unfolds cooperatively and can be refolded in
the absence of the C-terminal subdomain. All of these features
lead to the conclusion that this region of the protein when
isolated adopts a globular structure similar to that of partly
folded LMW u-PA. Spectra of the latter show, however, a
subset of resonances observed for the fully folded protein.
This indicates that both partly folded LMW u-PA and the
isolated N-terminal fragment have close structural similarity
to the corresponding region in the native protein.

The proteases of fibrinolytic proteins have considerable
homology to the digestive serine proteases. A sequence
alignment of chymotrypsin and the protease domain of u-PA
(Greer, 1990) shows 33% identical residues and another 40%
conserved and similar residues. Comparative modeling studies
of u-PA and t-PA have shown that a superposition of the
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conserved regions is possible and that insertions can be
accommodated without difficulty in the chymotrypsin frame-
work (Strassburger et al., 1983; Nienaber et al,, 1992). In
the chymotrypsinogenstructure, Figure 9 (Wanget al., 1985),
theregions of the protein forming the two lobes of the structure
have no main chain interactions between them. Itistherefore
reasonable that such lobes could exist as discrete structural
units when isolated from each other. Indeed, the isolation of
subdomains of serine proteases has been reported for elastase
(Ghelis et al., 1978) and for coagulation factor IX (Kisiel et
al., 1985; Vysotchin et al,, 1993). The NMR spectrum of the
highly stable N-terminal region of u-PA is consistent with
such a situation, in that this lobe contains only B-sheet
structure, and has one tryptophan residue in the core region
of the structure. Furthermore, an overlay of the sequence of
the isolated fragment of u-PA with that of the homologous
region of the chymotrypsinogen structure indicates that, except
for the N-terminal residues, the rest of the sequence forms a
well-defined six-stranded @-barrel structure (Figure 9).

Having assigned the high-stability region to the N-terminal
lobe of the protease domain, we conclude that the less stable
region is a subdomain corresponding to the C-terminal lobe.
That the resonances assigned to this subdomain correspond
to about half the resonances observed in the spectra of LMW
u-PA is consistent with this conclusion. This region of the
protease domain again has extended §-sheet structure, hence
the downfield shifted C,H proton resonances in the NMR
spectrum, and a globular core giving rise to substantial ring
current shifted resonances. The sequence of the protease
domain of u-PA has three tryptophan residues in the region
of the protein corresponding to the C-terminal lobe of digestive
serine proteases; resonances attributed to these were identified
in the NMR spectrum of this region. Whereas the N-terminal
subdomain has been shown to refold to a native-like structure
even in the absence of the C-terminal region, we do not have
any data on the C-terminal region in the absence of the
N-terminal subdomain. Under the conditions used, ther-
molysin digests the C-terminal region to small peptides.

In the inactivated protein the C-terminal region unfolds
cooperatively. In the absence of the specific inhibitor, i.e., in
the noninactivated protein, this is no longer the case, and two
unfolding transitions can be observed. Itisnotclear yet which
structural region relates to this additional transition. One
possibility is that it might be associated with helical and loop
regions outside the main §8-barrel topology. Another is that
it could be related to the activation domain proposed to exist
in digestive serine proteases. This is a region that appears
from X-ray data to become fully structured only after
activation and, in trypsin, correspond to residues 1618, 142~
152, 184-193, and 216-222 (chymotrypsinogen numbering),
all of which are in loop regions of the structure (Huber &
Bode, 1978; Huber & Bennett, 1983). Support for this idea
in the u-PA protease comes from the observation that two
tryptophan residues fall into the corresponding region of the
sequence of LMW u-PA. Resonances from two tryptophan
residues can be seen in spectra of the active u-PA (labeled
Trp-Iand Trp-11in Figure 6) but not in those of the zymogen
(scu-PA) and are furthermore affected by inactivation of
LMW u-PA (Nowak, 1992). The increased stability of the
inactivated protein might be caused by a stabilization of
interdomain contacts via the cross-linking of the two subdo-
mains, which has been postulated for the EGRcmk reaction
product (Bode et al., 1989).

These findings for u-PA are interesting to compare with
the results of studies of the protease domain of plasmin. DSC
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FIGURE9: Two views of the X-ray structure of bovine chymotrypsinogen (Wang et al., 1985) showing the two lobes of the protein corresponding
to residues 1-120 (in black) and 121-245 (in white) and their S-barrel topologies. The structures are presented using the MOLSCRIPT
program (Kraulis, 1991). The two lobes would correspond to residues 148-277 and 278-411 of the u-PA sequence.

and NMR studies show that the latter unfolds in a single
cooperative transition with a midpoint of 72 °C at pH 4.0
(Teuten et al., 1993) and does not contain a highly stable
region as observed for u-PA. Thisis similar to the cooperative
unfolding observed for chymotrypsin (Privalov, 1979) and
different from the behavior observed here for u-PA. Two
transitions can, however, be observed for the protease domain
of plasmin after inactivation (with TLCK, NV,-p-tosyl-Lys-
chloromethyl ketone, or VPLCK, Val-Phe-Lys-chloromethyl
ketone). Part of the inactivated protease domain unfolds
independently with a transition temperature that is lower than
thatof the rest of the protease domain, and which is dependent
on the affinity label used. In comparison with plasmin, the
region of lowest stablity of u-PA is of somewhat higher stability
as it is already structured at 29 °C and pH 4.5 prior to
inactivation, but might again be associated with the proposed
activation domain of digestive serine proteases.

The results in this paper provide clear evidence for the
existence of regions of different stability within the serine
protease domain of u-PA. Under specific conditions, e.g.,
intermediate temperatures and concentrations of GuDCI,
therefore, the protein can be obtained in at least two stable
partly folded states as well as in the fully folded and fully
unfolded ones. Asstable partly folded states have been shown
for a number of proteins to be related to kinetic intermediates
on folding pathways (Dobson, 1992), it will be interesting to
see in the case of serine proteases whether this is the case here;
no data are presently available to test this possibility. The
NMR data indicate that the partly folded states of u-PA
contain well-defined “subdomains” of persistent native-like
structure. They differ, therefore, from the compact but
globally denatured “molten globule” states now being observed
and characterized for an increasing number of proteins, such
as a@-lactalbumin, cytochrome ¢, and myoglobin (Baum et al.,
1989; Jeng et al., 1990; Hughson et al., 1990). Such molten
globule states have persistent secondary structure but lack
the specific tertiary interactions and close packing of side
chains characteristic of native proteins (Dobson, 1992; Haynie
& Freire, 1993). Wesuggest that subdomains with persistent
and well-ordered structure are particularly likely to exist for
well-defined supersecondary structural motifs such as the
B-barrel topologies of the lobes of serine protease structures.
In the particular case of 3-sheets, the specificity of the main

chain tertiary interactions involving interstrand hydrogen
bonds may be animportant factor contributing to this stability.
Further studies on stable regions of proteins such as that
observed here should shed light on these issues and, perhaps,
assistin the design of novel proteins based on specificstructural
motifs such as the six-stranded 3-barrel topology found in the
protease fragment isolated in this work.
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