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ABSTRACT: u-PA (urokinase-type plasminogen activator or urokinase) has been studied under a variety of 
solution conditions by 1-D and 2-D N M R  spectroscopy. Very high quality spectra could be obtained from 
the recombinant protein despite the high molecular mass (46 kDa) by appropriate choice of solution conditions; 
mildly acidic pH and low ionic strength were found to be optimal. Comparison of spectra of u-PA with 
spectra of the isolated kringle and protease domains, the EGF-kringle pair, and a synthetic peptide from 
the kringle-protease linker region, enabled sequential assignments in the u-PA spectrum to be made for 
kringle resonances, and domain-specific assignments for many others. Simulations of line shapes in both 
1-D and 2-D spectra enabled effective correlation times for the different domains, both isolated and in the 
intact protein, to be determined. These have permitted a model of the u-PA dynamics to be put forward 
involving extensive, but not unrestricted, motion between the different domains. 

u-PA1 (urokinase-type plasminogen activator, urokinase) 
is a member of the family of multidomain fibrinolytic proteins 
and, together with t-PA (tissue plasminogen activator), is one 
of the major activators of plasminogen. Although the 
biological role of t-PA is almost solely concerned with the 
dissolution of blood clots, u-PA has also been found to be 
important in a number of other processes. Its involvement in 
processes of tissue degradation has suggested a role for u-PA 
in the invasiveness of tumors and the process of metastasis 
(Dano et al., 1985). u-PA has been investigated as a new 
prognostic marker in cancer, as its level in primary cancers 
is related to the metastatic potential (Reilly et al., 1991). 

u-PA is synthesized in the kidney and can be isolated from 
plasma, urine, and certain cancer cell cultures. It is secreted 
as a 54-kDa single-chain glycoprotein (scu-PA or pro- 
urokinase) which shows some properties of a protease zymogen, 
such as the lack of reactivity with protease inhibitors (Gurewich 
et al., 1984) and peptide-chloromethylketone derivatives 
(Lijnen et al., 1987). It does, however, possess some, albeit 
low, intrinsic catalytic activity (Gurewich et al., 1988; Lijnen 
et al., 1990). scu-PA is activated to the fully active two-chain 
form by cleavage between the Lys-158 and Ile-159 bond by 
plasmin (Holmes et al., 1985); the two chains remain connected 
by a disulfide bridge. Recombinant scu-PA has been expressed 
in Escherichia coli (Winkler et al., 1985; Winkler et al., 1986; 
Holmes et al., 1985) and has a molecular mass of 46 kDa, 
reduced from that of the native protein by the absence of 
carbohydrate; u-PA of urinary origin has a glycosylation site 
at Asn-302 (Steffens et al., 1982). Recombinant u-PA has 
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been shown to have similar functional properties to u-PA 
isolated from human urine (Giinzler et al., 1984). 

Three different domains can be distinguished in the sequence 
of u-PA: the N-terminal epidermal growth factor like (EGF- 
like) domain, the kringle domain, and the C-terminal pro- 
teolytic domain. These domains have significant homology 
with domains found in other proteins and are probably related 
in evolution (Gilbert, 1978; Patthy, 1985). The EGF-like 
domain (residues 5-45,5 kDa) is related to human epidermal 
growth factor and binds to the u-PA receptor (Appella et al., 
1987; Blasi et al., 1988). The functional role of the kringle 
domain (residues 46-135,lO kDa) remains unclear, although 
is has been shown that the kringle domain of u-PA binds 
heparin and might also bind to cell-surface polyanions 
(Stephens et al., 1992). It does not exhibit the fibrin binding 
specificity found in other homologous domains, such as kringle 
1 and 4 in plasminogen and kringle 2 in t-PA. The third 
domain is a trypsin-like serine protease domain (residues 136- 
41 1, 33 kDa), which contains the "catalytic triad" (His-204, 
Asp-255, and Ser-356) found in all serine proteases (Steffens 
et al., 1982). It is connected to the kringle domain by a 16- 
residue long linker peptide and can be isolated following 
cleavage at Lys-135 during limited proteolysis by plasmin. 
The resulting low molecular weight u-PA (LMW u-PA) is 
fully active and is also present in body fluids. Activation of 
scu-PA to two-chain u-PA (tcu-PA) by cleavage at Lys-158 
leads to a new amino terminus which might form an ion pair 
with Asp-355 by intruding into the proteolytic domain in the 
manner found for other serine proteases (de Munk & Rijken, 
1990). 

At the present time little is known about the physical and 
structural properties of intact u-PA. The protein has a high 
content of @-sheet and @-turn secondary structure, as seen in 
CD studies (Mangel et al., 1991). In common with other 
multidomain proteins, crystallization conditions have proved 
elusive, and there is no crystal structure presently available. 
Investigation by small-angle neutron scattering has indicated 
a highly asymmetric molecule with a radius of gyration of 3 1 
A and a maximum dimension of 90 A (Mangel et al., 1991). 
Although u-PA is large in respect to its feasibility for NMR 
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studies, important information has been gained from pre- 
liminary NMR studies on this protein (Oswald et al., 1989; 
Bogusky et a1.,1989). Comparison of spectra of the intact 
protein with those of the isolated domains provided evidence 
for close structural similarity between the isolated domains 
and the corresponding units of the intact protein. Furthermore, 
these studies showed that the domains have a substantial degree 
of structural independence in terms of both their dynamical 
behavior and their folding properties. Indeed, it is to these 
properties that the feasibility of NMR studies is attributed 
(Oswald et al., 1989). 

As with other multidomain proteins, one approach to 
structural analysis has been to isolate individual domains and 
to investigate their structures. The kringle domain of u-PA 
which can be isolated by extended plasminolysis (Bogusky et 
al., 1989; Mazar et al., 1992) has been studied by NMR (Li 
et al., 1992), and its secondary structure elements have been 
determined. These include three antiparallel @-sheets, two 
helices, and three tight @-turns. One of the helices is analogous 
to that reported for t-PA kringle 2 (Byeon et al., 1991; de Vos 
et al., 1992), but the other one is so far unique to the u-PA 
kringle. The overall tertiary fold has at present been 
determined only in outline but is similar to the crystal structures 
of prothrombin kringle 1 (Park & Tulinsky, 1986; Tulinsky 
et al., 1988), plasminogen kringle 4 (Mulichak et al., 1991; 
Wu et al., 1991), and especially t-PA kringle 2 (de Vos et al., 
1992; Byeon & LlinBs, 1991). 

In this paper we extend considerably previous NMR studies 
of u-PA and its component domains and investigate a peptide 
synthesized to correspond to the linker region between the 
kringle and the protease domain (residues 136-158). Much 
improved NMR spectra were achieved by the use of recom- 
binant protein and careful optimization of conditions, and 
these have enabled us to analyze 1-D and 2-D spectra in some 
detail. In particular, the nature of domain mobility within 
u-PA has been investigated by simulating 1-D and 2-D spectra 
to obtain information about the overall motional correlation 
times for the domains, and these data have enabled us to put 
forward a dynamical model for this multidomain protein. 

MATERIALS AND METHODS 
Protein Samples. Recombinant two-chain u-PA, low 

molecular weight u-PA, and the isolated kringle domain were 
provided by Griinenthal GmbH, Aachen, Germany. These 
were derived from single-chain u-PA expressed in E. coli, the 
twechain protein and fragments being produced by proteolytic 
cleavage. The recombinant EGF-kringle domain was provided 
by Dr. D. J. Ballance, Delta Biotechnology Ltd., Nottingham, 
U.K., and was secreted from the yeast Saccharomyces 
cereuisiae. Human high molecular weight u-PA of urinary 
origin was a gift of the Japan Chemical Research Co. Ltd., 
Japan. 

Human urinary and recombinant two-chain u-PA and low 
molecular weight u-PA were prepared in a 0.1 M Tris, 0.15 
M NaC1, and 20% (v/v) glycerol containing buffer at pH 7.4 
at a concentration of 10 mg/mL and inactivated with a three- 
fold molar excess of GGACK (L-Glu-L-Gly-L-Arg-chloro- 
methylketone, Cambridge Bioscience, Cambridge, U.K.) (20 
mM in ethanol) at 25 OC until the activity against S-2444 was 
reduced to less than 0.5% of that of the untreated protein. 
Inactivation was carried out to reduce the possibility of 
autolysis in the NMR experiments during data acquisition, 
although this is unlikely to be fast at the pH values used in 
the experiment. The samples were buffer exchanged into 0.1 
M NH4HC03 at pH 8.5 on Sephadex G-25M (PD-10, 
Pharmacia) gel filtration columns at 4 OC and lyophilized. 
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Inactivated human urinary u-PA was purified on an FPLC 
system using a gel filtration column (Sephacryl S- 100 HiLoad 
column). A 0.1 M solution of NH4HCO3, pH 8.4, was used 
as the eluting buffer to make direct lyophilization possible. 
Fractions containing u-PA were pooled after their purity had 
been confirmed by SDS gel electrophoresis and then lyo- 
philized. 

The linker peptide from Lys- 136, the cleavage site between 
the kringle and the proteasedomain, to Lys-158, the activation 
site of the protease domain, was synthesized on an automated 
peptide synthesizer using a p-alkoxybenzylalcohol resin and 
standard Fmoc protocols. The peptide was cleaved from the 
resin using 90% TFA/5% H20/2.5% 1,2-ethanediol/2.5% 
anisole and was purified by reverse-phase HPLC. 

All protein samples were dissolved in D2O or H2O at pH 
4.5 and purified from small molecule impurities and salts by 
five cycles of centrifugation at 4 OC (reducing the volume 
from 2.0 mL to about 150 pL in each step; 4000g) using 
Centricon-3 or Centricon-10 concentration cells with a 3- or 
1 0-kDa cut-off membrane, respectively (Amicon, Gloucester, 
U.K.). The pH was adjusted by adding dilute DCl and NaOD 
(2% and 0.2%), and pH values quoted are uncorrected for 
isotope effects. Sample concentrations were between 0.6 and 
2.2 mM. 

NMR Spectroscopy. NMR spectra were recorded on a 
Bruker AM600 spectrometer with a proton resonant frequency 
of 600.13 MHz at the Oxford Centre for Molecular Sciences. 
Spectra were collected at  29 or 35 OC. 1-D spectra were 
recorded using 4K or 8K data points over a spectral width of 
7812.5 or 8928.5 Hz, collecting 300-1600 scans. Resolution 
enhancement was achieved using the Lorentzian-Gaussian 
transformation (GB 0.15, LB -10) prior to zero-filling to 8K. 
DQF COSY (Rance et al., 1983) and TOCSY spectra 
(Braunschweiler & Ernst, 1983; Davis & Bax, 1985) were 
acquired over 2K data points and 5 12-800 t I increments in 
the absorption mode with time-proportional phase incremen- 
tation (TPPI) for quadrature detection in the tl dimension. 
Water saturation was achieved by low-power irradiation during 
the relaxation delay introduced between scans. A total of 80, 
96 or 112 transients were collected for each tl increment. 
TOCSY spectra were acquired in reverse mode using a 
MLEV17 pulse sequence (Bax & Davis, 1985) for mixing 
(mixing time, 47 ms). 2-D spectra were processed on a Sun 
4/110 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 in t 2  and a combination of double- 
exponential, shifted sine-bell-squared and trapezoidal mul- 
tiplication in tl prior to zero-filling in both dimensions. After 
zero-filling, the digital resolution was 3.84.2 Hz/pt in both 
dimensions. All spectra were referenced to 1,Cdioxane at 3.74 
PPm. 

Simulations. Spectral simulations for both 1-D and 2-D 
NMR spectra were performed on a Sun 4 workstation. 
Simulations of 2-D COSY spectra were carried out using a 
program provided by Dr. C. Redfield which assumes weak 
coupling for neighboring protons and applies experimental 
parameters (line width, coupling, and resolution enhancement 
functions) to in-phase and antiphase peaks. Tryptophan cross 
peaks were simulated with the known values of coupling 
constants (3J45 = 8.03, 3J56 1.12, 
4J47 = 0.95, sJ47 = 0.81) (Redfield, 1984) and varying line 
width values. The same resolution enhancement functions 

7.08, 3J67 = 8.34, 4J46 
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were used for the simulations and for processing the NMR 
data sets (see above). Positive and negative contours of the 
cross peaks are plotted at  exponentially increasing levels. 

In order to simulate a tryptophan cross peak, a first estimate 
of the resonance line width was obtained by determination of 
the line width of a resolved tryptophan resonance in the 1-D 
spectrum. A best fit of an experimental 1-D peak to a 
simulated in-phase signal was made by visual comparison, 
and then 2-D cross peaksof the same line width were simulated. 
By adjusting the contour level, the contour profile of the 
simulated cross peak was compared with the experimental 
cross peak for a given line width until the two were closely 
matched. This was then repeated for other cross peaks for the 
same contour level but different line width values. In addition 
to visual comparison of the simulated and the experimental 
cross peaks, the peak heights of the cross p:aks were compared. 
These were measured within the Felix routine, and the four 
absolute intensities of the maxima and minima of a crosspeak 
were averaged. 

The half-height line width (Av1p) for a Lorentzian line is 
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transverse relaxation of an A3 spin system can be described 
by using Redfield relaxation matrix theory (Redfield, 1965) 
or by solving a group of first-order differential equations by 
forming a set of "normal mode variables" (Werbelow & 
Marshall, 1973; Werbelow & Grant, 1977). For the latter 
case, the equations have the form 

1 Avl12 = - = L c [ 5 J ( 0 )  + 9J(w) + 6J(2w)] rT2 2077 

where T2 is the transverse relaxation time, and the summation 
is over all pairwise contributions to the specific spin resonance. 
Using the formalism of Lipari and Szabo (1982) to account 
for internal motions, the spectral density function J(w) can 
be written as 

where T~ is the overall rotational correlation time, 7-l = rC-l 
+ Tin-1, and Tin is the correlation time for internal motions. 
S2 is a generalized order parameter, r is the interproton 
distance, and the other symbols have their conventional 
meaning. Provided that Tin << T~ and W2TcTin << 1 ,  eq 2 can 
be simplified as 

(3) 

Taking eq 3 into eq 1 and neglecting contributions from 
nonlinear terms >> l ) ,  we have 

(4) 

and 

Teff = s2Tc ( 5 )  

Equation 4 demonstrates that this is a direct proportional 
relationship between line width and correlation time. For 
transverse relaxation rates, and hence A v ~ p ,  where the 
contribution from J(0 )  dominates, the errors introduced by 
the above simfilifications will be minimal. 

In theabsence of structural data for u-PA, an averagevalue 
for E1 / f i  was calculated for the protons of the six tryptophan 
residues in hen egg white lysozyme from the tetragonal crystal 
structure data (Handoll, 1985). This was found to be 0.02 
f 0.005 and was used for the estimation of Tcffvalues for 
u-PA and its fragments. 

Simulations were also carried out for methyl group reso- 
nances in 1-D spectra. It has long been known that the 
relaxation processes for methyl protons are complicated by 
cross-correlation effects (Hubbard, 1958a,b, 1969). The 

d -2 = R-q 

where q = ( q l , q ~ , q 3 ) ~  is a set of three variables related to 
transverse coherences, and at least one of them, e.g., 41, 
corresponds to the observable transverse magnetization I,. 
The matrix elements R,, (m,n = 1,3) are each a linear 
combination of spectral density functions Jijk/(XW) which can 
be approximated as: 

where f - l  = T ~ - ~  + T ~ ~ - ~ ,  and T~~ is the correlation time for 
methyl internal motion. In the autocorrelation case, f&,k/ = 
0 and J,(ho) = Jijij(Xw); in the cross-correlation case, *tjk/ = 
2u/3 and Jc(hw) = J i j ~ / ( X w ) .  

In practice, lH methyl relaxation processes are dominated 
by contributions from external protons. The contribution from 
each external proton can be calculated using Tropp's model 
(Tropp, 1980), which gives, for a sphere 

+ 
with the following definitions: 

(9) 

where Yz,, are second-order spherical harmonics, ri is the 
distance between a methyl proton and an external proton, and 
ai are Euler angles of interproton vectors with respect to the 
symmetry axis of the methyl group. It should be noted that 
eq 8 takes account of additional internal motions other than 
the fast methyl rotations (e&, side-chain mobilities) and has 
been simplified by arguments similar to those used in obtaining 
eq 3. It can be further simplified to give 

Solution of eq 6 can be accomplished by using matrix 
manipulation to give 

q(r) = Q exp(--Q-'RQt)Q-'q(0) (12) 
where Q is a matrix of eigenvectors of R. 

This gives rise to a triple-exponential decay curve for the 
transverse magnetization with time. Of the threecomponents 
to the relaxation, the fast component is characteristic of the 
slow tumbling of the molecule and accounts for about 50% of 
the magnetization. Two slow components arise from the fast 
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FIGURE 2: 600-MHz l-D NMR spectra of human urinary (a) and 
recombinant (b) u-PA at 29 "C, pH 4.5, in D20. The insets show 
expansions of both the low-field and high-field regions of the spectra. 
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FIGURE 1: Series of simulations of two methyl peaks. The methyl 
peak at 400 Hz was simulated using an effective correlation time of 
10 ns in all the traces. For the methyl peak at 200 Hz, the effective 
correlation time was varied from 10 ns (top trace) in steps of 4 ns 
up to 30 ns (bottom trace). The total intensity and the broad 
component of the peaks are shown in thick and thin lines, respectively. 

internal rotation of the methyl group; one of these, however, 
makes only a very small contribution (I 1%) to therelaxation 
and was excluded in the analysis of the experimental relaxation 
data. In the following we assume, therefore, double-expo- 
nential relaxation. In these circumstances, a single value of 
a line width is not meaningful and methyl peaks of l-D spectra 
were instead directly simulated for varying effective correlation 
times. The distance between the methyl protons was set to 
1.8 %I (Werbelow & Marshall, 1973); an internal rotational 
correlation time for the methyl group (rme) of 0.01 ns and a 
vicinal coupling constant of 6.7 Hz were used (Li, 1992). The 
distribution of external protons (i.e., their orientations and 
distances relative to the methyl group in question) was assumed 
to be the same for all proteins examined here as for the methyl 
residues in the triclinic crystal structure of hen egg white 
lysozyme. 

In large macromolecules at high frequency, the fast 
relaxation component of the spectral line may be so broad 
that it is effectively submerged into the baseline. The resolved 
methyl peak will then be dominated by the narrow component 
and will have an apparent intensity of less than three protons. 
If, however, there exists an extra degree of fast motional 
freedom for a part or domain of the molecule, the effective 
correlation time for that part or domain of the molecule will 
be shortened. Consequently, the broad component will be 
narrowed and the intensity will appear to increase. The 

resonances do not, therefore, show as straightforward a 
dependence of half-height line width on correlaticn time as 
do pure Lorentzian lines; this effect is shown in Figure 1. 

As a confirmation of the validity of our approach, simu- 
lations were performed for lysozyme, a globular protein for 
which a substantial amount of data is available (Redfield & 
Dobson, 1988). Simulations for the aromatic tryptophancross 
peaks of lysozyme (Trp-28, Trp-63, Trp-108, Trp-123) gave 
an average line width of 9 f 1 Hz (at 27 "C), whichcorresponds 
to an effective correlation time close to 9.8 ns. The simulation 
of the methyl peak at -0.66 ppm from Leu-17 of lysozyme in 
the l-D spectrum (at 35 "C) gave an effective overall 
correlation time of 6.0 ns. The apparent discrepancy between 
the values found here for the methyl protons and for the 
tryptophan ring protons may be attributed largely to the 
internal mobility of the side chains which is accounted for by 
the use of the generalized order parameter S2 (eq 5). From 
dynamical simulations of lysozyme, average order parameters 
S2 of ca. 0.6 for methyl side chains and 0.8 for tryptophan 
residues have been found (Olejniczak et al., 1981). Taking 
these values, the overall correlation time for lysozyme is 
calculated to be 12.3 ns at 27 OC from simulations of the 
tryptophan resonances and 10 ns at 35 OC from that of the 
methyl peaks. These are in good agreement with the 
experimental value of 10 f 2 ns at 32 OC for the overall 
rotational correlation time ( T ~ )  of the backbone atoms, which 
has been previously estimated on the basis of a variety of 
measurements, including light scatteriig, fluorescence, and 
13C TI values for backbone C, atoms (Olejniczaket al., 198 1). 

RESULTS 

The Spectrum of u-PA. Figure 2a shows the spectrum of 
human urinary u-PA at pH 4.5. The features of this spectrum 
are very similar to those of spectra reported previously 
(Bogusky et al., 1989; Oswald et al., 1989), except that the 
spectral resolution is much improved. In order to opt $iize 
spectral resolution, we have explored a wide variety of solution 
conditions. It was found to be particularly important to work 
at pH values below 5 and to desalt by means of several cycles 
through Centricon-3 or -10 cells. 

Close inspection of the spectrum of u-PA in Figure 2 shows 
that it has a large dispersion of chemical shifts, as expected 
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for a structured globular protein, and that it retains two 
particularly striking characteristics detected in previous spectra 
(Oswald et al., 1989). First, the resolved resonances in general 
appear narrower than expected for a molecule with a molecular 
mass of 54 kDa, and second, there are at least two sets of 
peaks characterized by their differing line widths. In the 
upfield region of the spectrum, peaks attributed to the kringle 
and the EGF-like domains appear sharper with up to double 
the apparent intensity of the protease peaks. Because of the 
complex relaxation behavior of methyl resonances and the 
possible submerging of the broad component of the peak into 
the baseline (see Materials and Methods), peaks from methyl 
protons with longer correlation times will appear to have a 
lower intensity than the same number of protons of a methyl 
group with a shorter correlation time. For example (Figure 
2a), the most upfield-shifted resonance assigned to the protease 
domain (at -0.6 ppm) has about half of the apparent intensity 
of the most upfield-shifted kringle resonance (-1 .O ppm), 
although both of them represent the three protons of a methyl 
group. This situation is very similar to that in the middle 
traces of Figure 1. In the downfield region of the spectrum, 
there are fewer well-resolved resonances, except for histidine 
CZ protons between 8.3 and 8.7 ppm, so that the differential 
line widths are not as obvious as in the upfield region of the 
spectrum. Nevertheless, a number of particularly well- 
resolved resonances can be seen to be present in the spectrum 
in positions close to those anticipated for kringle resonances 
(Li et al., 1992). 

The spectrum of u-PA has been examined under a range 
of conditions to explore whether these general features are 
maintained. Spectra were recorded at pH values from 4 to 
7. Because of the lower solubility and the tendency to 
aggregate a t  high pH, special care was taken in preparing the 
samples for this study. The pH of a 0.04 mM sample of 
human urinary u-PA in DzO was increased to pH 7.0 prior 
to a 10-fold concentration step at this pH using Centricon-10 
concentration cells. After accumulation of the first spectrum, 
the pH value was lowered in steps of 0.5 pH units by addition 
of 0.04% DC1. The results show that the overall features of 
the spectrum of u-PA are not altered over the pH range studied. 
In the upfield region, for example, the line widths at higher 
pH are larger; the relative peak heights of the upfield 
resonances of the kringle and the protease domain change by 
approximately 10% but the characteristicdifferences between 
resonances from the kringle and the protease domains are 
maintained. Changes in chemical shift values of these resolved 
resonances can be observed, but they are small; the four 
overlapping resonances between -0.1 and 0.4 ppm at pH 7.0, 
for example, spread out somewhat at pH 4.0 but do not shift 
out of this region. In the aromatic region, the most striking 
feature is the anticipated large change in the spectrum 
downfield of 8.3 ppm. This can be attributed to the titration 
of all or most of the 17 histidine residues whose pKvalues fall 
within this pH range. 

Spectra of u-PA were also recorded as a function of the 
ionic strength of the solution. Starting with a sample at low 
ionic strength, the salt concentration was raised by adding 
aliquots of a 2 M NaCl solution, changing the NaCl 
concentration of the NMR sample from 0 to 180 mM NaCl. 
At higher concentrations of NaC1, the line widths increase; 
the effect is not very large and can again be seen most clearly 
for the resolved resonances at high field. The ratio of apparent 
intensities of the most upfield-shifted kringle and protease 
resonances is reduced by only about 5% between 0 and 180 
mM NaCl concentration. No differences other than small 
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FIGURE 3: Low-field region of the 600-MHz 1-D NMR spectra of 
human urinary (a) and recombinant (b) u-PA at 35 OC, pH 4.5, in 
H20. The labeled resonance arises from the N( l )H proton of Trp- 
74(25). 

changes in chemical shift positions can be seen in the aromatic 
region of the spectrum. There is no evidence, therefore, for 
significant changes in domain structure or interactions over 
the pH or ionic strength range investigated. The small 
increases in line width, which are likely to arise from an 
increased tendency to aggregate at high pH or higher ionic 
strength (both of which decrease the electrostatic repulsion 
between molecules) are the origin for the deterioration in 
spectral quality under these conditions. 

In Figure 2b is shown a spectrum of recombinant u-PA. 
This is virtually identical to the spectrum of human urinary 
u-PA, although some small differences in chemical shift 
positions are evident (see, for example, protease resonances 
in the upfield region between 0.5 and -0.6 ppm in Figure 2b). 
However, the most significant difference between spectra of 
human urinary and recombinant u-PA is the better resolution 
in the latter. The small shifts and improved resolution may 
beattributed in part to theabsenceof thecarbohydratemoiety 
which is attached to Asn-302 in the protease domain. Variable 
fucosylation of the EGF-like domain in native u-PA has also 
been reported (Buko et al., 1991). The loss of carbohydrate 
reduces the molecular mass by approximately 8 kDa and will 
therefore increase the molecular tumbling rate and decrease 
the line width. The effect of this, however, will be complex 
because the carbohydrate is heterogenous and likely to be 
substantially disordered in solution. Indeed, the resonances 
of the saccharide groups can be seen in the spectrum of human 
urinary u-PA in Figure 2a; these apparently narrow lines are 
consistent with extensive motional averaging. That there are 
other causes for differences between the recombinant and 
human urinary protein is, however, indicated by the fact that 
a number of resonances attributed to the kringle domain, which 
is not glycosylated, appear to differ. The kringle domain from 
the recombinant protein has been assigned and analyzed in 
detail. Comparison of the spectrum with that of the isolated 
human urinary kringle domain shows that many resonances 
of the latter appear to be split into at least two components. 
Indeed, this phenomenon can be seen in the spectrum of the 
intact molecule, most clearly for the resonance of the indole 
N H  proton of Trp-74(25) from the kringle domain (Figure 
3) (kringle resonances are referred to by their position in u-PA, 
consensus kringle numbering starting from Cys-50 as 1 is 
given in brackets). We believe, therefore, that the human 
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urinary protein is heterogenous in the kringle domain. In the 
studies described below only the recombinant protein has been 
used. 

Comparison of Spectra of u-PA and Its Constituent 
Fragments. Three regions in the DQF COSY spectrum of 
recombinant u-PA have a chemical shift dispersion large 
enough to make a detailed analysis possible. These are the 
region containing cross peaks arising from correlations between 
methyl groups and their neighboring protons (0.7 to-1 .O ppm), 
the region resulting from correlations between aromatic 
protons (5.3-7.9 ppm), and the fingerprint region, containing 
cross peaks between backbone C,H and amide N H  protons 
(6-10.5 ppm). In order to analyze the spectrum of u-PA, it 
was compared with spectra of its domain fragments. The 
kringle domain has been virtually completely assigned by 
sequential methods (Li et al., 1992), but no previous infor- 
mation was available for the protease or EGF-like domains. 
Because of the complexity of the spectrum, resulting from 
severe spectral overlap, no sequence-specific assignments have 
been obtained for the protease domain; there are, however, 
well-resolved cross peaks in all the three regions of the DQF 
COSY spectrum mentioned above. Eight spin systems could 
be assigned in the aromatic region of DQF COSY and TOCSY 
spectra. Because of the high complexity of the spectrum, 
assignments were confirmed at various temperatures (29,35, 
and 50 "C); the spectrum at 50 OC showed particularly good 
resolution. The two-domain fragment EGF-kringlegives well- 
resolved spectra and allowed the assignment of a number of 
resonances in u-PA to the EGF-like domain. As there are 
only one tryptophan and one tyrosine residue in this domain, 
sequence-specific assignments were possible for these residues. 
In the aromatic region and in the upfield region of the spectrum 
of u-PA, all resolved cross peaks could be classified as 
originating from one of the three domains. The chemical 
shift positions in u-PA for all but four resonances are within 
0.02 ppm of those in the isolated domains and in intact u-PA 
and within 0.05 ppm for these four. The isolation of the 
domains does not, therefore, appear to cause any major 
structural perturbations. 

Figure 4 shows a comparison of the upfield region of the 
spectrum of u-PA with those from the protease, the EGF- 
kringle pair, and the kringle domains. Upfield of 0.8 ppm 
cross peaks from nine spin systems can be assigned to the 
kringle domain by comparison with the spectrum of the isolated 
recombinant kringle domain [Leu-96(47), Val- 123(74), Lys- 
6 1 ( 12), Leu-80( 3 1 ), Leu-72( 23), Val- 128( 79), Arg-88 (39), 
Val-79(30), and Val-115(66)]. Upfield of 0.02 ppm reso- 
nances of some 13 residues can be assigned to the protease 
domain. One valine could be assigned tentatively to the EGF- 
like domain, as it is found in the spectrum of EGF-kringle but 
not in the spectrum of the isolated kringle domain. It could, 
however, also originate from the interdomain region or from 
part of the kringle domain, if it were perturbed by the presence 
of the EGF-like domain. A striking feature of the 2-D 
spectrum of u-PA is the higher intensity of the cross peaks 
arising from the kringle and EGF-like domains compared 
with those of the protease domain; this feature will be 
commented upon later. 

In the aromatic region of the DQF COSY spectrum (Figure 
5 )  in contrast to that of the l-D spectrum, many kringle 
resonances can be clearly identified. These include those of 
Trp-74(25), Trp-l12(63), Phe-57(8), Tyr-51(2), Tyr-58(9), 
Tyr-84(35), and Tyr-lOl(52) (see Table I). Furthermore, 
resonances of the only tryptophan (Trp-30) and the only 
tyrosine (Tyr-24) residues of the EGF-like domain have been 
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identified by comparison with the spectrum of the isolated 
EGF-kringle domain pair. The identification of the resonances 
of the two phenylalanine residues of the EGF-like domain 
and of the two phenylalanine residues of the linker proved to 
be difficult because of the high degree of overlap in the region 
of the spectrum between 7.2 and 7.4 ppm, where their 
resonances are normally found. In the protease domain, 
resonances of the ring protons of four out of five tryptophan 
residues, and of two out of nine phenylalanine residues, could 
be identified. In contrast to the situation for methyl groups, 
the variation in relative intensities of the resonances of different 
aromatic residues within a domain is very large and strongly 
dependent on the type of ring system under investigation. 
However, when comparing the relative intensities of resonances 
of the same residue type, the higher intensities of those in the 
kringle and EGF-like domains are very clear. In the spectrum 
of the EGF-kringle pair, the higher apparent intensity of 
resonances from the smaller EGF-like domain is striking. 

In the fingerprint region of the DQF COSY spectrum 
(Figure 6), thevariation of intensities of NH-C,H cross peaks 
within individual domains is even larger; this can be attributed 
at least in part to the variation in J N H ~ , H  values for different 
residues. Nevertheless, at least 116 cross peaks can be seen 
out of the 387 anticipated from the 41 1 residues of u-PA. In 
relative terms, far more kringle cross peaks than protease 
peaks are present in the spectrum, these being identified by 
comparison with the spectrum of the isolated domains; 40% 
of the kringle cross peaks (34 out of 8 5 )  but only 15% of the 
protease peaks (39 out of 260) could be clearly identified. A 
further 15 cross peaks could be identified in the spectrum that 
are present in the EGF-kringle but not in the kringle or the 
protease domain. Most of these are likely to originate from 
the EGF-like domain, but, as mentioned for other regions of 
the spectrum, some of these could also result from kringle 
resonances perturbed by the presence of the EGF-like domain. 

In the main aliphatic region (1-5 ppm), the spectrum of 
u-PA has many overlapping cross peaks which make any 
detailed analysis impossible. There is a subset of very intense 
cross peaks, which is likely to originate from highly mobile 
regions of the molecule. At least some of the very intense 
cross peaks could be from linker residues, although they could 
also arise from any flexible unstructured part of the molecule, 
including side chains of surface residues. A comparison with 
the DQF COSY spectrum of the linker peptide shows, however, 
no evidence for a set of very narrow resonances arising from 
the linker residues in u-PA. In a number of other proteins, 
such residues have been found to give rise to very narrow 
resonances as a consequence of their extreme flexibility 
(Perham et al., 1987; Endo & Arata, 1986); this appears not 
to be the case in u-PA. 

Despite the generally poorer resolution in this region of the 
spectrum, a considerable number of C,H-CbH cross peaks 
are observed between 4.7 and 5.6 ppm, indicating the existence 
of a large amount of ,!?-sheet structure in this protein. There 
are 35 well-resolved C,H-CBH cross peaks, 12 of which can 
be assigned to the kringle domain, 17 to the protease domain, 
and 3 to the EGF domain. 

Analysis of Line Widths and Effective Correlation Times. 
In order to analyze the behavior of the different domains, two 
groups of resonances have been examined in detail. The first 
is the group of tryptophan cross peaks in the aromatic region 
of the DQF COSY spectrum, for which the line widths and 
effective correlation times have been determined. The second 
is the group of upfield-shifted methyl resonances visible in the 
l-D and 2-D spectra. As described earlier, the complex 
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FIGURE 4: Upfield region of the 600-MHz DQF COSY spectra of u-PA (a) and the protease domain (b) at 29 O C ,  pH 4.5, in D20; EGF-kringle 
(c), and kringle (d) domains at 35 OC, pH 4.5, in H20. Cross peaks of the protease, the kringle, and the EGF-like domains are labeled (P), 
(K), and (E), respectively. Sequence-specific assignments of the kringle domain are numbered according to the u-PA sequence for the spectrum 
of the EGF-kringle domain pair and according to the consensus kringle sequence for the isolated kringle domain. 

relaxation behavior of methyl protons renders the determi- 
nation of simple half-height line widths meaningless. The 
effective correlation times and order parameters were therefore 

used in the simulations of the methyl resonances. 
Simulations were performed for residues in the isolated 

kringle and protease domain and for the same residues within 
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Table I: Chemical Shifts of Tryptophan, Tyrosine, and Phenylalanine Ring Protons in Recombinant u-PA (ppm) at 29 "C 
domain residue 4H 5H 6H 7H residue 2,6H 4H 3,5H 
EGF Trp-30 7.40 7.09 6.99 7.34 Tyr-24 7.01 7.26 
kringle Trp-74 7.80 7.12 5.66 7.41 Phe-57 7.32 7.48 7.32 

Trp-112 6.99 5.41 7.21 6.82 Tyr-5 1 6.54 6.83 
Tyr-58 6.80 7.05 
Tyr-84 6.88 7.09 
Tyr- 101 6.32 6.76 

protease Trp-I 7.21 6.09 5.80 6.67 Phe-I 7.24 7.51 7.63 

Trp-I11 7.67 7.05 6.85 7.39 Tyr-I 6.49 6.67 
Trp-IV 7.40 7.04 6.54 7.21 Tyr-I1 6.39 7.01 

TrpII 7.63 6.67 6.34 7.41 Phe-I1 7.27 7.39 7.55 

the intact u-PA. A series of simulations was carried out for 
the cross peaks of the two tryptophans of the kringle domain 
(Trp74 and Trp-112) and for three of the five tryptophans 
of the protease domain (a total of 12 cross peaks of the spectrum 
of u-PA, 9 of the isolated protease, and 5 of the isolated kringle 
domain) and for the seven most upfield-shifted methyl peaks, 
Le., the methyl resonance of Leu-96(47) in the kringle domain 
and six resonances of the protease domain. Neither the 
tryptophan cross peaks nor the upfield-shifted methyl reso- 

nances of the EGF-like domain were well enough resolved to 
allow simulations to be performed for them. The same was 
true for one of the four tryptophan residues of the protease 
domain analyzed in the spectrum of the isolated domain and 
in the spectrum of the intact protein. Examples of the 
simulations of tryptophan cross peaks and methyl peaks and 
comparisons with the corresponding experimental peaks are 
shown in Figures 7 and 8. The values determined for the line 
widths were 6 f 1 Hz and 16 f 3 Hz for the isolated kringle 
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and protease domahs, respectively. Thecorresponding values the simulations of the methyl resonances were somewhat 
for the kringle and protease domains within u-PA are 1 1  f smaller, being 5.2 and 12.1 ns for the isolated kringle and 
2 and 19 f 3 Hz, respectively. These results yield average protease domains and 9.0 and 15.7 ns for the corresponding 
effective correlation times of 6.6 and 17.2 ns for the isolated domains of intact u-PA (see Table 11). The experimental 
domains and of 12.5 and 20.8 ns for the domains within u-PA. errors in the line width measurements of tryptophan cross 
The effective correlation times determined by the best fit of peaks translate into errors of between fl and f3 ns in the 
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FIGURE 8: Simulation of upfield-shifted methyl peaks in the 600- 
MHz 1-D NMR spectrum of u-PA. The spectrum was recorded in 
D20 at pH 4.5,29 "C. Effective correlation times of 9.0 ns for the 
kringle peak (at 600 Hz) and on average 15.7 f 0.5 ns for the protease 
peaks were used in the simulations. 

Table 11: Summary of the Effective Correlation Times (Teff) and 
Overall Correlation Times (fC) Obtained for Methyl Groups and 
TrvDtoDhan Residues 

Teff (ns) Teff (ns) rc (ns) TC (ns) 
methyl tryptophan methyl tryptophan 

lysozyme 6.0 9.8 10.0 12.3 
kringle (isolated) 5.2 6.6 8.1 8.2 
kringle (intact protein) 9.0 12.5 15.0 15.6 
protease (isolated) 12.1 17.2 20.2 21.5 
Drotease (intact protein) 15.7 20.8 26.1 26.0 

effective correlation times. The corresponding errors in the 
simulations of the methyl group resonances are hard to estimate 
reliably, but varying Teff by f l  ns from the optimum value 
gives noticeably poorer fits to the experimental spectra. Some 
of the differences in the correlation times determined by the 
two approaches are, therefore, likely to arise not from 
experimental errors but from the assumptions inherent in an 
analysis of the type described here. Nevertheless, the values 
of the effective correlation times are clearly distinct for the 
different domains within the intact protein, and indeed the 
relative values of the correlation time estimated by the two 
methods are very closely similar. 

Both tryptophan residues and methyl-containing residues 
are hydrophobic and are likely to be located in the interior of 
the protein. Their properties should therefore give a good 
indication of the mobility of the individual domains in which 
they are found. However, in order to estimate more accurately 
theoverall domain correlation times ( T ~ )  involved, the effective 

correlation times determined were corrected for the different 
side chain mobility anticipated for these two kinds of residues. 
This was achieved by applying the order parameter S2, shown 
to be appropriate in simulations of lysozyme (see Materials 
and Methods). These results are shown in Table 11. The 
values of the domain correlation times obtained from analysis 
of aromatic and methyl resonances are now in extremely good 
agreement: 15.6 and 15.0 ns for the kringle domain and 26.0 
and 26.1 ns for the protease domain in u-PA. This gives 
confidence in the concept of a uniform overall motion 
characteristics of each domain and in the conclusion that these 
differ significantly for the different domains. 

DISCUSSION 

Our results have demonstrated the importance in any NMR 
study, and especially in studies of large proteins, of optimizing 
experimental conditions. These must be conditions under 
which the solubility is high and the intrinsic line width is 
minimized; in practice, the best conditions are those that 
minimize any tendency toward aggregation. Mildly acidic 
pH was most favorable in the case of u-PA. At pH 4.5, the 
protein is well below its isoelectric point (pH 8.3) but above 
the pH values at which domain unfolding begins to be 
significant at 29 O C .  It is likely that aggregation is inhibited 
by the electrostatic repulsion of the positively charged protein 
at these relatively low pH values; this is consistent with the 
observation that resolution is improved at low ionic strength 
where screening of the charges is minimal. 

The second important improvement to earlier studies on 
u-PA was achieved by studying the recombinant protein instead 
of the protein of human urinary origin. The improvement in 
the spectrum is likely to be due in part to the lack of 
glycosylation in the recombinant protein and the correspond- 
ingly reduced molecular weight. We believe, however, that 
the heterogeneity found in samples of human urinary u-PA 
and its isolated kringle domain is the main reason for this 
observation. The core region of the protein, notably Leu- 
96(47) and Trp-74(25) and Trp-l12(63), is, however, found 
to be identical in the two samples, as seen by the closely similar 
chemical shifts for these residues. The origin of the heter- 
ogeneity is, therefore, not yet clear. 

At a very early stage of the studies on u-PA, it became 
evident that spectra of the quality achieved for this protein 
could only be possible if there exists segmental motion 
additional to the overall tumbling of the protein. From the 
known domain structure of u-PA, it appeared most likely that, 
at thevery least, the linker between the kringle and the protease 
domain allows some independence of motion between these 
two domains (Oswald et al., 1989). Further evidence for the 
independence of the domains has come from the finding from 
NMR (Bogusky et al., 1989) and recently differential scanning 
calorimetry studies (DSC) (Novokhatny et al., 1992) that the 
domains of u-PA unfold in an autonomous manner during 
thermal denaturation. 

The present study shows that substantial independent 
domain motion does indeed exist and that it is maintained 
over a wide range of pH and ionic strength. Although the 
kringle resonances broaden somewhat more markedly than 
protease resonances, there is still a substantial difference in 
line width between these two sets of resonances at pH 7.0. 
This shows that independent motion of the kringle and the 
protease domains in u-PA persists under conditions closer to 
physiological than those ideal for detailed NMR experiments. 
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The overall broadening implies some small increase in 
intermolecular interactions at higher pH or higher ionic 
strength, but because of the high protein concentrations used 
in NMR experiments, these aggregation effects are not in 
themselves of physiological relevance. The small changes in 
the differential line widths of the kringle and the protease 
raonances could result either from this or from intramolecular 
effects arising from slightly closer contacts and reduced 
flexibility between the two domains. The relatively small 
influence of the pH and salt concentration on the interaction 
of the domains of u-PA is in contrast to studies on miniplas- 
minogen, a two-domain fragment of plasminogen comprising 
the protease domain and kringle 5,  spectra of which proved 
to be very sensitive to changes in the pH and ionic strength 
of the samples (Teuten, 1991). 

Whereas the differential mobility of the kringle and the 
protease domains is revealed in the 1-D studies by the higher 
apparent intensity of the resolved upfield-shifted methyl peaks 
from the former domain, this behavior also shows itself in the 
2-D spectra by the difference of cross peak intensities of the 
aromatic resonances from the two domains. For large 
macromolecules, as the line width increases, the overlap of 
antiphase lines causes a partial cancellation and reduction of 
the cross peak intensity. Many factors may influence the line 
width of a resonance. They include the overall tumbling of 
the molecule, which is proportional to the molecular weight 
for a spherical particle and is characterized by the rotational 
correlation time, and any additional mobility within the 
molecule such as domain motion, the flexibility of surface 
loops, and the motions of individual side chains. The intensities 
of cross peaks are further complicated by variations in coupling 
constants. Whereas these can be thought of as constant for 
identical protons of aromatic rings or methyl groups, the 
intensities of NH-C,H cross peaks in the fingerprint region 
are influenced by NH-C,H coupling constants, which depend 
on 9 angles, and by C,H-C@H coupling constants, which 
depend on x1 angles. 

The series of simulations performed for tryptophan 2-D 
cross peaks in the aromatic region and the 1-D peaks of the 
methyl groups in the upfield region of the spectrum was 
designed to study the segmental mobility in u-PA in greater 
detail. Especially in the aromatic region, large differences in 
intensity can be seen for resonances from different residues 
within one domain. This may be attributed at least in part 
to additional mobility through flipping of the aromatic rings 
of tyrosine and phenylalanine residues and to the greater 
freedom of motion of surface residues compared to internal 
residues. For this reason, identical spin systems within 
different domains were examined to explore the domain 
mobility rather than local motions. The bulky tryptophan 
residues, which are not subject to ring flips and are normally 
located in hydrophobic cores of proteins, are especially feasible 
for this study. Even for these and for methyl-containing 
residues in the protein core, side chain mobility will contribute 
motion additional to the overall tumbling and will therefore 
narrow the resonance lines. A general order parameter S2 
(Lipari & Szabo, 1982) was used to account for these internal 
motions. The fact that the different residues of both types in 
each domain when corrected for S2 values predicted in 
theoretical simulations gave highly consistent results suggests 
strongly that the approach we have adopted is valid and that 
the different domains do indeed have well-defined and distinct 
motional correlation times. That the behavior of various 
residues in each domain is similar indicates that the assumption 
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of isotropic motion for the domains, which we have made 
here, is also reasonable. 

The measurement of these correlation times enables us to 
examine different models for the dynamics of u-PA. If the 
kringle and protease domains were to be closely associated, 
the two domains would tumble together and have the same 
overall correlation time, i.e., the ratio of the measured 
correlation times would be 1:l. On the other hand, if the 
domains were fully independent, the ratio would, according 
to the Stokes-Einstein equation, be approximately equal to 
the ratio of their molecular weights. One complication for 
the u-PA analysis is the fact that it is not clear how closely 
the EGF-like domain is associated with the kringle domain. 
The spectral simulations could not be extended to this domain, 
because there are no resolved methyl resonances in the 1-D 
spectrum and the only tryptophan spin system shows large 
spectral overlap with other cross peaks in the aromatic region. 
Therefore we must examine two cases. In the first, the EGF- 
like domain is assumed to be closely associated with the kringle 
domain; in this case the ratio of the total molecular weights 
of these two domains to that of the protease domain would 
be 1 :2.0. In the second case, the motion of the kringle domain 
is assumed to be totally unconstrained by the presence of the 
EGF-like domain. In this case the ratio of the correlation 
times of residues in the kringle and protease domain is in the 
simplest case the ratio of their individual molecular weights, 
Le., 1:3.0. 

Our results indicate that the ratio of correlation times for 
the kringle and the protease domains is 1:1.7, Le., closer to 
1:20 than to 1:30 (Table 11, see also Figure 1). The 
experimental ratio would be consistent, within experimental 
errors, with a model in which the kringle and the protease 
domains are not tightly associated, i.e., there is substantial 
motional independence between these two domains, but the 
EGF-like domain has strong interactions with the kringle 
domain. It is necessary, however, to consider the possibility 
that the degree of independence of the different domains is 
intermediate between total freedom and total association. Our 
experimental ratio of correlation times would, for example, 
be consistent with a model in which the EGF-like and the 
kringle domains are not highly correlated, but the freedom of 
motion about the linker between the kringle and the protease 
domains, whilestill substantial, is restricted toa certain degree. 
Both models indicate clearly that there is a high degree of 
motional freedom between the kringle and the protease 
domains, but that the second model is more probable is 
suggested by the fact that T~ is considerably larger for the 
kringle domain in intact u-PA than for the isolated kringle 
molecule (Table 11); this suggests that in the intact molecule 
the motion of the kringle domain is hindered by the presence 
of the protease domain. Similarly, 7c for the protease domain 
is larger in u-PA than in the isolated domain. The difference 
is much smaller than for the kringle domain, but this is expected 
since the protease domain is larger than the kringle domain 
and so the effect of restricted domain mobility will be smaller. 
Further support for this model comes from the spectrum of 
the isolated EGF-kringle pair. Although resonances of the 
tryptophan in the EGF-like domain could not be analyzed 
quantitatively, they appear to have somewhat higher apparent 
intensity in the spectrum of EGF-kringle, and of u-PA, than 
the kringle resonances (Figure 5 ) ,  implying that their line 
widths are less and the effective correlation times of their 
residues are shorter. Further studies are, however, needed to 
confirm this result. 

The motional independence between at least two and 
probably all three of the domains in u-PA is likely to be of 
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major functional importance. It implies a disconnection of 
the domains responsible for binding or recognition processes, 
the EGF-like and kringle domains, from the catalytic part of 
the molecule, the protease domain. This might be of 
considerable value in enabling the different regions of the 
protein to locate their binding partners. These partners 
(receptor, plasminogen, and possibly extracellular matrix 
polysaccharide) are themselves complex macromolecules. 
Thus, such motional independence provides a means of 
overcoming the complex topological problem that might exist 
if the different regions of the molecule were to be rigidly 
located relative to one another. More particularly, NMR 
studies of plasminogen and t-PA, while less detailed than those 
described here for u-PA, provide clear evidence that at least 
some degree of domain independence is also a feature of these 
proteins (Teuten, 1991;Teutenet al., 1991). Our NMRresults 
add to the mounting experimental evidence that domain 
mobility, and the consequent separation of functionally distinct 
regions, might be a common feature of proteins involved in 
fibrinolysis and indeed of other multidomain proteins. 
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