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ABSTRACT: The sequence-specific 'H N M R  assignments of the 89-residue recombinant kringle domain 
from human urokinase are presented. These were achieved primarily by utilizing TOCSY and NOESY 
spectra in conjunction with COSY spectra recorded at  500 MHzand 600 MHz. Regular secondary structure 
elements have been derived from a qualitative interpretation of nuclear Overhauser enhancement, J N H ~  
coupling constant, and amide proton exchange data. Two helices have been identified. One helix, involving 
Ser40-Gly46, corresponds to that reported for t-PA kringle 2 (Byeon et al., 1991), but does not exist in 
other kringles with known structures. The second helix, in the region Asn26-Gln33, is thus far unique to 
the urokinase kringle. Three antiparallel &sheets and three tight turns have also been identified, which 
correspond exactly to those identified in t-PA kringle 2 both in solution and in the crystalline state (de Vos 
et al., 1992). Despite the very different ligand binding properties of the urokinase kringle, NOE data 
indicate that the tertiary fold of the molecule conforms closely to that found for other kringles. 

Kringles are highly conserved structural motifs having a 
unique three-disulfide-bond triple-loop arrangement (see 
Figure 1) in an important family of proteins involved in 
hemostasis and fibrinolysis (Sottrup-Jensen et al., 1978). A 
single kringle domain occurs in the urinary-type plasminogen 
activator (urokinase, u-PA),' preceded by a growth factor 
(EGF) domain and followed by a serine protease domain. The 
major function of urokinase is to activate plasminogen to 
plasmin by limited proteolysis; the latter then catalyzes the 
degradation of the fibrin constituents of a blood clot. Indeed, 
urokinase has been found to be an effective thrombolytic agent 
in the treatment of acute myocardial infarction and pulmonary 
embolism (Haber et al., 1989). It is normally synthesized 
and secreted as a single-chain form (scu-PA, pro-u-PA). 
Although scu-PA contains some catalytic activity (Lijnen et 
al., 1986; Ellis et al., 1987), specific proteolytic cleavage is 
needed to render its full activity; the two-chain form, arising 
through a cleavage at Lysl58, is known as high-MW urokinase 
(MW 54 000). Urokinasecontaining only the protease domain 
linked to a short interdomain peptide by a disulfide bridge is 
known as low-MW urokinase (MW 33000), and it is 
catalytically fully active. 

NMR studies of urokinase (Oswald et al., 1989; Bogusky 
et al., 1989) have revealed that distinct domains of the protein 
have high structural as well as motional independence. The 
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FIGURE 1: Schematic representation of the primary structure of the 
kringle domain of human urokinase. Disulfide bonds are indicated 
by thick solid lines. 

activity of the low-MW urokinase also suggests that the 
protease domain possesses all the features necessary for specific 
recognition and cleavage of plasminogen. The EGF domain 
has been reported to bind the specific u-PA cellular receptors 
(Appella et al., 1987; Blasi, 1988), and scu-PA possesses 
plasminogen activation activity when bound to its receptor 
(Elliset al., 1989). As thecentralkringledomainofurokinase 
does not exhibit any fibrin-binding specificity, its functional 
role is therefore quite different from other fibrin-binding 
kringles, notably certain of those in plasminogen and t-PA 
(Winn et al., 1980; Ramesh et al., 1986; van Zonneveld et al., 
1986;Higgins & Vehar, 1987;Gethinget al., 1988). Recently, 
it has been shown (Stephens et al., 1992) that the urokinase 
kringle has affinity for heparin. This suggests the possibility 
of a role for the interaction of the kringle with polyanions in 
the regulation of plasminogen activation and proteolytic 
activity at the extracellular matrix. 

0 1992 American Chemical Society 
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Structural information about the kringle domain of uroki- 
nase is clearly crucial in order to define its biological role. 
Crystal structures of prothrombin kringle 1 (PTKl), human 
plasminogen kringle4 (PGK4), and most recently t-PA kringle 
2 have been solved (Park & Tulinsky, 1986; Tulinsky et al., 
1988; Mulichak et al., 1991; Wu et al., 1991; de Vos et al., 
1992). Solution structures of plasminogen kringle 4 and t-PA 
kringle 2 derived from NMR data have also been reported 
(Atkinson & Williams, 1990; Byeon & Llinis, 1991). Many 
other NMR studies have been performed on kringles 1,4, and 
5 from plasminogen (Trexler et al., 1985; De Marco et al., 
1985; LlinQs et al., 1983; Ramesh et al., 1986, 1987; Thewes 
et al., 1988,1990; Mabbutt & Williams, 1988) and on kringle 
2 of t-PA (Byeon et al., 1989, 1991). Although structurally 
similar, some of the kringles differ significantly in ligand- 
binding capacities or patterns. No crystal structure is available 
for either intact urokinase or its fragments. In this study, we 
report the ‘H NMRsequential assignment of the recombinant 
urokinase kringle domain. A total of 82 of the 89 residues 
of the kringle domain have been assigned using 2D homo- 
nuclear NMR methods. Of the seven remaining residues, 
four are residues at the N- and C-termini, outside the Cysl- 
Cys82 disulfide bond; the other three lie in a structurally 
disordered region. Secondary structure elements have been 
derived on the basis of the NMR data, and the tertiary fold 
has been characterized. 

MATERIALS AND METHODS 

Kringle Sample. The kringle domain used in this study 
was derived from recombinant scu-PA by limited proteolysis 
as described previously (Bogusky et al., 1989) and was kindly 
provided by Grunenthal GmbH, Aachen, Germany. The 
NMR sample was dissolved in 0.5 mL of 90% H20/10% DzO, 
to give a final protein concentration of 4.5 mM, at pH 4.5. 
While HPLC analysis showed the sample to be pure, the NMR 
analysis indicated the existence of minor components. N- 
Terminal amino acid sequencing was therefore carried out 
and revealed that although the major portion of the molecule 
was intact [Le., starting from the Ser(-3) position where the 
kringle was originally cleaved from the recombinant urokinase 
(Note that the numbering system used here assigns the first 
cysteine of the kringle as residue 1; plasmin cleavage of intact 
u-PA occurs between Lys46(-4) and Ser47(-3) in the full- 
length sequence)], two additional species were present. One 
was a fragment whosesequence begins at the Thr(-1) position; 
this and the intact species account for about 70% of the protein 
in solution. The third species was a fragment whose sequence 
starts at Ala1 3. This indicated that a proportion of the kringle 
sample (ca. 30%) was nicked at Lys12-Ala13, leaving 15 (or 
13) N-terminal residues that are only linked to the main body 
of the molecule by the disulfide bridge, Cysl-Cys82. As the 
kringle fragment was difficult to obtain and there was only 
a limited quantity of sample available, further purification of 
the sample was not attempted after the detection of the minor 
species. Instead, as will be demonstrated below, the NMR 
spectra of the intact protein (Ser(-3)-Lys86) were analyzed 
in the presence of the minor species. This was possible because 
the effects of sample heterogeneity were found to be localized 
to the N-terminal region of the molecule, and the sequential 
assignment method could unambiguously detect the cleavage 
in the minor species. 

NMR Spectroscopy. ‘H NMR spectra were recorded on 
a home-built GE-Nicolet 500 spectrometer equipped with an 
Oxford Instruments Co. magnet and a Bruker probe, and on 
a Bruker AM600 spectrometer, with lH resonant frequencies 
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FIGURE 2: TheNH/aromatioaliphatic region of a TOCSY spectrum 
of u-kringle, recorded in HzO at 35 OC, with a mixing time of 65 ms. 
Sequence numbers of most residues are given at the positions of 
either the direct NH-C.H peaks or the most upfield cross-peaks. 
Examples showing the direct and relayed connectivities of the spin 
systems for selected residues are shown with continuous lines. 

of 500.10 and 600.13 MHz, respectively. All 2D experiments 
were carried out at 25 OC and 35 OC using pure phase 
absorption mode. Quadrature detection in the t l  dimension 
was achieved by the States method (States et al., 1982) on 
the GE-Nicolet 500 and by the time proportional phase 
incrementation method (Marion & Wiithrich, 1983) on the 
Bruker AM600 spectrometer. For the TOCSY (Braunsch- 
weiler & Ernst, 1983; Davis & Bax, 1985) experiments, the 
R F  pulses were generated via the attenuated low-power 
transmitter channel on the GE-Nicolet 500, or through reverse 
mode on the Bruker AM600 spectrometer (90° pulse -25- 
27ps). MLEV17 (Bax & Davis, 1985b) or WALTZ17 (Bax, 
1989) spin-lock sequences bracketed by 2.0-ms trim pulses 
were used with mixing times of 58-64 ms. Short delays were 
introduced either within the composite pulses or before 
detection to eliminate cross-relaxation effects in the rotating 
frame (Griesinger et al., 1988). NOESY (Jeener et al., 1979; 
Macura et al., 1981) data were collected with mixing times 
of 120 ms and 200 ms. ROESY (Bothner-By et al., 1984; 
Bax & Davis, 1985a) experiments were performed with mixing 
times of 200 and 300 ms. For measurements in H20, the 
water resonance was suppressed by means of the 1-i “jump 
and return” sequence (Plateau & Gueron, 1982). In the 
TOCSY experiments, the spin-locked magnetization was first 
stored back along the Z axis using a 90° “flip-back” pulse 
before the 1-1 pulses. Because the radiation damping acts 
as an additional relaxation mechanism (Abragam, 1961), 
which rotates the magnetization toward the +Z (static field) 
axis, the second pulse of 1-1 was set 0.15 ps shorter than the 
first. To minimize the radiation damping effect, the first 90’ 
preparatory pulse in the TOCSY experiment and the mixing 
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FIGURE 3: The upfield aliphatic (E2 dimension) regions of the 65-ms TOCSY spectrum (as in Figure 21, demonstrating the assignment of 
Ala, Thr, Val, and Leu spin systems of u-kringle. (a, top left) Connectivities through the two C6H3 cross-peaks from leucine and two C,H3 
cross-peaks from valine to the corresponding c$ resonances are indicated. (b, top right) C,H-CaHp and C,H-C,Hs connectivities are 
indicated by horizontal lines for Leu and Val residues, respectively. The C,H-C,H, and CBH-C,H~ cross-peaks from the same Thr residue 
are connected by vertical lines, with sequence numbers at the positions of the C,H-C,H, cross-peaks. C,H-CBH~ cross-peaks from Ala are 
also indicated. (c, bottom) Connectivities between backbone NH and methyl proton resonances are indicated for Ala, Thr, Val, and Leu spin 
systems. 

pulse in the NOESY experiment were phase cycled in two- 
step (45') fashion, 45' out of register with the other pulses. 
For TOCSY experiments, additional water suppression was 
achieved by applying a very low level water irradiation during 
the relaxation delay. The receiver phase was optimized to 
minimize baseline distortions for both TOCSY and NOESY 
experiments performed on the Bruker AM600 spectrometer 
(Marion & Bax, 1988). Standard phase sensitive COSY (Aue 
et al., 1976; Bax & Freeman, 1981) and DQF-COSY (Rance 
et al., 1983) spectra were also collected. In these experiments, 

C,H resonances bleached out by the strong irradiation of the 
H20 peak during the relaxation delays used for solvent 
suppression were suceessfully recovered by recording a pre- 
TOCSY COSY spectrum (Otting & Wiithrich, 1987) under 
the same conditions. Typical data sets were of 350-512 
complex tl increments (on the Bruker spectrometer with the 
TPPI method, this is equivalent to NE = 700-1024) of 2K 
data points. The COSY spectrum used for J N H ~  coupling 
constant measurement was of 4K data points at 25' with 
otherwise identical parameters. All the NMR data were 
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FIGURE 4: The aromatic region of the 65-ms TOCSY spectrum (as 
in Figure 2). The spin systems of the two Trp residues are indicated 
by dashed lines. The H(3,5) and H(2,6) cross-peaks from four of 
the Tyr residues are indicated by solid lines. The fifth Tyr residue, 
Tyr65, has degenerate H(3,5) and H(2,6) resonances. The only Phe 
residueinu-kringle, Phe8, is alsoindicated. Note the C,H resonance 
of the Thrl5 fingerprint peak (marked with *) has a chemical shift 
value (5.46 ppm) coincident to that of H5 from Trp63. Some 
unmarked cross-peaks in this region result from side-chain amide 
protons. 
processed on a SUN-4 workstation using the FELIX program 
provided by Dr. D. R. Hare, Hare Research Inc. The dispersive 
residual water resonance present in the experiments with the 
1-1 pulse sequence was filtered out using a low-frequency 
notch filter in the time domain (Marion et al., 1989). All the 
spectra were resolution enhanced in t2 by trapezoidal and 
double-exponential weighting functions and in t l  by squared- 
sine-bell and double-exponential functions. After zero-filling, 
the digital resolution in both t l  and t2 dimensions was 3.5 
Hz/point for data collected on the GE-Nicolet 500 and 4.2 
Hz/point for data collected on the Bruker AM600. 

RESULTS 
Assignment of the 'H NMR spectra of the recombinant 

kringle was achieved by means of standard homonuclear 
methods (Wiithrich, 1986; Wagner, 1990). These involve 
initially the identification of spin systems from different amino 
acid residue types via intraresidue through-bond connectivities 
(TOCSY, COSY); at the next stage these spin systems are 
allocated to specific positions in the amino acid sequence by 
establishing sequential interresidue through-space (C5 A) 
connectivities (NOESY). This procedure, which would 
otherwise be conventional, was initially complicated by the 
3-fold heterogeneity of the sample. However, with the result 
of N-terminal sequencing in mind, it was possible to assign 
in a sequence-specific manner virtually all the spin systems 
from the intact molecule by very carefully following the 
sequential information and examining the spectra obtained 
under different conditions. For the majority of the protein, 
with probably the exception of the first 15/13 N-terminal 
residues, resonances in the spectra of the three species were 
identical. Examples of TOCSY and NOESY spectra dem- 
onstrating some of the assignments are shown in Figures 2-6. 

Identification of the Spin Systems. Our assignment of the 
spin systems started from the upfield aliphatic region in the 
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FIGURE 5 :  The assignment of histidine spin systems from the same 
TOCSY spectrum as in Figure 4. The connectivities between the 
two 6-protons and the H4 ring protons of His7 and His38 are 
indicated by continuous lines. 

TOCSY spectra (Figure 3a-c), where characteristic spin 
system patterns could be found for valine, leucine, alanine, 
and threonine residues. It proved possible to identify com- 
pletely all 22 of these spin systems by analysis of just one 
TOCSY spectrum recorded in H20 under optimal conditions. 
The assignment was confirmed in the low-field N H  region of 
the same spectrum, where spin systems could be delineated 
starting from the backbone NH-C,H cross-peaks, the so- 
called fingerprint peaks (Figure 2). Examination of a COSY 
spectrum was valuable to distinguish between direct (3-bond) 
peaks and more remote (relay) peaks. Some resonances from 
lysine spin systems were also visible in this region; full 
assignments of these spin systems, however, were achieved 
only at the later sequential stage. Identification of arginine 
spin systems followed the same line, albeit less successfully 
because of the existence of higher mobility in some of these 
residues (see below). 

The urokinase kringle domain contains 2 tryptophans, 5 
tyrosines, 5 histidines, and 1 phenylalanine. Complete spin 
system networks for the H4, H5, H6, and H7 ring protons 
from the two tryptophans were readily identified in TOCSY 
spectra; these are illustrated in Figure 4. Two further cross- 
peaks linking the imidazole N H  and H2 ring protons of the 
two tryptophans were also observed in TOCSY and COSY 
spectra. Figure 4 also shows the ring proton cross-peaks from 
four of the tyrosines. The fifth tyrosine, Tyr65, has almost 
degenerate H(2,6) and H(3,5) resonances; this is supported 
by the observation of a sharp line with double the normal 
intensity for a tyrosine resonance at  the corresponding position 
in the 1D spectrum. The cross-peaks between the H2 and H4 
ring protons of histidines are normally not observed in COSY 
spectra, due to the small four-bond coupling of ca. 1 Hz. 
However, the cross-peaks between the H2 and H4 ring protons 
from all the five histidines can be clearly observed in the 
TOCSY spectrum (Figure 5 )  owing to its improved efficiency 
of coherence transfer and absorptive line shape. Furthermore, 
cross-peaks between C,gH and H4 protons can even be detected 
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FIGURE 6: Fingerprint region of a NOESY spectrum of u-kringle, recorded in HzO at 25 OC, with a mixing time of 200 ms. Selected stretches 
of sequential d,N(i,i+ 1) connectivities are indicated by solid lines. Dashed lines are used to indicate d,N(i,i+l) connectivities between Pro(i) 
and its following residue. NH-C,H cross-peaks from 432, H36, and H38 lie outside the regions illustrated in the plots. The direct intraresidue 
NH(i)-C,H(i) cross-peaks are boxed and labeled with residue type and sequence number. (a, top) T(-l)-N5, K12-T17, G19-R20, P24-L31, 
and Q33-Y35. (b, bottom) H36-N55. 

for His7 and His38 (Figure 5 ) ;  similar observations have 
previously been made in the spectra of small peptides (Bax, 
1989). Identification of the links between ring protons and 
the backbone CbH protons for histidine is important, in contrast 
to the situation for other aromatic residues, as such information 
is difficult to obtain from NOESY spectra for histidine 

residues. The assignment of the only phenylalanine residue 
in the urokinase kringle is also shown in Figure 4. Here, 
again, H4 and H(2,6) protons have almost degenerate 
resonances. 

It was relatively straightforward to assign many of the AMX 
and AMPTX spin systems starting from the low-field NH 
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FIGURE 7: Part of the fingerprint region of the NOESY spectrum 
(as in Figure 6) of u-kringle in H20. The sequential connectivities 
for the third &sheet region (P62-K71 and L73-E76) are indicated. 

region of the TOCSY spectra. However, unlike the situation 
for the spin systems described above, more than the expected 
number of such spin systems could be observed in the TOCSY 
spectra because of the heterogeneity of the sample. Unam- 
biguous identification of most of these spin systems was not 
achieved at this stage, but the corresponding amino acid type 
and sequence position became clear during the sequential 
assignment stage. 

No attempt was made to assign proline residues at this 
stage. They were identified only after the completion of the 
sequence-specific assignment in the corresponding regions, 
with the aid of sequential information provided by NOESY 
spectra. 

Sequential Assignment. The sequence-specific assignment 
of the kringle spectra was accomplished primarily by estab- 
lishing standard duN(i,i+ 1) and d"(i,i+ 1) sequential con- 
nectivities. The successful assignment of many spin systems 
fromaliphatic (Le., Ala, Thr, Val, Leu) and aromatic residues 
provided many starting points for this analysis. Examples of 
NOESY spectra showing the sequential assignment of many 
residues are given in Figures 6-8. The assignment of the 
N-terminal region proved to be significantly more difficult 
than that of the center regions of the sequence, partly because 
of the cleavage at Lys12-Ala13 in part of the sample, which 
resulted in reduced intensities of the intraresidue cross-peaks 
from this region. Another likely reason for the weak NOE 
signals is that there is substantial local mobility of residues 
or conformational disorder in the terminal regions. If these 
parts of the molecule reorientate at a rate, f; l ,  close to the 
resonant frequency, WO, the NOE signals will become very 
small (theoretically, when 007'~ = d5/2, NOES vanish). 
Nevertheless it is still possible, by carefully examining all the 
sequential NOE information available in NOESY spectra 
recorded at different temperatures (25 "C and 35 "C) and 
frequencies (500 MHz and 600 MHz), to trace the connec- 
tivities from Thr(-1), the only threonine residue left after 
successful sequential assignment of the other regions, to Phe8, 
the only phenylalanine residue. The sequential assignment 
was extended from Phe8 to Glyl 1 which had been sequentially 
assigned from the opposite direction; this confirmed again the 

I 5 9.'0 8 .'5 8.'0 7 : 5  
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FIGURE 8: The NH-NH region of the NOESY spectrum (as in 
Figure 6) of u-kringle in H2O. Sequential NH(I)-NH(i+l) NOES 
are indicated for selected residues. Consecutive dNN(i , i+l)  con- 
nectivities found in the two helical regions (W25-433 and S40-G46) 
are indicated by solid lines. 

assignment of this region. The Glu3 fingerprint peak could 
not, in fact, be observed in the spectra recorded at 35 "C (the 
temperature used for the main assignment work) as it lies 
exactly on the water resonance. It was not detected in the 
pre-TOCSY COSY spectrum either, because of its weak 
intensity. A weak cross-peak just above the water resonance, 
however, could be observed in a NOESY spectrum at 25 OC, 
with a sequential duN(i,i+l) peak to Gly4, and a duN(i-l,i) 
peak to Tyr2. Inspection of a TOCSY spectrum recorded at 
the same temperature revealed a weak AMPTX spin system 
at exactly the same position. This is an example of the 
assignment of a spin system which remained undetected until 
a very late stage. 

The assignment of the C-terminal region suffered from 
problems similar to those of the N-terminal region in that 
intraresidue cross-peaks, especially in the NOESY spectra, 
were weak or missing. This is likely to be a consequence of 
the fact that this region is linked to the N-terminal region by 
a disulfide bond (Cl-C82). The strategy described above for 
the N-terminal region was again adopted and permitted 
assignment to be achieved. In the case where sequential 
information is also lost, spin systems could be assigned through 
elimination; this applied to the assignment of His80, the only 
remaining histidine after successful sequential assignment in 
the other regions. 

The third region of the molecule that proved difficult to 
assign is a seven-residue stretch between Pro56 and Pro62. 
Here, the three consecutive arginines at positions 59-61 make 
it a highly positively charged cluster. Although very strong 
cross-peaks are observed for the arginines in all the TOCSY 
spectra, their NOE signals are barely observed in the NOESY 
spectra. The absence of NOE signals cannot be attributed 
to sample heterogeneity. Instead, it is likely to originate solely 
from the dynamical behavior of this region which appears 
similar to that described for the N-terminal region. This 
indicates that this part of the molecule may have much higher 
mobility than the main body of the molecule. One would 
expect this phenomenon to be temperature-dependent and 
field-strength-dependent; whereas this is indeed the case, the 
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FIGURE 9: Sequence of u-kringle, together with a summary of all the short- and medium-range NOEs involving the NH, CaH, and CBH as 
well as the CaH protons of proline residues. Filled, half-filled, and empty circles indicate amides with slow (220 h), medium (26 h), and fast 
(<lo min) exchange rates, respectively, at pH 4.5,25 O C .  The NOEs are classified as strong, medium, and weak by the thickness of the lines. 
Filled and open boxes indicate, respectively, J N H .  coupling constants of less than 7 Hz or larger than 8 Hz. 

ranges of temperature (25 OC/35 "C) and field strength (500 
MHz/600 MHz) explored are not wide enough to resolve the 
problems raised. ROESY experiments (with mixing times of 
200 and 300 ms) were used to address the problem, but they 
failed to yield any new information. Conformational disorder 
is therefore likely to be the reason for the absence of NOES/ 
R O E  in this region. Thus, to date, there are still three residues 
remaining unassigned in this region. Except for these three 
residues and part of Pro21 (whose resonances are close to the 
water resonance), all residues between T(-1) and D(84) have 
been assigned. The sequential and medium-range NOES 
involving NH, C,H, and CBH as well as the C6H of proline 
are summarized in Figure 9. A list of assignments is given 
in Table I. 

Identification of Secondary Structure. Regular secondary 
structure elements are usually derived from a qualitative 
interpretation of the NOEs, JNH, coupling constants, and 
hydrogen exchange rates (Wiithrich, 1986; Wagner, 1990). 
J N H ,  coupling constants of 34 residues were calculated by 
fitting the cross-sections of the NH-C,H cross-peaks from a 
4K COSY spectrum recorded at 25 OC (Redfield & Dobson, 
1990; Smith et al., 1991). Hydrogen exchange rates were 
monitored initially by recording a set of 12 1D spectra in the 
first half hour after dissolving the sample, freshly lyophilized 
from HzO, into D20 and then by recording a COSY and a 
NOESY spectrum. The results, together with data for J N H ~  
coupling constants, are also presented in Figure 9. 

Two helical regions involving Asn264ln33 and Ser40- 
Gly46 can be identified on the basis of consecutive strong- 
dNN(i,i+l) (except d"(45,46), which is weak) and medium- 

ranged,~(i,i+3) connectivities (Figure 8). The identification 
is further supported by the prevalence of generally smaller 
(<7 Hz) JNH, coupling constants which are usually associated 
with a helical conformation. The repeated Occurrence of d , ~ -  
(i,i+2) as well as d"(i,i+2) connectivities along the first 
helix (Asn26-Gln33) suggests that this is probably closer to 
a 3lo-helix than to an a-helix. 

Three antiparallel @-sheet structures have been deduced on 
the basis of strong consecutive sequential d,N(i,i+ 1) con- 
nectivities (Figure 9) and long-range interstrand dNN(ij), daN' 
(i j) ,  and d,,(ij) NOEs. The first @-sheet comprises two 
short strands: Thr 15-Asp1 6 and Arg20-Pro2 1-Cys22 (Figure 
1OA). Thesecond@-sheet isalsoformedby twoshort stretches 
of polypeptide chain: Pro2kTrp25 and His50-Asn5 1 (Figure 
10B). The third @-sheet involves residues Trp634ln67 and 
Pro72-Gln76 (Figure 1OC). Large (>8 Hz) J N H ~  coupling 
constants and retarded amide proton exchange rates found in 
these regions of the protein are consistent with these findings. 

A @-hairpin tight turn is anticipated involving the pen- 
tapeptide, Asp1 6-Thr 17-Met 1841~19-Arg20, as it connects 
the two neighboring strands of the first @-sheet identified above. 
This expectation is confirmed by the observation of a medium 
d , ~ (  17,19) cross-peak together with strong consecutive d"- 
(i,i+ 1) cross-peaks (irunsfrom 17 to 19). Similarly, a reverse 
turn is located in the tetrapeptide, Va1684ly69-Leu70- 
Lys71, which links the two neighboring strands of the third 
@-sheet. The strong d,~(69,70) and d"(70,7 1) cross-peaks, 
together with a medium d,~(69,71) cross-peak, imply this is 
either a type I1 turn or a half-turn. It is worth noting that 
whereas the observed weakd"(69,70) cross-peak may Support 
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Table I: 'H Chemical Shifts of Urokinase Kringle at 35 OC, pH 4.5 
residue NH (YH BH others residue NH (YH BH others 

Thr(-1) 

Tyr2 
Glu3 
Gly4 
Asn5 
Gly6 

His7 
Phe8 

Tyr9 
ArglO 

Glyl 1 

Lysl2 

Ala13 
Serl4 
Thr 15 
Asp16 
Thr 17 
Met18 
Gly 19 

Arg20 

Pro21 

Leu23 
Pro24 

Trp25 

Am26 
Ser27 
Ala28 

Thr29 

Val30 
Leu3 1 
Gln32 

Gln33 
Thr34 
Tyr35 
His36 
Ala37 
His38 
Arg39 

Ser40 
Asp4 1 
Ala42 

cys 1 

cys22 

8.53 4.59 
8.08 5.12 
8.23 5.31 
9.18 4.81 
9.15 4.21,3 
8.62 4.93 
9.15 4.20, 3 

.90 

.62 

8.73 4.49 
8.87 4.56 

7.54 4.56 
8.46 4.11 

4.47 4.12,3.44 

7.95 3.53 

7.87 4.38 
8.63 5.28 
7.55 5.46 
8.81 5.03 
7.68 4.08 
8.51 4.41 
8.20 4.29, 3.70 

4.40 
3.19,3.07 
3.17,2.59 
2.32,2.05 

3.44,2.79 

3.53,2.92 
3.52,2.96 

2.99,2.92 
1.99, 1.94 

1.27 

1.58 
4.43, 3.75 
4.04 
3.49,2.49 
4.44 
2.35,2.15 

9.08 4.57 

4.71 
8.11 4.53 
9.55 4.59 

4.44 

8.77 4.80 

8.27 4.66 
7.61 4.30 
8.85 3.93 

8.10 4.02 

7.14 3.30 
8.09 3.56 
6.70 4.36 

8.11 4.53 
8.23 3.91 
7.91 4.38 
5.90 5.26 
8.08 4.05 

10.54 5.24 
7.11 4.33 

9.33 4.31 
8.12 4.90 
7.46 3.66 

2.17,2.07 

3.17,2.58 
1.48, 1.79 
1.88 

3.92, 3.28 

3.17,2.16 
3.98,3.98 
1.48 

3.97 

2.08 
1.65, 1.09 
1.97 

2.57,2.18 
3.94 
3.60,2.89 
3.78, 3.23 
1.21 
3.74, 3.34 
2.51, 1.45 

4.05,4.05 
3.19,2.56 
1.66 

C H 3  1.26 

H(2,6) 6.61; H(3,5) 6.86 
'CH2 2.40,2.16 

'NH2 7.22, 7.11 

H2 8.40; H4 6.48 
H(2,6) 7.51; H(3,5) 7.36; 

H(2,6) 6.81; H(3,5) 7.09 

3.27; NH 7.90,7.34 

H4 7.49 

yCH2 1.78, 1.71; 'CH2 

WH2 1 .OO, 0.3 1 ; 'CHI 
1.48; 'CH2 2.90 

'CH3 1.15 

'CH3 1.21 
'CH2 2.60, 2.55 

'CH2 1.78, 1.64; 'CH2 
3.43,3.03 

YCH 1.11; 'CH3 1.00,0.63 
7CH2 2.20, 2.05; 'CH2 

3.79, 3.51 

5.70; H7 7.45 
H4 7.83; H5 7.15; H6 

H2 7.38; NH(i) 11.70 
'NH2 7.77, 6.91 

'CH3 1.15 

'CH3 1.48,0.71 
7CH 1.52; 'CH3 0.58,0.32 
7CH22.46,2.35; 'NH2 

'CH2 2.44 
'CHI 0.70 

7.18,7.03 

H(2,6) 7.12; H(3,5) 6,91 
H2 8.54; H4 7.42 

H2 8.72; H4 7.02 
'CHI 0.67; 'CH2 3.89, 

2.87; NH 9.90,6.94 

Leu43 
Gln44 
Leu45 
Gly46 
Leu47 
Gly48 
Lys49 

His50 
Asn5 1 

Tyr52 
cys53 

Arg54 

Am55 

Pro56 
Asp57 
Am58 
Arg59 
Arg60 
Arg6 1 
Pro62 

Trp63 

Cys64 
Tyr65 
Val66 

Gln67 

Val68 
Gly69 
Leu70 
Lys7 1 

Pro72 

Leu73 
Val74 
Gln75 

Glu76 

Met78 
Val79 
His80 
Asp8 1 
Cy682 

Ala83 
Asp84 

cys77 

. . .. 

a type I1 turn, the J N H ~  coupling constant of 7.9 Hz found for 
the third residue Leu70 would suggest some conformational 
averaging between the two types of turns. The same 
phenomenon is also observed in t-PA kringle 2. A third reverse 
turn is identified involving residues Pro24-Trp25-Asn26- 
Ser27. Weak d"(25,27), medium d"(25,26), and strong 
d"(26,27) connectivities found in this segment suggest the 
formation of either a type I or type I' turn. Although the 
proximity of the NH-CaH cross-peak of Trp25 to the water 
resonance precludes a reliable measurement of J N H ~  for this 
residue, the value of &Ha (ca. 10 Hz) found for Asn26 supports 
the assignment of a type I turn. 
DISCUSSION 

We have presented in this paper assignments for almost all 
the residues in the urokinase kringle sequence. On the basis 

8.52 4.17 
8.05 4.12 
7.49 4.24 
7.66 3.92,3.68 
8.17 3.61 
5.41 4.38,3.67 
8.47 4.20 

8.19 4.61 
7.53 4.79 

10.10 5.37 
9.11 4.45 

9.19 4.49 

8.38 5.34 

8.18 3.96 
7.78 4.22 
7.87 4.24 

4.1 1 

1.81, 1.66 
2.26,2.18 
1.59 

1.6 1,0.42 

1.77 

3.11,2.98 
3.06,2.44 

3.46,2.62 
3.22,2.69 

1.97, 1.05 

2.54, 1.97 

2.90,2.79 
1.88, 1.74 
1.90, 1.77 

2.29 

9.07 5.43 3.36,2.95 

9.23 4.69 3.52,3.01 
8.59 5.17 2.92,2.52 
9.05 4.33 1.71 

8.89 4.19 2.12 

8.50 4.21 2.12 
8.78 4.07, 3.72 
8.86 4.23 1.76 
7.67 4.92 1.81 

4.94 1.52 

9.30 4.91 1.69, 1.63 
8.40 3.83 1.69 
9.19 4.77 1.98, 1.04 

8.59 4.31 2.06, 1.95 
8.42 4.85 2.91,2.91 
8.56 4.46 2.10 
7.61 4.27 2.02 
8.73 4.49 3.55,2.92 
8.61 4.75 3.33, 2.61 
8.26 4.53 3.32,2.78 

8.78 4.31 1.42 
8.02 4.03 2.79,2.79 

'CH 1.76; 'CH3 1.03,0.96 
'CH2 2.59. 2.47 
7CH-1.29; k H 3  0.89,0.89 

'CH 1.11; 'CH3 0.52, -1.00 

'CHI 1.55, 1.29; 'CH2 
1.80; 'CHI 3.09 

H2 8.54; H4 7.08 
7NH2 7.40 

H(2,6) 6.36; H(3,5) 6.79 

WH2 2.57, 1.49; 'CH2 

7NH2 7.37 
3.02; NH 7.48 

yCH2 1.69, 1.40; 'CH2 3.03 
7CH2 1.61, 1.44; bCH2 3.05 

'CH2 2.26, 2.16; 'CH2 

H4 7.03; H5 5.46; H6 

H2 7.34; NH(i) 10.79 

H(2,6) 6.96; H(3,5) 6.98 

3.92, 3.74 

7.24; H7 6.85 

7CH3 0.99,0.83 

'CH2 2.29, 1.97; 7NH2 

'CH3 0.94,0.88 

'CH 1.70; 'CHo 0.97,0.89 
7CH2 1.77, 1.45; 'CH2 

1.47; 'CH2 3.06 
'CH2 1.99, 1.78; 'CH2 

'CH 1.76; 'CH3 0.98,0.98 
7CH3 0.62,0.14 
7CH2 2.56,2.24; 7NH2 

7.02,6.70 
7CH2 2.49,2.29 

'CHI 2.03,2.41 
'CH3 0.80,0.66 
H2 8.63. H4 7.34 

7.26,6.36 

3.73,3.65 

of a qualitative analysis of NOE data, together with the results 
of &Ha coupling constants and hydrogen exchange rates, the 
secondary structure elements have also been determined. 
Overall, the urokinase kringle domain consists of 18% helical 
structure and 21% 6-sheet structure, a percentage slightly 
higher than found for other kringles. The secondary structure 
of the molecule is remarkably similar to that of t-PA kringle 
2. 6-Sheets and reverse turns identical to those found in t-PA 
kringle 2 were also identified in the urokinase kringle. The 
NOE pattern and even the chemical shifts for the many 
residues which are conserved in the two kringles are also 
similar. This similarity is also reflected in the primary 
sequence of the two kringles, with a figure of 46% sequence 
identity. The @-sheets and turns identified in the urokinase 
kringle also correspond reasonably well to those found in PTKl 
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(A) (8) 

Li et al. 

(C) 

H O  

FIGURE 10: Schematic representation of the 8-sheet structures 
identified in u-kringle. NOES which constrain the 8-sheets are denoted 
by arrows (-); H-bonds are denoted by dashed lines. 

(32% sequence identity) and PGK4 (34% sequence identity). 
An a-helical structure found in the S43-A44-Q44a-A44b 
L44c-G45 segment of the t-PA kringle 2 corresponds to the 
a-helical structure involving S40-D4 1 -A42-L43-Q44-L45- 
G46 in the urokinase kringle. As no helical structure has 
been reported for PTKl and PGK4, this appears to be a unique 
feature for the family of kringles from plasminogen activators. 
The backbone amide proton exchange rates in this region are 
sufficiently high to suggest that this helix is at least partially 
exposed to solvent. A noticeable difference between the 
urokinase kringle and t-PA kringle 2 is the presence of another 
helical structure comprising residues S27-A28-T29-V30- 
L3 1-432-433 in the former. By contrast, three consecutive 
turns, with each one overlapping the other, were reported for 
the corresponding region in the t-PA kringle 2. The NOE 
data for the urokinase kringle suggest that this may be a 310- 
helix rather than an a-helix. Unlike the other helix in the 
urokinase kringle, our hydrogen exchange data suggest that 
this helix is somewhat buried in the interior of the molecule; 
indeed preliminary studies of long-range NOES suggest that 
it participates in the formation of the hydrophobic core (see 
below). 

A d,~(53,64) cross-peak has been observed, connecting 
Cys53 and Cys64 and thus providing evidence for the close 
proximity of the two inner loop disulfides, Cys22-Cys64 and 
Cys53-Cys77. The formation of the four-sulfur cluster is 
reported for other kringles (Park t Tulinsky, 1986; Tulinsky 
et al., 1988; Mulichak et al., 1991) and is believed to serve 
as the core of the kringle fold. A number of NOES involving 
both backbones and side chains of T17 and 475, E76 and 
Cys77 require that the first and third 8-sheets are in close 
contact, another common feature among kringles. Many long- 
range NOES, notably involving Trp25, Leu3 1, Tyr35, His38, 
Leu47, Tyr52, and Trp62, provide evidence that a hydrophobic 
core similar to those described for other kringles exists in the 
urokinase kringle. This core appears to be formed primarily 
as a result of interactions between aromatic rings and bulky 
lipophilic sidechains. Experiments performed at near-neutral 
pH for intact urokinase showed that most features of the NMR 
spectra collected at  pH 4.5 were retained, suggesting that the 
structure of the protein remains largely unperturbed when 
raising the pH value (Oswald et al., 1989). This is probably 

also true for its kringle domain, for which spectra collected 
at ca. pH 6 were closely similar to those collected at pH 4.5. 

We have seen that three regions of the molecule exhibit 
local dynamical disorder. One of these, the Pro56-Pro62 
cluster, contains three consecutive arginine residues, and thus 
is highly positively charged. This part must be exposed to 
solvent, and it is likely to have major functional importance 
(see below). Theother two are the N- and C-terminal regions. 
The dynamical properties of the N-terminal region may imply 
it is part of the interface between the kringle domain and the 
growth factor (EGF) domain; in a combined EGF-kringle 
fragment this region may well be stabilized. Because of the 
flexibility of the terminal regions, they appear to be of little 
structural importance. In this regard, it is interesting to see 
that the partial cleavage at Lysl2-Ala 13 in our sample had 
only very local conformational effects. Indeed, the formation 
of a 8-sheet structure starting at  Thrl5, and its interaction 
with the third @-sheet at the C-terminus of the kringle, 
constitute the major stabilizing forces in this region and 
effectively prevent the propagation of the adverse effects of 
the N-terminal cleavage. The small fragment (Ser(-3)/Thr- 
(-1)-Lys(l2)) cleaved at the N-terminus is virtually free, 
linked only to the main body of the molecule by a disulfide 
bond (Cysl-Cys82). Consistent with this is the observation 
that, in the TOCSY and COSY spectra, a number of spin 
systems were clustered at near random coil chemical shift 
positions and had strong temperature dependences of amide 
chemical shifts. Furthermore, such spin systems were normally 
not detected in NOESY spectra, suggesting that they have 
very different dynamical properties from those of other 
residues. 

Despite the high sequence and structural homology between 
the urokinase kringle and t-PA kringle 2, their binding 
properties differ markedly. t-PA kringle 2 is known to have 
high affinity to fibrin, L-lysine, and analogous ligands, whereas 
the urokinase kringle has recently been reported to bind 
heparin-like polyanionic macromolecules (Stephens et al., 
1992). The negatively charged Asp57 residue in t-PA kringle 
2 which is important for lysine binding is not present in the 
urokinase kringle. Instead, three consecutive arginines at 
corresponding (59-6 1) locations in the urokinase kringle 
completely change the electrostatic properties in this region 
and render it impossible for the urokinase kringle to bind a 
zwitterionic ligand like L-lysine. This feature is, however, a 
plausible site for binding of an anionic ligand such as heparin. 
Our NMR data suggest that this region of the molecule is 
exposed to the solvent and in a conformationally disordered 
state. It can be anticipated that binding to a specific ligand 
would stabilize this part of the molecule, as has been found 
in NMR studies of other kringles in the presence of ligands. 
Interestingly, although His3 1-Lys35 has been shown to form 
part of the binding site in PGK4, and the binding of t-PA 
kringle 2 involves Lys34 [the numbering follows that of Byeon 
etal. (1991)],in theurokinasekringle thecorrespondingregion 
is in a helical conformation and relatively buried in the interior 
of the molecule. Another segment which might participate 
in the binding of the urokinase kringle to heparin is His36- 
Arg39. The unambiguous characterization of the binding 
site, however, must await detailed 3D structure calculations. 
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