
Crystalline Human Urokinase: Some Properties 

Abstract. Human urokinase, an enzyme which activates plasminogen, has been 
crystallized. Repeated recrystallization yielded preparations of maximum specific 
activity; such preparations revealed only one component when subjected to 
polyacrylamide gel disc electrophoresis. Studies with the ultracentrifuge demon- 
strated that urokinase undergoes a concentration-dependent reversible association 
at pH 6.8. When the partial specific volume of the enzyme is assumed to be 0.735 
miilliliters per gram at 10?C, Archibald measurements indicate the molecular 
weight of urokinase to be 53,000. 

The enzyme urokinase, which occurs 
in trace quantities in human urine, 
catalyzes the conversion of the enzymi- 
cally inactive precursor, plasminogen, 
into the active proteolytic enzyme plas- 
min. Among the diverse substrates 

susceptible to the lytic action of plas- 
min is fibrin, the matrix of blood clots. 
Because plasminogen occurs in blood 
clots and in blood plasma, the possibility 
that the plasminogen-activating prop- 
erty of urokinase may have therapeutic 
utility is widely recognized (1). Spe- 
cifically, attention is being directed to 
the potential usefulness of urokinase as 
a thrombolytic (fibrinolytic) agent in 
acute episodes of thromboembolic dis- 
ease (for example, coronary thrombo- 
sis) and in other conditions associated 
with a pathological fibrin deposition. 

Several of the more fundamental 
chemical and biological studies of uro- 
kinase have been hindered by the lack 
of homogeneous preparations. Our in- 

vestigations were undertaken in an ef- 
fort to resolve this problem. 

Since the discovery of urokinase 
more than a decade ago (2), a number 

of procedures for the (partial) purifica- 
tion of the enzyme have been described 
(3). Recently, by starting with aqueous 
solutions of highly purified preparations 
of human urokinase (4), we have suc- 
ceeded in obtaining urokinase in crys- 
talline form (Fig. I). The preparations 
from which crystals were obtained were 
those which exhibited a specific activity 
equal to, or greater than, 40,000 CTA 
units (5) per milligram of protein (6) 
and which revealed no more than three 
components when subjected to poly- 
acrylamide gel disc electrophoresis (7). 
Crystallization was induced at pH 5.0 
to 5.3 and at a temperature of 4?C by 
the cautious addition of sodium chloride 
with gentle stirring until the urokinase 
solution assumed a faintly turbid ap- 
pearance; shortly thereafter, a "silky" 
sheen became evident on stirring. The 
sodium chloride concentration was then 
increased gradually over a period of 
several days until 98-percent saturation 
was attained. The urokinase crystals 
were colorless, thin plates of unusual 
fragility and brittleness; under the mi- 

croscope, they were easily shattered into 

Fig. 1 (left). Crystalline urokinase, crystallized three times. Photomicrograph taken with 
dark-field illumination. Fig. 2 (right). Disc electrophoresis patterns: (I) purified 
urokinase fraction used as starting material in the crystallization procedure (50 Ig 
of protein); (II) crystalline urokinase (100 ,ug of protein). 
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fragments by the application of only 
moderate pressure to the cover slip. 

The once-crystallized preparations 
were recrystallized until the specific 
activity reached a constant maximum 
value; two or three recrystallizations 
were generally required. A mean loss 
of 12 percent of the total activity was 
sustained with each recrystallization. 
The maximum specific activity attained 
with three lots of crystals was 652,000 
-- 29,800 (standard deviation) CTA 
units per milligram of nitrogen (Kjel- 
dahl), or 104,000 - 4,800 CTA units 
per milligram of estimated protein (6). 
The rise of the specific activity to a 
constant value on repeated recrystalli- 
zation indicated that the crystals were 
indeed urokinase. Twenty-nine milli- 
grams were obtained from 2300 liters 
of urine from human males, represent- 
ing an overall yield of 24 percent. In 
the subsequent sections of this paper, 
such recrystallized products will be des- 
ignated "crystalline urokinase." 

Solutions of crystalline urokinase, 
when subjected to polyacrylamide gel 
disc electrophoresis (7), revealed only 
one component (Fig. 2). At the stage 
immediately prior to the initial crystal- 
lization, two major components and 

occasionally a third (minor) compo- 
nent could be detected. In these stud- 
ies, the degree of resolution obtained 
by the disc-electrophoretic analytical 
technique surpassed that obtained with 
other zonal (paper, cellulose acetate, 
starch gel) electrophoretic procedures. 

The crystalline urokinase prepara- 
tions were also examined for homoge- 
neity in the ultracentrifuge (8). A sin- 

gle, symmetrical sedimentation bound- 

ary was observed during the ultracentrif- 

ugation of solutions of crystalline uro- 
kinase at either pH 2.1 or 6.8 (9), but 
at the latter pH value, boundary spread- 
ing was relatively excessive. These ob- 
servations suggested that, at pH 6.8, 
urokinase may be undergoing rapidly 
equilibrating association-dissociation re- 
actions (10). 

That urokinase aggregates reversibly 
at pH 6.8 was established by determin- 

ing the concentration-dependence of 
the weight-average molecular weight of 
the crystalline enzyme in solutions at 
this pH value. In these studies, molecu- 
lar weights were determined at the 
menisci by the Archibald method (8, 
11) with the assumption that the par- 
tial specific volume of urokinase is 
0.735 ml/g at 10?C. Concentrations at 
the menisci were calculated by the 

equation of Klainer and Kegeles (12) 
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and experimental measurements were 
made in accordance with Schachman's 
procedure (13). 

The molecular weight data obtained 
at pH 6.8 over a range of meniscus 
concentrations of urokinase are pre- 
sented graphically in Fig. 3. It is evi- 
dent that the reciprocal of the weight- 
average molecular weight is linearly 
related to concentration over the range 
of concentrations studied. Least-square 
treatment of these data yielded the fol- 
lowing equation for the regression line: 

105 -- = 1.853 - 0.0864(c) Mw 
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Fig. 3. The concentration-dependence of 
the weight-average molecular weight of 
urokinase at pH 6.8. The optical density 
(OD) values pertain to a light path 1.00 
cm in length. Ultracentrifugation was per- 
formed at 10.0?C in 0.21M NaCl, 0.07M 
phosphate buffer at pH 6.8 in double-sec- 
tor, synthetic boundary cells of the capil- 
lary type; the protein concentrations at the 
air-liquid meniscus and the molecular 
weight values were calculated as defined 
in the text. The solutions at each of the 
initial concentrations employed were cen- 
trifuged at each of three different rotor 
speeds in order to achieve differing degrees 
of protein depletion at the air-liquid me- 
niscus; measurements were made 60 min- 
utes after the respective rotor speed had 
been attained. The initial concentration 
(co) of each solution was determined after 
the series of Archibald measurements at 
three rotor speeds had been completed; the 
solution recovered from the Co determina- 
tion was then utilized for the series of 
Archibald analyses at the next lower ini- 
tial concentration. In the figure above, 
each symbol is used to define both the 
initial urokinase concentration (Co) and 
the rotor speed at which the respective 
Archibald measurements were made: open 
symbols represent Co equivalent to OD2so = 
11.12; half-closed symbols represent Co 
equivalent to OD2so - 6.34; closed symbols 
represent Co equivalent to OD2so = 3.35; 
square symbols designate a rotor speed of 
8,225 rev/min; circular symbols designate 
a rotor speed of 11,272 rev/min; upright 
triangular symbols (for example, A) des- 
ignate a rotor speed of 16,200 rev/min; the 
inverted triangular symbol (v) designates 
a rotor speed of 20,410 rev/min. 

in which Mw is molecular weight and 
c is the urokinase concentration ex- 
pressed in terms of the optical density 
at 280 m,n in 1.00-cm cells (14). At 
infinite dilution, one calculates a value 
of 54,000 ? 900 (standard error) for 
the molecular weight of urokinase; this 
value is, of course, predicated on the 
assumption that the partial specific 
volume is 0.735 ml/g at 10?C. 

Molecular weight studies similar to 
those performed at pH 6.8 were also 
performed on urokinase solutions at 
pH 2.1 and at pH 10.5 (15). Within 
the limits of experimental precision, no 
concentration-dependence of the appar- 
ent molecular weight was observed at 
either pH 2.1 or 10.5 over the concen- 
tration ranges studied. At pH 2.1, the 
mean value and the standard error for 
a series of eleven determinations of 
molecular weight were found to be 
52,500 - 530. At pH 10.5, the mean 
value and the standard error for a series 
of eight determinations were found to 
be 53,300 ? 440. Each of these values 
is in good agreement with the value 
of 54,000 derived by extrapolation of 
the data at pH 6.8 to infinite dilution. 
Presumably, aggregation is inhibited at 
the more extreme pH values by the 
repulsive effects of the electrostatic 
charges on the monomeric molecules; 
alternatively, relatively minor degrees 
of aggregation may be masked by ana- 
lytical insensitivity or by a nonideal 
behavior of the solutions. 

The experimental design of the mo- 
lecular weight studies at each pH value 
was such that it also provided a further 
test of the homogeneity of the crystal- 
line urokinase preparations; moreover, 
at each pH value, the design permitted 
the examination of a single sample over 
a broad range of meniscus concentra- 
tions. During the. Archibald determina- 
tions, each of several different initial 
concentrations of urokinase was sub- 
jected to three different centrifugal 
fields (see Fig. 3). In ultracentrifugally 
polydisperse systems, the higher cen- 
trifugal fields cause a preferential de- 
pletion of the more rapidly sedimenting 
molecular species from the region of 
the meniscus. When the polydispersity 
is due to rapidly reversible aggregation, 
such preferential depletion leads to a 
reequilibration of the molecular species 
to yield a solution whose composition 
is identical with that attained by simple 
dilution to the same solute concentra- 
tion. The weight-average molecular 
weight of the solute at the meniscus of 
such systems, while concentration-de- 
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pendent, is independent of whether the 
reduction in concentration is achieved 
primarily by simple dilution or by ultra- 
centrifugal fractionation. Such was 
found to be the case with urokinase 
solutions at pH 6.8 (Fig. 3, for exam- 
ple, the region wherein the optical den- 
sity is approximately 5). At each of 
the other two pH values studied, the 
homogeneity of crystalline urokinase 
was further indicated by the lack of any 
detectable dependence of the Archibald 
molecular-weight values upon the mag- 
nitude of the applied centrifugal fields. 
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Neurosecretory Processes 

Extending into Third Ventricle: 

Secretory or Sensory? 

Abstract. "Dendrites" projecting into 
the third ventricle from hypothalamic 
neurosecretory neurons of the Pacific 
tree frog, Hyla regilla, appear to be 
morphologically equipped to serve both 
secretory and sensory functions. These 
cell processes contain elementary neu- 
rosecretory granules, Golgi membranes, 
mitochondria, and endoplasmic reticu- 
lum, suggesting synthesis and possibly 
release of hormonal material. Each 
"dendrite" is provided with a single 
cilium which has an accessory centriole 
and a striated rootlet. 

"Dendrites" extending from hypotha- 
lamic neurosecretory cells toward the 
lumen of the third ventricle have been 
described repeatedly in various verte- 
brates by light microscopists (1, 2). 
Stainable neurosecretory material in 
such processes often appears to project 
into the ventricle between ependymal 
cells, suggesting that these neurons may 
release their hormonal products into 
the cerebrospinal fluid as well as into 
the blood stream in the neurohypo- 
physis (2). Dierickx has proposed in- 
stead that the "dendrites" act as recep- 
tors responding to osmotic changes in 
the cerebrospinal fluid (3). 

In the course of an ontogenetic study 
of the neurosecretory system in the 
Pacific tree frog, Hyla regilla, the "den- 
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At each pH value, the respective ranges of 
meniscus concentrations were attained by the 
procedure described in the text accompanying 
Fig. 3; the respective series of rotor speeds 
used in each study were identical. 
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prominent in this species (2) (Fig. 1), 
occurring as stout continuations of the 
perikaryon and usually ending in bulb- 
ous expansions at the luminal surface 
of the ventricle (Figs. 2 and 3). There 
is variation in the shape of the endings, 
however; some are not expanded, where- 
as others appear to spread over the 
surface of adjacent ependymal cells. 
The smooth surfaces of the processes 
contrast with the irregular outlines of 
ependymal cells which have numerous 
microvilli at their free surfaces and ex- 
tensive interdigitations at the lateral 
and basal borders (Figs. 2 and 3). 

All the organelles of the neurosecre- 
tory perikaryon, including endoplas- 
mic reticulum, ribosomes, mitochondria, 
Golgi membranes, and elementary neu- 
rosecretory granules, are found through- 
out the process (Figs. 2 and 3). Typical 
terminal bars and desmosomes occur be- 
tween the processes and adjacent epen- 
dymal cells. Extending into the lumen 
from the tip of the process is a single 
cilium provided with a striated rootlet 
(Figs. 3 and 4) and an accessory cen- 
triole (Fig. 4). The major branch of the 
rootlet has been followed to a depth of 
over 5 ,t into the process. Occasionally, 
tenuous branches of the rootlet are also 
seen (Fig. 4). It has not been deter- 
mined whether these cilia have the two 
central fibrils characteristic of kinocilia 
(4). 

The finding of elementary granules 
in the processes may indicate secretory 
activity or merely that synthesis occurs 
here as well as in the cell body proper. 
Inasmuch as all of the structural com- 

ponents normally associated with syn- 
thesis are found in the processes, gran- 
ules could be manufactured in the 
"dendrites" and then could move cen- 
tripetally to the perikaryon and down 
the axon to be released in the neuro- 
hypophysis. On the other hand, although 
no intact granules were observed in the 
lumen or passing through the plasma 
membrane, release from the "dendrite" 
into the ventricle could occur by diffu- 
sion, as is apparently the case in the 
axon endings of these cells in the neuro- 
hypophysis. Furthermore, an apocrine 
type of secretion remains a distinct pos- 
sibility. It is postulated that the granules 
and droplets described by light micros- 
copists as representing secretion into 
the ventricle lumen (2, 5) are really 
portions of the cytoplasm of the proc- 
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would not reveal a connection to the 
cell body because of the low concentra- 
tion of secretory granules in the prox- 
imal part of the process. In other in- 
stances, cytoplasmic fragments, even 
under the electron microscope, appear 
to be disconnected from the surface; 
serial sections are required to establish 
whether these are in fact free in the 
lumen. 

The whole question of secretion into 
the ventricle is difficult to assess, for 
there is a surprising lack of data on the 
content of neurohypophysial hormones 
in the cerebrospinal fluid (6), consid- 
ering the numerous proposals of secre- 
tion into the ventricle, either from 
"dendrites" (1, 2, 5) or from axon 
endings in the neurohypophysis (7). 

Dierickx's suggestion that the den- 
drites serve as osmoreceptors has some 
cogency, and, as he pointed out, this 
function could coexist with secretion 
into the ventricle (although this is un- 
likely if secretion is of the apocrine 
type). Unfortunately, the small amount 
of evidence is inferential. It is known 
that osmoreceptors exist somewhere 
within the vertebrate body, and perfu- 
sion experiments indicate location in 
the brain itself (8). Because hypotha- 
lamic neurosecretory cells respond to 
osmotic manipulation by changes in 
content of hormone and of stainable 
secretory material (9), the "dendrites" 
are considered the most likely candi- 
dates as such receptors. 

Presence of a cilium at the tip of the 
process is certainly compatible with a 
sensory function, as many known re- 
ceptors are associated with a ciliary 
structure (4). However, survey of the 
literature shows that no specific modifi- 
cation is invariable in sensory cilia: 
they may or may not have two central 
fibrils; they may or may not have ac- 
cessory centrioles; they may or may not 
show structural modifications of the 
distal portion of the cilium (for example, 
4, 10). In addition, cells not known to 
be sensory may have cilia lacking cen- 
tral fibrils and also may have accessory 
centrioles (11). Thus, observed morph- 
ologic features of neurosecretory "den- 
drites" leave their possible sensory 
function unresolved. 

It is conceivable that the preoptic 
neurosecretory cells are derived from 
ependyma (12) and that therefore the 
"dendrites" merely remain attached to 
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literature shows that no specific modifi- 
cation is invariable in sensory cilia: 
they may or may not have two central 
fibrils; they may or may not have ac- 
cessory centrioles; they may or may not 
show structural modifications of the 
distal portion of the cilium (for example, 
4, 10). In addition, cells not known to 
be sensory may have cilia lacking cen- 
tral fibrils and also may have accessory 
centrioles (11). Thus, observed morph- 
ologic features of neurosecretory "den- 
drites" leave their possible sensory 
function unresolved. 

It is conceivable that the preoptic 
neurosecretory cells are derived from 
ependyma (12) and that therefore the 
"dendrites" merely remain attached to 
ependymal cells when the neurosecre- 
tory cell bodies proper sink into the 
underlying brain tissue. Further studies 
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