ing activity. The GDP-releasing activity
eluted as a single peak at an apparent molec-
ular mass between 100,000 and 160,000
daltons (Fig. 3). However, because of the
highly cooperative nature of the interaction
between p21™° and Ras-GRF, it remains
unclear whether this value represents the
molecular size of the fully active factor.

We conclude that Ras-GRF is a novel
protein, distinct from Ras-GAP, that en-
hances the off rate of guanine nucleotides
from p21"*. Although we do not yet under-
stand the mechanisms that might regulate
GDP-releasing activity, we observed that
cytosol prepared in the absence of phospha-
tase inhibitors exhibited significantly less
activity than that prepared in the presence of
phospho-amino acids and p-nitrophenyl
phosphate (Table 1). Moreover, the releas-
ing activity did not remove all of the [a-
32PIGDP from Ras (Fig. 1), and the rate
and extent of release were rather variable
from preparation to preparation. These data
suggest that the Ras-GRF is rapidly inacti-
vated, perhaps by dephosphorylation, which
might account for the difficulties others have
encountered in trying to detect a GTP/GDP
exchange activity for Ras.

Although it was surprising to detect Ras-
GRF in the cytosol rather than associated
with the plasma membrane, the result sup-
ports carlier suspicions that the Ras super-
family of proteins is structurally and func-
tionally more closely related to factors in-
volved in the control of vectorial processes
such as EF-Tu and eIF-2, rather than to the
trimeric G proteins (10). The guanine nucle-
otide-exchange factor for eIF-2 is a large
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Fig. 3. Gel filtration chromatography of ras-GREF.
Rat brain cytosol was concentrated in a Centricon
10 (approximately fivefold) and loaded onto a
Superose 12 sizing column (5 mg in 0.1 ml). The
column was eluted with 20 mM tris-HCl, pH 7 4,
125 mM NaCl, 10% glycerol, 1 mM MgCl,, 1
mM DTT, plus phosphatase inhibitors (8). Frac-
tions (0.5 ml) were assayed for GDP-releasing
activity (open circles) as described in Fig. L.
Protein (closed circles) was measured by a modifi-
cation of the method described by Lowry (14).
The column was calibrated with (A) amylase (200
kD), (B) alcohol dehydrogenase (150 kD), (C)
bovine serum albumin (66 kD), and (D) carbonic
anhydrase (29 kD). The results are representative
of two independent experiments. V,, void vol-
ume.
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cytosolic protein, the interaction of which
with eIF-2 is governed by phosphorylation
(7).

We therefore propose that Ras-GRF al-
lows the rapid equilibration of p21™* with
the free guanine nucleotide pools in the cell,
to control the fraction of ras protein in the
on state.
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Characterization of an Extremely Large, Ligand-
Induced Conformational Change in Plasminogen

WALTER F. MANGEL, BOHAI LIN,* V. RAMAKRISHNANT

Native human plasminogen has a radius of gyration of 39 angstroms. Upon occupation
of a weak lysine binding site, the radius of gyration increases to 56 angstroms, an
extremely large ligand-induced conformational change. There are no intermediate
conformational states between the closed and open form. The conformational change
is not accompanied by a change in secondary structure, hence the closed conformation
is formed by interaction between domains that is abolished upon conversion to the
open form. This reversible change in conformation, in which the shape of the protein
changes from that best described by a prolate ellipsoid to a flexible structure best
described by a Debye random coil, is physiologically relevant because a weak lysine
binding site regulates the activation of plasminogen.

ATIVE HUMAN PLASMINOGEN IS A
single-chain polypeptide of 790
amino acids (1) located within six
domains (2). At the NH,-terminus are five
kringles, triple-loop structures of 80 to 100
amino acids constrained by three disulfide
bridges, followed by the protease domain
which is homologous to chymotrypsin. The
kringles have a high degree of sequence

similarity (35%) and are autonomous struc-
tural and folding domains (3) that have
evolved by exon shuffling (4). Plasmin is
formed upon cleavage by a plasminogen
activator of the arginyl-valyl bond 560 ami-
no acids from the NH,-terminus of plasmin-
ogen (5). There are two classes of lysine
binding sites on plasminogen. For the lig-
and 6-aminohexanoic acid (6-AHA) there is
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one strong site with a dissociation constant
K4 of 9 uM and five weaker sites with a Ky
of 5 mM (6). Plasminogen is targeted by
way of the lysine binding sites. It is through
the strong site in kringle 1 that plasminogen
binds to fibrin (7), the extracellular matrix
(8), and the cell surface (9). Occupation of
the strong lysine binding site protects plas-
min from its major inhibitor a,-antiplasmin
(10). Activation of plasminogen is regulated
by the lysine binding sites. In the presence
of 6-AHA sufficient to saturate a weak lysine
binding site, the rate of activation by uroki-
nase increases tenfold (7). Occupation of a
weak lysine binding site by 6-AHA alters
some of the physical properties of plasmino-
gen (6). There is a reversible decrease in the
sedimentation coefficient (12) from 5.75 to
4.85S (13), an increase of 7% in the intrinsic
fluorescence, and a decrease in the rotational
relaxation time from 262 to 158 ns (14).

Although a change in the conformation of
plasminogen was known to occur upon oc-
cupation of a weak lysine binding site, the
nature of this change and the precise physi-
cal dimensions involved were unknown.
Our objective was to characterize the con-
formation of plasminogen in solution and
the changes that occur upon occupation of
the lysine binding sites. Small-angle scatter-
ing was chosen because it can be used to
study directly and precisely conformational
changes that occur in proteins in solution.
Analysis of the low-angle part of the scat-
tered intensity yields the radius of gyration
(Rg) and the molecular weight without us-
ing any assumptions, whereas the data at
higher angles can be used to estimate the
approximate shape of the molecule (15).
Vacuum ultraviolet circular dichroism (CD)
can be used to estimate the secondary-struc-
ture content of proteins (16).

For small-angle neutron scattering, the
intensity at very small angles obeys the
Guinier relation (17). Guinier plots of the
scattering data obtained with plasminogen
in the presence and absence of 50 mM 6-
AHA, both in H,O and D,0 are shown in
Fig. 1. Molecular weights are most accurate-
ly determined from the intercept of a Guin-
ier plot for data collected in H,O because
the data in H,O are relatively insensitive to
partial specific volume. For plasminogen in
the presence and absence of 6-AHA, a mo-
lecular weight of 94,000 was calculated,
which agrees with reported values. The R, is
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most accurately measured in D,O from the
slope of a Guinier plot. Native plasminogen
had an Rz 0f 39.0 A in D,O. In the presence
,(Z)\f 50 mM 6-AHA, the R, increased to 56.1

This massive conformational change we
observed was unprecedented and prompted
us to perform numerous control experi-

10"
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00 20 40 6.0 80
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Fig. 1. Guinier plots {In[I(k)] versus k¥?} of the
low-angle scattering from plasminogen with and
without 6-AHA. I(k) is the scattered intensity as a
function of k = 4nsin®/\, where 20 is the scat-
tering angle and \ is the mean wavelength. Scat-
tering in H,O, (X) without and (V) with 50 mM
6-AHA,; scattering in D,O, (O) without and with
(A) 50 mM 6-AHA. Human plasminogen was
purified and characterized as previously described
(33). All small-angle scattering experiments were
performed in Hepes-buffered saline (HBS),
which contained 10 mM Hepes, pH 7.2, 0.137M
NaCl, 2.68 mM KCl, 0.91 mM CaCl,, and 0.49
mM MgCl,. Prior to each experiment, plasmino-
gen was fractionated on a Sephacryl 200 column
in HBS to remove possible aggregates and then
concentrated by filtration under nitrogen pressure
over an Amicon PM-10 ultrafiltration membrane.
For those experiments in D,0, concentrated pro-
tein was dialyzed for 15 hours, with one change of
buffer, against a 50-fold volume of HBS made up
with D,O. Small-angle neutron scattering mea-
surements were done on the H9B spectrometer
(34) in the High Flux Beam Reactor at Brookha-
ven National Laboratory. The mean incident
wavelength varied, depending upon the experi-
ment, from 4.5 to 7.5 A. Protein samples and
corresponding buffers were loaded into cylindrical
quartz cells with a 1-mm path length for samples,
5 to 10 mg/ml, in H,O and a 4-mm path length
for samples, 1 to 5 mg/ml, in D,0O. All measure-
ments were performed at 4°C. For data analysis,
the scattered intensity was radially averaged and
corrected for buffer and background scattering
and then normalized for beam intensity, thick-
ness, transmission, and protein concentration.
The radius of gyration and forward scatter were
estimated from a least-squares fit to the linear
portion of Guinier plots of the data, using the
equation I(k) = I(0)exp(—k*R%3). The molecu-
lar weight was estimated from I(0) for plasmino-
gen in H;O (35).

100 120

ments. Small-angle neutron scattering ex-
periments were performed at several concen-
trations of plasminogen in H,O and D,O.
There was no dependence of R, or 1(0), the
scattering intensity at zero angle, on protein
concentration within the range studied (1 to
10 mg/ml). Thus any interparticle effects at
very low scattering vector k did not measur-
ably influence the slopes of the linear re-
gions of the Guinier plots or the intercepts.
After each experiment, the plasminogen was
analyzed by SDS-PAGE under reducing
conditions (18) and by polyacrylamide gel
electrophoresis at pH 3.2 in urea (19), which
indicated the presence of intact, native Glu-
plasminogen.

A titration of the change in the conforma-
tion of plasminogen induced by 6-AHA is
shown in Fig. 2A. Scattering curves were
obtained from plasminogen in the presence
of from 0.5 to 5 mM-6-AHA. These data can
be interpreted in two different ways. As the
concentration of 6-AHA was raised, fewer
of the molecules are in the closed conforma-
tion with an R, of 39 A and more are in the
open conformation with an R, of 56 A, or
all of the molecules progressively changed
from the closed to the open conformation.

To determine whether there are confor-
mations of plasminogen between that in the
closed and open forms, we analyzed the
titration curves. The dashed line in Fig. 2B
is the scattering curve measured with all of
the plasminogen in the closed form and the
dotted line with all of it in the open form.
The circles in Fig. 2B are the data points
obtained from Fig. 2A at 2 mM 6-AHA.
The solid line represents the best fit to these
data points of a linear combination of closed
and open forms. Since that line fits the data
well, the scattering curve obtained in 2 mM
6-AHA is a superposition of the scattering
curves for fully closed and open forms.
Similar fits were obtained with the data in
Fig. 2A acquired in 0.9 and 3 mM 6-AHA.
The simplest conclusion from this analysis is
that there are no intermediate conforma-
tions between the closed and open forms.
Consistent with this conclusion is the single
isobestic point in the titration curves in Fig.
2A.

The maximum dimensions of the closed
and open forms of plasminogen were esti-
mated by using the length distribution func-
tion, P(r), which describes the distribution
of distances between pairs of points in a
particle (20). The function P(r)dr, the proba-
bility that two points in a particle are at a
distance between r and r + dr, was deter-
mined by an indirect Fourier transformation
(Fig. 3). For the closed form of plasmino-
gen, the maximum dimension was 150 A,
whereas in the presence of 50 mM 6-AHA,
P(r) = 0 at 240 A.

SCIENCE, VOL. 248



Fig. 2. (A) Titration of 10!
plasminogen with 6- ]
AHA. Scattering curves ]
of plasminogen in the J
presence of 0.5 (00), 0.9 J
(0), 2 (8), 3 (+), and

5 (X) mM 6-AHA. (B)

Scattering of plasmin-

ogen in 2 mM 6-AHA

(circles) expressed as a

linear combination of & 100
the scattering from the <
closed (dashed line)

and open (dotted line)

forms of plasminogen.

The solid line shows

the best fit. .

(|

The shape of a molecule and its internal
structure is reflected in the higher angle
scattering intensity (15). An estimate of the
shape of the closed and open forms of
plasminogen can be obtained by model-
building in which the objective is to find the
shape of uniform scattering length density
whose calculated scatter most closely match-
es the experimentally derived scatter. The
shapes tested were a sphere, cylinder, ellip-
soids of revolution, and a Debye random
coil (21). The main physical difference be-
tween a Debye random coil and a highly
elongated cylinder or ellipsoid is that the
Debye random coil represents an average of
an ensemble of many different conforma-
tions arising from flexibility. All of the pa-
rameters including the radius of gyration
were allowed to float, and the results are
summarized in Table 1. The best fit to the
higher angle plasminogen scattering data
collected in the absence of 6-AHA was from
a prolate ellipsoid with dimensions of 147 A
by 57 A (Fig. 4A). The shoulder in the
curve which begins at (0.13 A~") probably
arises from interference between characteris-

P

1000 150.0 200.0 250.0
r(A)
Fig. 3. Length distribution function of the scat-

tering of plasminogen without (solid line) and
with (dashed line) 50 mM 6-AHA.

" 500
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k(A
Table 1. Physical parameters of native human

plasminogen in the presence (+) and absence (—)
of 6-aminohexanoic acid (6-AHA).

Parameter (-) 6-AHA (+) 6-AHA
Radius of
gyration (A) 39.0+06 56111
Maximum di-
mension (A) 150 240%
Shape Prolate ellipsoid Debye coil
Axial ratio 2.6 >5

*Average maximum dimension of ensemble of confor-
mations.

tic interdomain spacings. The higher angle
scattering curve of the open form did not fit
at all well to regular solids even in the low-
angle range k=0 to 0.10 A~', where a
prolate ellipsoid gave a good fit to the closed
form. An excellent fit for the open form of
plasminogen was from a Debye random coil
(Fig. 4B). The shoulder in Fig. 4A is not
present in Fig. 4B, which is consistent with
the interdomain spacings of the open form
of plasminogen being no longer fixed, as a
result of flexibility.

Although the shape of plasminogen
changed dramatically in the presence of 6-
AHA, the secondary structure, as deter-
mined by CD spectroscopy, did not change.
The spectra for plasminogen in the presence
and absence of 50 mM 6-AHA were virtual-
ly superimposable (Fig. 5). These data were
analyzed by a method that uses inverse CD
spectra for each of the five major secondary
structures of proteins (16). The method
predicts the fraction of each secondary struc-
ture by forming the dot product of the
corresponding inverse CD spectrum, ex-
pressed as a vector, with the CD spectrum of
the protein. Plasminogen in either the open
or closed form contained little or no a-helix

T
0.03

or paralle] B-sheet (Table 2). Most of the
secondary structure was in the form of anti-
parallel B-sheet and B-turns. As controls, we
obtained the CD spectra of chymotrypsin in
the presence and absence of 50 mM 6-AHA
(Table 2). The results were analyzed by the
same method and compared favorably to the
secondary structure of chymotrypsin deter-
mined by x-ray crystallography.

An important conclusion from the CD
experiments is that the secondary structure
of plasminogen does not change upon con-
version from the closed to the open form.
Since that structure must lie within the six
domains, that is, the five kringles and the
protease domain, the structure within the
domains must not change upon conversion
from the closed to the open form. This
indicates that the shape of native plasmino-
gen is formed by domain interaction and
that this is abolished upon conversion to the
open form. Our conclusions on the second-
ary structure of plasminogen are different
from those obtained in a much earlier report
(22). Our spectra were obtained down to
178 nm as opposed to 200 nm. Although
spectra measured down to 200 nm can be
used to determine accurately the amount of
a-helix in a protein, they cannot be used to
solve for other structures (23). The second-
ary structure of plasminogen using statistical
methods of Chou and Fasman yielded 12%
a-helix, 32% B-sheet, 35% B-turn, and 19%
coil, a result somewhat similar to ours (24).
An indication that our results are reliable is
the absence of large, negative fractions of
structure and that the sum of structure is
near 100% (16).

Our data on the shapes of plasminogen
are internally consistent. A large change in
Rg but no change in I(0) implies that a large
conformational change has occurred rather
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Fig. 4. Comparison of the higher angle scattering
data of plasminogen to model structures. The
models are a prolate ellipsoid (dashed line) and a
Debye random coil (solid line). Plasminogen in
the absence (A) and in the presence (B) of 50 mM
6-AHA. Shape analysis was performed by fitting
the entire scattering curve to model functions for
spheres, ellipsoids of revolution, cylinders, and
Debye random coils. Only the data collected in
D,0 buffers were used for shape analysis, because
they have a much better signal to noise ratio due
to the lower incoherent scattering of D,O com-
pared with H,O.

than aggregation. The small but reproduc-
ible change in I(0) in Fig. 1 for the samples
in D,O but not in H,O, implies that this
conformational change is accompanied by a
change in partial specific volume. If the
partial specific volume for the open form is
0.75 cm*/g based upon amino acid composi-
tion, the data indicate the partial specific
volume for the closed form is 0.72 cm*/g.
For the shape analysis from the higher angle
scattering data obtained in D,0, all of the
variables were allowed to float. The best fit
for the closed form, to a prolate ellipsoid

2.0

200 220 240 260

Wavelength (nm)

160 180 280

Fig. 5. Vacuum ultraviolet CD spectrum of plas-
minogen without (solid line) and with (dashed
line) 50 mM 6-AHA. Measurements were made
using the vacuum spectrometer U9B of the Na-
tional Synchrotron Light Source at Brookhaven
National Laboratory (36). Experiments were per-
formed at room temperature in a quartz cell with
a 12.5-pm path at a protein concentration of 5
mg/ml in HBS. The CD signals are expressed as
the differences in the molar extinction coefficient
Ae of the left (e)— and right (eg)-handed com-
ponents of circularly polarized light as a function
of wavelength.

with dimensions of 147 A by 57 A by 57 A,
is consistent with the R, independently de-
termined from the Gunmcr plot to be 39 A
and with the maximum dimension indepen-
dently determined from the P(r) curve to be
150 A{ The best fit for the open form, to a
Debye random coil, is evidence for a flexible
structure. This does not mean that in the
open form plasminogen is denatured, rather
the regions between the domains have be-
come flexible and the individual domains are
no longer spatially constrained with respect
to one another. Consistent with this is the
increase in the maximum dimension deter-
mined from P(r), from 150 A for the closed
form to a mean of 240 A for the open form.
From the values of Ry, we estimate the
sedimentation coefficients to be 5.4 and
4.6S in the closed and open forms, respec-
tively (25), in good agreement with the
observed values of 5.75 and 4.85S (13). The
titration data indicate the Ky for conversion
from the closed to the open form is about 2
mM 6-AHA, a value near that of 3.3 mM
obtained as the midpoint in the change in

Table 2. Sccondary structure of human plasminogen and of chymotrypsin (control) as determined by
circular dichroism in presence (+) and absence (—) of 6-AHA.

. Antiparallel Parallel Other
a—(I:}Iﬁc)l X B-sheet B-sheet B"(I;/:l;ns structure
(%) (%) (%)
Plasminogen
(=) 6-AHA 2714 36 +4.4 -1.6 + 3.2 28 +2.1 34+25
(+) 6-AHA (50 mM) 3.6x1.1 36 = 3.9 -2.7*+ 1.8 29+ 1.8 34+27
Chymotrypsin
(=) 6-AHA 13 25 0 23 38
(+) 6-AHA (50 mM) 12 27 0 23 38
Calculated from 10 34 0 20 36

X-ray structure

72

\m Ligand

Closed form Open form

Fig. 6. A two-dimensional sketch of the confor-
mational change in plasminogen induced upon
occupation of a weak lysine binding site by the
ligand 6-AHA. In the absence of ligand, the
domains in plasminogen interact to form a mole-
cule with the overall shape of a prolate ellipsoid
with dimensions of 147 A by 57 A by 57 A.
Binding of the ligand converts this into an extend-
ed flexible structure in which the interaction
between the domains is abolished. Three disulfide
bridges are shown in each of the five kringles and
the circle represents the protease domain. The
closed and open forms are drawn to scale.

sedimentation coefficient with increasing
concentrations of 6-AHA (26).

Large changes in protein conformation
upon ligand binding have been shown to
occur mostly in oligomeric, allosteric pro-
teins. Upon oxygenation of deoxyhemoglo-
bin, the radius of gyration decreases from
26.2 to 24.7 A (27). Similarly, conversion
from inactive to active forms results in
changes in R, from 24.7 to 23.5 A for
hexokinase (28) and 23.3 to 22.2 A for
phosphoglycerate kinase (29). Plasminogen
may represent the extreme, as its conforma-
tional change is almost an order of magni-
tude greater. Other characteristics of the
closed and open forms of plasminogen are
also reminiscent of the R and T (relaxed and
tense) structures of allosteric proteins de-
scribed by Monod, Wyman, and Changeux
(30). The shape of the closed form is deter-
mined by noncovalent interactions between
domains. Ligand binding to the closed
forms causes a reversible conformational
change to the open form. The affinities for
ligands of the closed form are different than
of the open form. There are two states, a
relatively inactivatable, closed form and a
more activatable, open form. Plasminogen
may be viewed as an oligomeric, allosteric
protein that, instead of consisting of six,
single-chain polypeptides, consists of six do-
mains in a single polypeptide connected by
random coils. The transition from a closed
form in which the domains interact to pro-
duce the overall shape of a prolate ellipsoid
to an open form that is more flexible and
extended is illustrated in Fig. 6.

The open form of plasminogen may be
more readily activated than the closed form,
because the increase in flexibility may facili-
tate the binding of urokinase, leading to the
tenfold decrease in the Michaelis constant
K so that it approaches the physiological

SCIENCE, VOL. 248



concentration of plasminogen (31). The
flexibility of the open form of plasmin may
be important in its role in fibrinolysis. Since
plasmin binds to fibrin through kringle 1,
the protease domain, 554 amino acids away
at the opposite end of the molecule, has a
large radius within which to cleave fibrin
(32). This would allow the open form, Lys-
plasmin, to act catalytically on fibrin where-
as the more rigid closed form of plasmin
may act only stoichiometrically. Preliminary
analysis of small-angle neutron scattering
data from a variant of plasminogen missing
the first 76 amino acids, Lys-plasminogen,
and an NH,-terminal fragment of plasmino-
gen containing the first 3 kringles, indicates
that their conformations were in the open
form in the presence or absence of ligand
binding.
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Two-Photon Laser Scanning Fluorescence Microscopy

WINFRIED DENK,* JAMES H. STRICKLER, WATT W. WERBB

Molecular excitation by the simultaneous absorption of two photons provides intrinsic
three-dimensional resolution in laser scanning fluorescence microscopy. The excitation
of fluorophores having single-photon absorption in the ultraviolet with a stream of
strongly focused subpicosecond pulses of red laser light has made possible fluorescence
images of living cells and other microscopic objects. The fluorescence emission
increased quadratically with the excitation intensity so that fluorescence and photo-
bleaching were confined to the vicinity of the focal plane as expected for cooperative
two-photon excitation. This technique also provides unprecedented capabilities for
three-dimensional, spatially resolved photochemistry, particularly photolytic release of

caged effector molecules.

E REPORT THE APPLICATION OF

two-photon excitation of fluores-

cence (1) to laser scanning mi-
croscopy (LSM) (2). In LSM, the laser is
focused to a diffraction-limited beam waist
<1 pm in diameter and is raster-scanned
across a specimen. Confocal LSM provides
depth discrimination and improves spatial
resolution within the plane of focus by
forming the image through the same scan-
ning optics used for illumination and
through a pinhole placed in front of the
detector, which acts as a spatial filter to
select emission from the plane of focus (2).
Very good laser scanning micrographs have
been obtained with the use of fluorescent
markers that absorb and emit visible light
(3). Confocal scanning images with fluoro-
phores and fluorescent chemical indicators
that are excited by the ultraviolet (UV) part
of the spectrum have not appeared, howev-
er, largely because of the lack of suitable
microscope lenses, which must be chromati-
cally corrected and transparent for both
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absorption and emission wavelengths (4, 5).
Anticipated photodamage to living cells and
the limitations of UV lasers have also inhib-
ited this approach.

Two-photon molecular excitation (1, 6) is
made possible by the very high local instan-
taneous intensity provided by the tight fo-
cusing in an LSM combined with the tem-
poral concentration of a femtosecond pulsed
laser. With a colliding-pulse, mode-locked
dye laser (7) (CPM) producing a stream of
pulses with a pulse duration (7,) of about
100 fs at a repetition rate ( f,) of about 80
MHz, the probability becomes appreciable
for a dye molecule to absorb two long-
wavelength (Acpm) photons simultaneously,
thus combining their energy in order to
reach its excited state. Assuming a typical
two-photon cross section (8) of 3 = 107
m®*-s per photon with the above pulse pa-
rameters and the beam focused by a lens of
numerical aperture A = 1.4, we calculated
that an average incident laser power (po) of
~50 mW would saturate the fluorescence
output at the limit of one absorbed photon
pair per pulse per fluorophore (9). The
fluorescence emission could be increased,
however, if the pulse repetition frequency
were increased to the inverse fluorescence
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