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ABSTRACT: Plasminogen is known to undergo an extremely large conformational change when it binds
ligands; the two well-established conformations are either closed (absence of external ligand) or open
(presence of external ligand). We show here that plasminogen is more complicated than can be
accommodated by a two-state, closed/open, model. Temperature changes induce large structural changes
which can be detected with either dynamic light scattering or analytical ultracentrifugation. The temperature-
induced changes are not related to the classical closed/open conformational change since both closed and
open forms of the protein are similarly influenced. It appears as though the packing density of the protein
increases as the temperature is raised. Over the range 4, the Stokes’ radius of the classical closed
plasminogen goes from 4.7 to 4.2 nm, and that of the classical open form goes from 5.55 to 5.0 nm.
These changes in packing can be rationalized if temperature change induces a large conformational change
and if this is accompanied by a large change in hydration, by a change in solute binding, or by a change
in the total void volume of the protein.

Human plasminogen is a single-chain protein consisting been shown to undergo a closed to open transition. The
of 791 amino acids organized into an amino-terminal domain, closed form is found in the absence of external ligands. It is
five closely spaced kringle domains, and a proproteolytic maintained by ligation of lysine 50 to a binding site on
domain (for comprehensive reviews see teéd?2). Canine kringle 5 (/—9). The open form is induced by ligand binding
plasminogen, the protein used throughout this study, consistswhich displaces the internal ligand. External ligands can be
of 793 amino acids and is about 88% identical to the human analogues of lysine or amino sugars or water; the latter is a
form. poor ligand.

Plasminogen is the precursor of the proteolytic enzyme, [N an elegant analytical ultracentrifugation study Brockway
plasmin. The conversion from the proenzyme to plasmin and Castellino 10) determined the influence of 6-amino-
occurs by cleavage of a single bond between residues 561h€Xxanoate on plasminogen structure and showed that the
and 562 of the 791 residue precurs8). (This yields a two- ~ binding of the ligand lowered thgo value of the protein.
chain enzyme in which the two chains are held together by This was combined with a fluorescence polarization study
a disulfide bridge between two cysteine residues. Plasmin(11) to show that ligand binding induces a large change in
has several preferred substrates, the most common of whictPolarization indicative of a much more open conformation.
is fibrin, the major protein of the blood clot. Plasmin is also The data from the latter study were used to calculate frictional
active on the proteins which hold cells to one another; it ratios of the closed and open forms. An early electron
thereby facilitates tissue remodeling as well as tumor Microscopy study by Tranquig) showed that a population
metastasis. Activation of plasminogen probably requires Of plasminogen molecules, in the absence of ligands, actually
opening of the protein, but not all ligands that promote consisted of a mixture of closed and open forms with the

opening promote activation. The subject has been well closed predominating. Ligand binding induced the majority
reviewed recently4, 5). of the molecules to open. This study was followed by others
In 1959 Aikjaersig et al. ) showed that the binding of that employed neutron scattering3f and small-angle X-ray

6-AH? (6-aminohexanoate) to plasminogen induced a large scattering 14). The latter two studies also indicated that the

conformational change in the protein. This change has been.Closed to open transition was accompanied by a large change

rigorously characterized by many groups. The protein has N the Stokes’ radius but in quantitative terms they did not
give exactly the same results.
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We have used, in this study of temperature effects on data points, was less than 0.1%. The DLS data were analyzed
plasminogen, the analytical ultracentrifuge and dynamic light using Sedfit 8.8 (available at www.analyticalultracentrifu-
scattering. Both ultracentrifugation and dynamic light scat- gation.com).
tering analysis have been applied to plasminogen before (vida Analytical UltracentrifugationThe analytical ultracentri-
supra) The data that were taken, in previous studies, were fuge used was an Optima XL-lI (Beckman Coulter Instru-
of very high quality and provided definitive answers regard- ments, Fullerton, CA) running between 2 and 7. The
ing the classical closed and classical open forms of the temperature limitations are set by the centrifuge. Above 37
protein. Why bother repeating experiments that, in the past, °C, our machine spits oil into the rotor chamber. The runs
were done so well? The answer is that the apparatus hasvere performed over a range of velocities depending on the
improved immensely, and data analysis has improved eventemperature. The maximum velocity at@ was 40000 rpm;
more. In the past, it was extremely difficult to determiffe the minimum velocity was 21000 rpm at 3&. The data
and sy in a single experiment; it is now far easier. What were all taken using absorption optics with a wavelength of
kind of information can we get out of a combined DLS, AUC 280 nm. The protein concentration was kept al\h, giving
analysis? We can determine whether the apparent buoyantin Ay of 0.65. Data analysis was performed using the
molecular mass of plasminogen is constant over a given program Sedfit 8.0 (available at www.analyticalultracen-
temperature range. If it is not, it indicates that the molecule trifugation.com), using the model of &s) distribution of
changes either its hydration shell, changes the extent to whichLamm equation solutionsl{—20). Molecular weight dis-
it binds solutes, or changes the total excluded volume as onetributions on five samples covering the range30 °C were
shifts from one temperature to another. Any of the three calculated using the values determined fromdtsg distribu-
possibilities would result in a change i, the effective tions and the calculated, values. The actual molecular
partial specific volume of the protein. weight of DPGN is 88964 without its carbohydrate and

We report here that the classical closed form of plasmi- 90109 as determined by MALDI-MS on the carbohydrate-
nogen responds to increases in temperature by assuming &ontaining protein used in this study (J. A. Kornblatt,

tighter conformation. The classical open form shows similar unpublished results). The five values obtained from the
behavior, which indicates that the transition is the result of analysis of the sedimentation velocity data yielded a MW

a general repacking of the plasminogen molecule. of 92107+ 1145 (SD), indicating that there were favge
errors in our analysis.
MATERIALS AND METHODS To study the possible effects on the sedimentation profiles

from a kinetically controlled conformational change, a Lamm

Protein Purification. The preparation of DPGN (canine equation model describing the sedimentation of such a system
plasminogen) has been describéd)( it was stored under  was implemented as an extension of the software SEDPHAT
vacuum in flame-sealed vials. Aprotinin (0:3/) (Sigma (www.analyticalultracentrifugation.com) using numerical
Chemical Co., Oakville, Ontario, Canada) was included in methods outlined in Dam et al27).
all purification steps. Before use, vials were opened, brought  Hydrodynamic AnalysisThe behavior of any molecular
back to their original volume, and dialyzed X to equi- species in the ultracentrifuge is governed by the Svedberg
librium against a buffer containing 5 mM dipotassium equation:
hydrogen phosphate, 5 mM monopotassium dihydrogen
phosphate, and 100 mM sodium chloride. The pH of this M(1 — 7,p)
solution is about 6.5 and is relatively stable over theG5 S= TONF 1)
temperature range used in this study. The experiments with
the closed form of DPGN used this buffer directly. The wheres (in svedbergs) is the sedimentation coefficient; the
experiments with the open form of DPGN also contained productM(1 — z,p) is the buoyant molecular weight of the
20 mM 6-AH. The integrity of the DPGN was verified by  sedimenting particle and, its apparent partial specific
SDS-PAGE before it was freeze-dried, after the sample was volume; p is the density of the solutiorl\ is Avogadro’s
dialyzed, and after an ultracentrifuge run. If there were any number, and is the translational frictional coefficien2®).
indications of conversion to Lys-plasminogen (proteolytic A condition for the validity of eq 1 is thahe translational
cleavage of the protein between residues 77 and 78) or tofrictional coefficient for sedimentation is the same as the
plasmin (proteolytic cleavage between residues 561 and 562)frictional coefficient for translational diffusigni.e., the
the sample and data were discard&6)(The protein, after ~ molecule does not deform in the hydrodynamic drag during

denaturation, is a single species as judged by -SPSGE. sedimentation. The assumption seems reasonable since
The native DPGN, in the AUC, sedimented as a single sedimentation is done under conditions where the migration
symmetrical species (see below). from sedimentation is comparable in order of magnitude to

Dynamic Light ScatteringDynamic light scattering was (D)2
measured on a Protein Solutions DynaPro 99 with a At any given temperature, buffer density, and viscosity,
DynaPro-MSTC200 microsampler (Protein Solutions, Char- the sedimentation coefficient can be corrected to standard
lottesville, VA) apparatus with temperature control main- conditions:
tained by a Peltier junction. The scattering signal was
observed at an angle of 90at a wavelength of 808.3 nm.
Temperature fluctuations were approximat&.1°C during
the course of a measurement. A sufficient number of counts
was collected such that the root mean square deviationThis correction to standard conditions requires precise
(RMSD), the difference between the fitted line and the actual estimations of the apparent partial specific volurng of

(1 - Z72P)20,w 117 buffer

SZO,W = ST,buffer(l

(@)

- Z)Zio)T,buffer 120w
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the protein at the temperature used, the buffer density at the
temperature used, and the viscosity at the temperature used. o +71 : B
Since _g a6l
_ - © 45 .
Syomf20w = ML = D20) 50w 3) - .
B 44 . .. .
it follows that under standard conditions both sides can be S 43l ’ o
divided by the frictional coefficient of an equivalenbhy- ) o* * °
drated sphere under standard conditiofiso 42 | Temperature (°C) ¢
M(1 — 750) 50w c 08 Lo 1 2 %
f/f =" 4 o
S20.u(f/fo) 20w foo0m (4) g o A
[} c 5

The importance of this equation is that it indicates thatthe 5 -2 %47 X
products;o w(f/fo)20.w Should be independent of the temperature 8 & o2 Q*.g‘;;
at which the initial measurement was made, as long as the 5 b %
mass of the particle, its associated hydration shells, and its ~ ® © 009
partial specific volume remain constant. [The expression
equation (eq 4) is equivalent to the well-known relationship 65 -50 -45 40 -35 -30 -25
of the temperature-corrected raig /D20 wand the buoyant log ('c/nT)

molecular mass at standard conditions.] ) - . )
. o . I Ficure 1: Dynamic light scattering of closed DPGN as a function
The apparent partial specific volume contains contributions of temperature. The protein concentration wagh; the buffer

from the densely packed, covalently attached atoms, as wellwas 10 mM KPR and 100 mM NaCl, pH 6.5. The two curves in
as the void spaces between the covalently attached atoms(A) are data for two temperatures: °€ (open circles) and 38C
noncovalently bound solutes, and water. The valuegfor  (closed circles). In this plot, the correlation times of the experimental

- data are scaled with the relative viscosity of the buffer; this
at (_jlffere_nt temperatures We'fe calculated fro”? th? DPGN eliminates differences of the autocorrelation data stemming from
amino acid sequence, neglecting the small contributions fromffer ‘viscosity. The calculated Stokes' radii as functions of
the carbohydrate component. For this, we used the programtemperature are presented in (B).
SEDNTERP which was authored by D. B. Hayes, T. Laue, ] ]
and J. Philo; the program is available at http://www.jphilo- Once again, after correction for the buffer-related temperature
.mailway.com/ and is kindly provided by Dr. J. Philo. The dependence, the equation indicates that the produf,
principles and tabulated data for calculatingvalues in ~ Should be independent of temperature provided the buoyant
SEDNTERP can be found in Laue et al., Perkins, and Cohn Mmolar mass of the particle, plasminogen in this case, is
(23—25). The Laue et al. program lists all of the equations constant. _
necessary including the temperature corrections based on the The temperature dependence of the properties of DPGN
data in Durchschlag26). led us to consider two forms, referred to as DPGlsnd

In contrast to ultracentrifugation, the analysis of DLS data DPGN'™:

is insensitive to partial specific volume and solvent density

T
butis dependent on viscosity. The diffusion coefficiebt)( DPGN' < DPGN'T Keqg= M (9)
the Stokes’ radiusR), or the translational friction coefficient DPGN
(fr) can be obtained in a DLS experiment. They are related ) ) ]
since Since the sum DPGN + DPGN'T is constant in any single
experiment, the equilibrium populations of both species were
KeT  kgT modeled as sigmoid function in which the position of the
D= R T, (5) equilibrium is related to-&my/(1 — 720) or R. This is clearly
T

acceptable for the Stokes’ radius and is acceptablsr6ar;/
and (1 — vop) provided the range is small.
A (6) RESULTS
We have used dynamic light scattering to obtain a measure
where the subscripl denotes the temperature dependence of the influence of temperature on the diffusion character-
of the quantities at the experimental condition arising from istics of the closed and open forms of DPGN. The data are
the temperature dependence of the solvent. In terms of ourpresented in Figures 1 and 2. The raw data for both forms
analysis at two temperatures are presented in panels A, which show
the distribution of autocorrelation coefficients as functions
. mM(1 — 7,p) 7 of the decay time, scaled with the relative viscosity for better
- 6mR @) comparison at the two temperatures. The two curves in each
panel do not appear to be very different, but it must be kept
or in mind that the abscissa extends over 3 log units. The data,
at any single temperature, were consistent with a single
6’717 (8) species (or two rapidly equilibrating species) giving rise to
VP the scattering; the RMSD were less than 0.1%. The signifi-

m= Ry
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Ficure 2: Dynamic light scattering of open DPGN as a function 0
of temperature. The protein concentration waghB; the buffer S o5l o
was 10 mM KR and 100 mM NaCl, pH 6.5. The two curves in |
(A) are data for two temperatures: °2 (open circles) and 36C I } K
(closed circles). In this plot, the correlation times of the experimental 0.0 ' —_— e
data are scaled with the relative viscosity of the buffer; this o 2 4 6 8 10 12 14
eliminates differences of the autocorrelation data stemming from $,0,(S)
buffer viscosity. The calculated Stokes’ radii as functions of -
temperature are presented in (B). Ficure 3: Analytical ultracentrifugation of closed DPGN at@.

The protein concentration was/®M; the buffer was 10 mM KP

cant features, of the curves in the two panels A, are that the@nd 100 mM NaCl, pH 6.5. Sedimentation was carried out at 42000
’ | pm. Top panel: Raw sedimentation data (circles, every fourth scan

data for the higher temperature curves are displaced towarddhoun) and fit with the(®) model (solid lines). The middle panels
smaller correlation times; i.e., the higher the temperature, show the residuals of the fit, in bitmap3) and overlay representa-
the smaller the Stokes’ radius. The significant information tion, respectively. The best-fi(s) distribution, withf/f, of 1.35, is
is presented in panels B, which show that the Stokes’ radii Shown in the bOOttO”f‘ F;]a“eL The lsmall pealoss from aggregates
of the two forms are not constant as temperature is varied, MOUNS 10 2.3% of the material.

Both closed and open forms become tighter as temperature . e P, .
is raised: the Stokgs’ radii decrease b)? about 10%pin both SPecies diffusion. This finding is in line with the well-known

cases ad goes from the lower values to the higher. The exquisite sensitivity of the single-species sedimentation
two DLS data sets do not overlap, indicating that, over this model [see Dam et al2, 27)]. In contrast, the description

; i h q £f th . fth of boundary spreading via th&, parameter from the(s)
L?gg:d f?)rpnﬁ)er:gr%eeccég%egsofotr?g os{acr:le Ase gf;;é?g do theeanalysis is affected by heterogeneity to a much lesser extent
Stokes’ radii for the open form are larger than those for the (or not at all if the trace species have eqif&). This is

" illustrated by the fact that the combination o, and c(s)
closed form, but the radii of the closed form decrease further yields molar mass distributiorgM) which peak at 92. 1

at higher temperature. The results presented in Figures 1A71 4 kDa (data not shown); this is consistent with the molar
and 2A are quantitatively similar to results obtained in the -« ¢ 90 1 kDa determi,ned by MALDI-MS and is within
past @) at a single unspecified temperature. the common residual uncertainty resulting from the apparent
Next, we studied the temperature-dependent behavior ofpartial specific volume. Thus, the further analysis of the
DPGN in the AUC. Figure 3 shows an example of the velocity and spreading of the sedimentation boundary was
sedimentation analysis for closed DPGN at@ Thec(s) carried out consideringow from the c(s) peak and the
distribution fits the data very well and exhibits a single major weight-averagé/f,, as outlined in eq 4.
peak, indicating a high degree of purity of the material. The  We have titrated DPGN at constant temperature with
analysis could resolve a 9S aggregate, amounting to 2.3%increasing concentrations of 6-AH to observe the change
of the loaded material, which was excluded from consider- from the closed to the open DPGN conformation (Figure
ation in determiningsow. A fit with a single-species Lamm  4). The large change iso . has been reported befor&dj.
equation solution resulted in a fit with an RMS error of Applying eq 4, we found that the product sf,, and f/f
0.0157 OD, slightly worse than that of thés) model (0.0153 remains essentially constant, indicating that the buoyant
OD), and an apparent molar mass of 74.9 kDa. The increasednolar mass of DPGN does not significantly change from
error as well as the significantly smaller molar mass can be the open to closed transition.
attributed to the trace impurities (unresolved in this model)  For the study of the temperature-dependent behavior of
or possible microheterogeneity in DPGN causing the bound-the open and closed state, we have used DPGN in the
ary broadening to be slightly inconsistent with a single- presence and absence of 20 mM 6-AH. We were concerned
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FiGure 4: Analytical ultracentrifugation of DPGN as a function 5.6 i
of the closed to open transition. The protein concentration was 5 A
uM; the buffer was 10 mM KPand 100 mM NacCl, pH 6.5. The 55 . . : ,
data were collected at 18C. Successive amounts of 6-AH were 5 15 25 35
added to the solution being centrifuged. (&) as a function of o
6-AH. (B) The frictional ratio as a function of [6-AH]. (C) The temperature ( C)

products;o.(f/fo) as a function of [6-AH]. The data of (C) indicate g5 re 5. Analytical ultracentrifugation of DPGN as a function
that the product term is constant as it should be provided there is temperature: closed DPGN. The protein concentration was 5

no change in buoyant molar mass of the sedimenting patrticle. 4M:; the buffer was 10 mM KPand 100 mM NaCl, pH 6.5. Three
N ) samples minimum were run at each temperature; each sample was
that under our conditions DPGN may not exist as pure subjected to at least two separate fitting routines in Sedfit. The

conformational states but exhibit interconverting mixtures Vvalues ofsandf/f, were obtained from the fitting routine and were
of predominantly open molecules with residual fractions of €hosen on the basis of yielding the best RMSD value. %), as

| d molecules. and vice versa. How does the intercon_afunctlon of temperature. (B) The frictional ratio as a function of
close » anc - , temperature. (C) The produs,.(f/fo) as a function of temperature.
version of conformers influence the evaluation of the product

S20(f/fo), @ measure of the buoyant molar mass? We carried ynderestimated by 2%. This can be attributed to the ability
out computer simulations for the sedimentation boundaries of the ¢(s) distribution to account for heterogeneity and to
of DPGN assuming a conformational equilibrium relaxing partially compensate for chemical reactions in the form of
on different time scales. Our centrifugal parameters, con- gpecies with intermediatevalues; Dam and Schuck)
centrations, and signal/noise parameters were those of theyiscuss this in the context of Gilberfenkins theory. Our

sedimentation profiles of a mixture of 80% closed and 20% of ropustness against impurities when there are intercon-

open molecules, interconverting with rate constants 0f10  yerting conformers.

s, 3x 107“s, and 0.1/s (data not shown). If our samples were highly impure and if the intercon-
When we analyzed these simulated data with a single- version of conformers were slow on the time scale of
species Lamm equation model fittilgand an apparent sedimentation, our assessmenf/@fwould be in error even
diffusion coefficient, we obtained the correct weight-average while maintaining the correch value; in such a case, the
sedimentation coefficient in all cases, but the correct apparentproduct, ;o w(f/fo), would also be in error. This is not the
diffusion coefficient only for the rapidly interconverting case. case here; the DPGN is highly pure, and the rate constant of
The slowly interconverting mixture resulted in a 10% the conformational transition is greater than 1029)(
overestimate of the apparent diffusion coefficient and 4% Therefore, botls, andf/fy reflect weight-average quantities,
overestimate when the interconversion was on the time scalewhich, for the DPGN/temperature case, support the use of
of sedimentation (X 10°%/s). These results can be expected, the products, .(f/fo) as a faithful measure for changes in
due to the excess boundary spread caused by heterogeneityhe buoyant molar mass.
In contrast, in thec(s) analysis both the fast and the slow The influences of temperature on the behavior of “closed”
interconversion data resulted in the correct weight-averageDPGN in the AUC are dependent on the temperature range
f/fo value [with the slow case exhibiting a slightly broadened (Figure 5A). Between approximately 15 and 37 temper-
c(s) peak]; only the intermediate case produced/frvalue ature has little influence o1 Between 4 and 13C
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] . Ficure 7: Comparison of the variation of the product tersg .~
1.5 1 (f/fo), for the closed and open forms of DPGN as functions of
temperature. Key: solid squares, closed DPGN; solid circles, open
DPGN.
! 1
4.8 1
s H of stbry/(1 — v,p) and the Stokes’ radiuR (eq 8). This
S 474 i ! combines the more accurate features of both AUC and DLS.
@ . 3 The two experiments were not run at the same temperatures.
46 | { A To multiply them together, botR andst6sry/(1 — v,p) were
modeled as sigmoid functions of temperature as described

5 15 25 35 in Materials and Methods. The modeled data, shown as the

o solid lines, for the closed and open forms are presented in
temperature (°C) Figures 8 and 9. Panels A show the fits (solid line) for the

Ficure 6: Analytical ultracentrifugation of DPGN as a function ~ AUC data and panels B the comparable fits (solid line) for

of temperature: open DPGN. The protein concentration wad;5 i
the buffer was 10 mM KP100 mM NaCl, and 20 mM 6-AH. pH the DLS data. Panels C show the product obtained by

6.5. Duplicate samples were run at each temperature. Each waé“u'“p'y'”g the solid Ilne_ from the_ AU_C fit with that from
subjected to at least two separate fitting routines. $4), as a  the DLS fit, a presentation that highlights the trends of the
function of temperature. (B) The frictional ratio as a function of combined temperature dependence. There is only one
temperature. (C) The produs (f/fo) as a function of temperature.  important point: the product terms;R6;/(1 — 720), are
not constant as they would be for a constant buoyant molar

temperature causeso, for the classical closed form to  mass. For both the closed and open forms, the products go
increase by 3%. The changes occurring in the “open” form through a minimum and appear to plateau at the higher
(Figure 6A) are similar to those occurring with the closed temperatures. The origin of the minimum is the difference
form. sy increases as a function of temperature but does i the midpoint of the temperature dependence in the AUC
not plateau until 30C; the total increase iy is about and DLS data.
5%. We have repeatedly alluded to the fact that there is a major

The frictional ratios,f/fo, for both the closed and open conformational change associated with the opening and
forms go through minima (Figures 5B and 6B). For the closing of DPGN. This is not an original claim. The classical
closed form this minimum occurs at 2C€ while it occurs plasminogen conformational change was, for a long time,
at about 30°C for the open form. Itis important to emphasize the second largest known. From the point of view of this
that the information content ofif, arises from different  study, s, changes; the frictional ratio changes and the
features of the sedimentation data thandivalue (displace- Stokes’ radius changes as the protein undergoes an open/
ment versus spreading of the boundary). closed transition. Clearly, an equilibrium between the two

The product termssho w(f/fo)], which should be constant  conformations exists, and residual conformational “impuri-
for both the closed and open forms if the plasminogen ties” are present under the experimental conditions designed
buoyant molecular mass is constant, go through minima asto observe the “closed” and “open” states. Is the open/closed
seen in Figures 5C and 6C. Even though the products aretransition responsible for the large change;,, frictional
not constant as a function of temperature, the products exhibitratio, and Stokes’ radius that we see as a function of
roughly the same temperature dependence for the closed antemperature? The answer can only be “no”.
open form as seen in Figure 7. This suggests that whatever 1. In the AUC experiments at different temperatures, all
temperature changes are doing to the closed form, they areof the changes seen in the closed form are also seen in the
also doing to the open form. open form. The produck, w(f/fo), is about the same in both

Both the DLS data and the AUC data indicate that there cases as can be seen in Figure 7. This argues that the product
are at least two conformations of the closed form of DPGN Sxo.u(f/fo) is independent of the well-studied classical con-
and two of the open form. The simplest assumption is that formations. The same argument applies to the DLS data.
there are two conformations of each and that there are no 2. The changes igx w(f/fo) for both classical forms reach
measurable intermediates in the conversion between the twoa minimum at about 20C. The changes in Stokes’ radius
If the deviations from constant product shown in Figures 5 reach a plateau at about 2C. Both types of experiment
and 6 (panels C) are the result of poor estimatiorf/fef it indicate that a final form has been attained at the elevated
should be possible to determine this by examining the producttemperatures.
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FiGurRe 9: The combined dynamic light scattering and analytical
ultracentrifugation data also vary as functions of temperature.
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Ficure 8: The combined dynamic light scattering and analytical
ultracentrifugation data also vary as functions of temperature.
DPGN, the closed form. (A) A sigmoid curve was fit to the

correcteds-value as a function of temperature to simulate the

DPGN, the open form. (A) A sigmoid curve was fit to the corrected
s-value as a function of temperature to simulate the behavior of eq
9. The conditions are from Figure 6. (B) The Stokes’ radius as a
function of temperature (from Figure 2). A sigmoid curve was fit
to the data. (C) The product terms: the sigmoid curve of (A) times

behavior of eq 9. The conditions are from Figure 5. (B) The Stokes’ the sigmoid curve of (B). This treatment was necessary for a
radius as a function of temperature (from Figure 1). A sigmoid comparison of the two data sets since they were not performed at
curve was fit to the data. (C) The product terms: the sigmoid curve the same temperature.

of (A) times the sigmoid curve of (B). This treatment was necessary

for a comparison of the two data sets since they were not performedcg|culate from the AUC data differ from the MALDI-MS
at the same temperature. molecular mass by less than 2.5%, which is within the usual
error of the absolute values of molecular mass arising mostly

3. A titration of the closed form to the open has been ¢, ncertainties in the estimation of the partial specific
carried out. This was an AUC study. The data are presented, | me We have used an approach for sedimentation

in Figure 4. Thesy,, decreases as the protein opens as has analysis that allowed us to resolve and quantify a low level

?heen sete_n n many_?;udles. dThe fr:c(/:fnonal rapo INCr€ases aspt stable aggregates and prevent it from producing bias in
€ protein opens. The prodush,(f/fo) remains more or e estimate of the buoyant molar mass. Although not as

Iefslg_ constzi_’nt. Ehg abderrant_ bke h dayiotrhsetsvn iBEgef_top pa_nel%tringent as in AUC, the autocorrelation data from DLS also
orFigures 5 and b and mimicked In the two IQUIES IS 4j10wed us to monitor the size distribution of the protein

the result of more than just the protein opening or closing. and rule out significant aggregation. Low levels of rapidly

reversible oligomerization would have been resolved in
neither thec(s) analysis of the AUC data nor the DLS data.
Regarding the data that have been presented here, therén theory, it would be consistent with a systematic increase
are two linked questions that must be answered. Questionof s, With temperature but would also result in an increase
1: Are the data reasonable or are they the result of someof the Stokes’ radius with increasing temperature, which is
systematic artifact? Question 2: If the data are not the resultopposite of what we have measured.
of systematic artifacts, what do they mean in terms of |f there were signs of aggregation in our samples as
plasminogen structure? temperature was lowered, we could ascribe the radius
1. Reasonable or artifact? We have used two independentchanges to cold-induced denaturation. In addition to analyti-
techniques that rely on different assumptions. The only cal ultracentrifugation and dynamic light scattering, we have
dependencies they have in common are size/shape andised UV derivative spectroscopy, circular dichroism (240
viscosity. The accuracy with whicky (AUC) and the 320 nm), fluorescence, and fluorescence anisotropy in order
Stokes’ radius (DLS) are determined is high whereas the to see if any of the four techniques would report on the
accuracy of determiningf, is lower. changes seen in AUC and DLS. Not one of the four other
The temperature-induced changes in plasminogen are notechniques was sufficiently sensitive such that it could detect
the result of aggregation; the molecular weights that we temperature-induced changes. These negative results are

DISCUSSION
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important; they indicate that the changes we have seen are

not transmitted to the inner portions of the six tightly folded

domains. We are probably not dealing with an equilibrium

between a native state and a molten globule or denatured

state. There are no indications that aggregation is occurring.

o 1 !
Viscosity of the solvent system is the solvent parameter that

links the two types of measurements. Have the viscosities, Ficure 10: Styrofoam ball model of plasminogen. The kringles,

. . . . proteolytic domain, and linkers have all been scaled relative to one
which are ultimately those published in ti&andbook of  Zoiher. The high-temperature compact form is on the left. Kringle

Chemistry and Physicdeen accurately determined? Vis- 5 s slightly out of the plane of the other kringles, and the catalytic
cosities of a weakly buffered sodium chloride solution are, domain is totally out of the plane but close to kringle 2. Tilting the

for the most part, the result of the characteristics of water. compact form shows a clear doughnut hole through the molecule.

; y rotating kringle 5 and the catalytic domain into the plane formed
The most accurate data are based on the values given bfy kringles 4, the entire molecule becomes planar and the close

Swindells, Coe, Jr., and Godfre§() and were the viscosities  contact between kringle 2 and the catalytic domain is abolished.
used for the AUC and DLS determinations reported here. If

they are in error, the errors are common to all viscosity- The partial specific volume of a large number of proteins
based data taken over the last 50 years. has been determined as a function of temperature; temper-
We feel that the frictional ratio data, e, data, and ature vs partial specific volume is Iinegr over the raryg@&

their products indicate that there are at least two different “C- The data have been summarized and reviewed by
conformations accessible to plasminogen in addition to the Purchschlagz6) and implemented in the software SEDN-
two classical conformations. Similarly, we feel that the TERP.Onaverage, proteins undergo thermal expansion (the
dynamic light scattering data indicate at least two conforma- Partial specific volume increases) at higher temperature.
tions that differ from the classical conformations and that at Unfortunately, the precision of the temperature dependence
low temperature these have Stokes’ radii greater than the®f the partial specific volume of “average” proteins may be
classical forms. Most importantly, either the new conforma- limited, and the empirical nature of the tabulated values

tions differ from the classical forms by a very large degree Makes it likely that they compound several contributing
or there is a serious error in the use of the two techniques factors. Durchschlag 26) points out that peptides and

applied here. We clearly believe that DPGN undergoes a denatured proteins exhibit a stronger temperature dependence
very large thermally induced transition. The data, as far as ViS-&Vis native proteins, suggesting that hydration plays a

we can determine, are not the result of systematic artifacts.Significant role in the thermal expansion. But for the
. interpretation of our current data, it seems operationally

i ? - .
2. What do the data mean in terms of structure? Plasmi useful to consider the temperature-dependent changes beyond

nogen IS not I'k? other'pr_otems. It consists .Of a flexible the average expected density changes for polypeptide chains.
N-terminal domain and six tightly packed domains connected On the basis of average values, we would predict a 3%

by_ short spacers. Kripgles 2 a.nd_3 are also liked by a disulfide decrease in buoyant molecular mass for DPGN over the
bridge @1). The entire protein is tied together by a weak temperature range used in this study. This is already taken

bond_ dbetwegnkthe Ifirst and Siﬁ(th d%mainl,btr:je I;\I-terminalll into account in the transformation to standard conditions in
peptide, and kringle 5. We. \ave described the overa Figures 5-7 and by the division with the expected temper-
molecule as a necklace containing five beads (kringte$,1 ature-dependent buoyancy factor (eq 8) in Figures 8 and 9.

the proteolytic domain) in which the hasp, the noncovalent \yithoyt this correction, the overall decrease in the buoyant
bond between Lys50 and kringle 5, is relatively weaR)( molar mass apparent, for example, from Figures 8 and 9,
The terminology is not important. What is important is to \,0.id be even larger.

recognize that DPGN is a flexible molecule and that it can — are the movement and associated changes feasible given
open and close. The kringles and the proteolytic domain must,; nat we know about plasminogen? There is no crystal

be in very close proximity to one another and must be gu,ctyre of the entire protein, but there are structures for all
capable of readjusting their positions re_Iatlve to one another; ;¢ the kringles and the proteolytic domain. Importantly, there
the overall molecule can contract (high temperature) or is 4 sirycture for kringles-43 (31). Modeling of this structure
expan_d (low temperature). Electron micrographs of the closed ity Swiss Protein Data Bank Viewer allows one to apply
plasminogen show what appear to be well-packed doughnutsg ions to the angles around the bonds of Glu63, the first
with the kringle domains protruding out from the central ¢ the three peptide bonds in the linker chain between
cavity (33). The thickness of t'he doughnuts is consistent with kringles 1 and 2. One can easily manipulate the relative
the kringles protruding obliquely from the plane of the pogitions of kringles 1 and 2/3 without incurring any close
doughnut. Chemical cross-linking experiments have shown -gntacts. We have built a “styrofoam-ball” model of plas-
that kringle 2 is close to the catalytic domain of plasminogen minogen (Figure 10); we respected the linker distances
(34). between kringles, as well as the covalent bond between
We propose that as the temperature is lowered below 15kringles 2 and 3. We also respected the linker distance
°C, the kringles and the proteolytic domains move more into between kringle 5 and the proteolytic domain and the linker
the plane of the doughnut, thereby increasing the Stokes’distance between Lys50 (the internal ligand to kringle 5) and
radius. As the kringles move out, away from the tight packing kringle 1. The styrofoam model indicates that there is
of the high-temperature form, the entire molecule either sufficient flexibility such that both compact and extended
becomes more hydrated, changes its bound solute contentforms of plasminogen are possible. It is interesting to note
or opens (or expands) new voids; any or all of the three that the model predicts close contact between kringle 2 and
would result in changes in the partial specific volume. the catalytic domain in the compact form. As the temperature
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is lowered, the catalytic domain swings out, and the relative
positions of kringles 1 and 2 and the catalytic domain change;
kringle 2 and the catalytic domain are no longer adjacent.

We have estimated the thermal midpoint of the transition
between the compact (high-temperature) and extended (low-
temperature) forms of closed DPGN; it is close t¢©
(Figure 8A,B). On the basis of estimations of the midpoints
and the slopes of Figure 8A,B, we have estimated the
thermodynamic parameters for the equilibrium of eq 9. Our
bias is to ascribe the changes in hydration/solute binding/
voids to hydration. If this is true, the hydration/movement
is promoted by an enthalpy term of 1®&cal mol™.
Increasing temperature above the midpoint promotes water
loss, and this is promoted by the entropy terfMAS Water
loss from the protein into the bulk solution results in a large
AS (35—37). As temperature decreases below °I5 the
product termsy w(f/fo) increases, indicating an increase in
buoyant molecular mass. As temperature decreases below
15 °C, the producsiR6n/(1 — v2p) increases, indicating
an increase in buoyant molecular mass. We propose that this
apparent increase is the result of the increased hydration of

the kringles as they move away from one another; water at 10.

the protein surface occupies less space than in the bulk and
has a higher density [see Kornblatt and Kornblatt for a
relatively recent review3g)]. It is worth pointing out that
hemoglobin undergoes a similar transition and that it is also
promoted by hydration/dehydratio8g 39) with a midpoint
transition close to OC (40). The transition in the hemoglobin
case is T to R. T state Hb is favored by low temperature

and hydration; R state Hb is favored by higher temperatures. 13.

T state Hb is favored by an enthalpy term of 16.7 kcal thol
whereas R state is favored by the entropy ted®).(The
structural changes occurring in the T to R transition of Hb
are large but do not approach in magnitude the changes seen
in the plasminogen system described here. Is it possible to
calculate the number of waters associated with the equilib-
rium between DPGN and DPGNT™? In principle, the
answer is yes, but the data presented here are not yet refined
sufficiently, and the uncertainty of the partial specific
volumes is too large, as to yield a reliable number. Values
in the hundreds of water molecules associated with confor-
mational changes have been reported for other prot88)s (

39, 41, 42), and one could speculate that a similar order of 18.

magnitude may result in detectable changes in the buoyant
molar mass, such as observed in the present study.
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