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ABSTRACT. The thermodynamics of the binding of 6-aminohexanoate (6-AH) to dog glu-plasminogen has
been studied. Fluorescence titrations revealed four binding sites. Three yielded positive fluorescence changes
on ligand binding; one yielded a negative fluorescence change. The fluorescence data gave no indication
of cooperative interactions. Binding was studied using circular dichroism (CD). Near 295 nm there were
small changes associated with binding ligand. These were magnified at 235 nm, a wavelength that is
mainly associated with tryptophan bands. The dissociation constants obtained from the fluorescence were
applied to the CD data and fit quite well. Below 220 nm, there were no significant differences between
samples with or without 6-AH and, therefore, no substantial change in the secondary structure of the
protein. Isothermal titration calorimetry was used in combination with the binding constants from
fluorescence to study the enthalpy and entropy contributions to 6-AH binding. The enthalpies of association
for the four sites are all negative. Their absolute values are small for the tight sites and large for the
weakest.—TAS is negative for the tight sites and positive for the weakest. The binding of 6-AH to
plasminogen is entropically driven for the two tightest sites and enthalpically driven for the weakest site.
The binding of 6-AH to lys-plasminogen has been studied and differs slightly from binding to
glu-plasminogen. Most importantly, the binding of 6-AH for the weak site goes from enthalpy- to entropy-
driven as is found with the other sites.

Among the leading causes of death in Northern Europe site on kringle 538—5). On the basis of the crystal structures
and North America are heart disease and stroke. Fibrin clotsof kringle 5, the site consists of a V-like structure formed
that form in the peripheral circulation are dislodged from from one tryptophan and one tyrosin®.(One extreme of
their sites of origin and move to the heart or brain where the binding site contains negative charge which can form
they cut off the blood and oxygen supplies; the result is stroke ion pairs with the positively chargedamino of lysine 50.
if the clot is in the brain and a myocardial infarct if itis in  The crystal structures of microplasmin as well as four of
the heart. Plasminogen, the inactive precursor of the fibrin- the five kringles have been determineg-(2).

olytic protein plasmin, gives rise to plasmin and thereby helps  Of the five kringles of plasminogen, four (expressed as

to reduce the incidence of these everifs ( single domains) will bind the NTP1@) even though only
_Plasminogen is a 791-residue peptide composed of severkringle 5 binds it in the intact protein. The four kringles,
different and reasonably well characterized domag)is the both in the individually expressed domains and in the intact

N-terminal peptide (NTP)of ~80 amino acids is followed  protein, will also bind 6-AH which presumably resembles
by five kringle domains of 8090 residues each; these are |ysine 50 or the natural binding sites on the target fibrin.
in turn followed by the carboxy-terminal preproteolytic Three of these kringles (1, 2, and 4) bind 6-AH quite tightly;
domain. Intact plasminogen is a closed structure in which the three have a negative Charge in the same position as
lysine 50 of the NTP is noncovalently ligated to a binding kringle 5 but also have a positive charge at the other extreme
of the binding site. This positive charge forms an ion pair
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s gﬁl’}fgrd'a University. a large conformational change as the closed form opens; this

1 Abbreviations: DPGN, canine plasminogen; glu-plasminogen, full- conformational change is the first step in the activation
length plasminogen consisting o791 amino acids; lys-plasminogen,  mechanism to plasmin. The conformational change has been
truncated plasminogen in which residues7b, 1-77, or 1-78 have quantified using sedimentation analysisi{16), circular

been proteolytically removed; 6-AH, 6-aminohexanoate; NTP, N- dichroi fl |arizatiord I |
terminal peptidesb, fluorescence value; CD, circular dichroism. Kringle ~ dichroism (5), fluorescence polarizatiori{), small-angle

1 is the same as site 2, the second tightest 6-AH binding site. Kringle X-ray and neutron scatterind.§, 19), electron microscopy

2 is the same as site 3, the third tightest site. Kringle 3 does not bind (20, 21), and gel electrophoresi®2).

6-AH. Kringle 4 is the same as the tightest binding site, site 1. Kringle = . ds to hiah hvdrostati hich
5 is the same as the weakest site (site 4); it is also the binding site for asminogen responds to nhigh nyarostatic pressure whic

the NTP in the intact protein. also causes the molecule to op28)( Lysine 50 is displaced
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from its site on kringle 5; the driving force for this is, at and assayed for cleaved products. If there was any visible
least in part, ligand replacement with water and electro- formation of lys-plasminogen or plasmin, the data from the
striction of the free amino of lysine 50 instead of ligand titration were discarded. In preparation for CD experiments,
replacement with 6-AH. the dried powder was reconstituted with 10 mM disodium
In this report, we show using intrinsic fluorescence, cir- phosphate and 10 mM monopotassium phosphate (pH 6.8).
cular dichroism, and isothermal titration calorimetry that the Lys-plasminogen was prepared from glu-plasminogen. The
binding of 6-AH by plasminogen can be analyzed as the sum original purified glu-plasminogen was diluted with 25%
of four hyperbolic functions, each of which represents one glycerol and stored at 253 K for at least six months, during
of the four binding kringles. The binding constants so ob- which time it converted to the lys-plasminogen. We could
tained have been used to extract the binding entropies anceasily distinguish between the glu and lys forms on 7%
enthalpies from isothermal titration calorimetric experiments. SDS-PAGE. The glu-plasminogen runs more slowly than
In the intact plasminogen, binding of 6-AH to the two tightest phosphorylasé, while the lys-plasminogen runs slightly
binding kringles is entropically driven. In contrast, binding faster. Our glu-plasminogen preparation contained neither
to the fourth site and the conformational change that resultsdetectable lys-plasminogen, assayed by SBAGE, nor
from the binding are enthalpy-driven. This situation applies plasmin, assayed by SD®AGE and enzymatically with
only in glu-plasminogen, where the NTP is intact. In lys- the substrate Chromozym (Boehringer-Mannheim). The lys-
plasminogen, the NTP has been cleaved between positionlasminogen preparation containe®5% lys-plasminogen
77 and 78 23); there is no longer any ligation between lysine and no detectable plasmin.
50 and kringle 5, and any conformational change that takes Fluorometric titrations were carried out at 288 K using a
place when 6-AH binds to kringle 5 is minor compared to Shimadzu RF-5000 spectrofluorometer with a built-in stirrer
the intact protein 4). In lys-plasminogen, the binding of  or an Aminco Bowman Series 2 luminescence spectrometer
6-AH to kringle 5 resembles the binding of 6-AH to the other equipped with a built-in stirrer. Samples were contained in
three kringles in that it is largely entropically driven. standard 4 mL quartz cuvettes that contained a heavy-duty
We note that the vast majority of work currently done on  stirring bar designed for cuvettes (VWR catalog no. 58949-
plasminogen is performed on human plasminogen and most030, also available from Sigma). Every titration series
of that is done on the recombinant protein expressed in tissu€followed the same procedure.
culture cells 4, 24, 25). We have elected to study dog plas-  The samples were stirred for 30 s; the stirring was turned
minogen because the protein is readily available and easilyoff and the fluorescence was monitored at 280 (excitation)
prepared, because it is free from known human pathogensang 360 nm (emission) for 30 s. This was repeated 10 times
because its sequence is homologous to that of the humang gssess photodamage. Two microliters of water was added
protein @6, 27), and because it may yield useful crystals ysing a Hamilton syringe equipped with a Chaney adapter;
for structure determination whereas the human protein hasihe sample was stirred during the addition, the stirring
not yet done so. stopped, and fluorescence monitored for 30 s. This was
MATERIALS AND METHODS repeated 10 times to further assess photodamage. Over the
course of 20x 30 s, the extent of photodamage wa$%
Plasminogen was purified from frozen dog plasma; the of the total fluorescence; a linear correction was applied to
approach 28) was to thaw 100 mL of frozen plasma, pass the subsequent data. Aliquots of 6-AH 42) were added
it through a column containing about 1 mL of lysine with stirring; the stirring was stopped and the fluorescence
sepharose, wash with 0.3 M potassium phosphate (Fluka)monitored over the course of 30 s. The concentration of 6-AH
(pH 7.4) containing 1@M aprotinin (Sigma), and elute with i the syringe varied from 2 mM up to 0.5 M. The lowest
about 2 mL of 5 mM 6-AH (Fluka) in 0.3 M potassium  concentration was used to obtain data on the tight sites, while
phosphate (pH 7.4). The sample was then simultaneouslythe higher concentrations gave data that could be applied to
concentrated and “dialyzed” with Centricon 30 filters such the two weaker sites. The fluorescence data were treated
that the 6-AH was diluted to a maximum of Q:#. Analysis using SigmaPlot 5.0.
of the dialyzed, concentrated protein showed that it contained  cjrcular dichroism was performed on a Jasco model 810

less than 0.5 6-AH molecule per DPGN. The final buffer ,qarimeter using 1 mm rectangular cells. The sample cham-
was 25 mM Mes (Boehringer-Mannheim), 25 mM Tris  o; was thermostated at 288 K.

(Sigma), 1 mM magnesium acetate (Fisher), and 0.1 mM
EDTA (Fluka) (pH 6.5). The preparation of the purified
plasminogen took less than 4 h; the concentratidialysis
step took about the same length of time. The purified

plasminogen was divided into aliquots-eD.2 mL contain- was~0.5 M. The dissociation constants obtained from the

ing ~0.2 mg of protein and freeze-dried. The dried powder fluorescence titrations were used to extract the entropies and
was kept under vacuum at room temperature and was stable

. . enthalpies for the four binding sites.
over a period of months. In preparation for fluorescence
experiments, the dried powder was reconstituted to the pegyLTS
original volume with water and then diluted with the Mes/
Tris/Mg/EDTA buffer. In most instances, it was used within Figure 1A shows a complete titration curve with data
2 h for the fluorescence titration. On days when we extending to 25 mM; there was no evidence of additional
performed more than one experiment, the plasminogen wasbinding sites at concentrations 825 mM. Figure 1B shows
kept on ice until the second titration was performed. At the the same data but emphasizes the region between 0 and 2
end of every titration, a sample was taken for SBFR\GE mM 6-AH. The data @) were fit to the sum of four

Isothermal titration calorimetry was carried out using a
Microcal VP-ITC microcalorimeter maintained at 288 K. The
concentration of protein in the titration cell varied from 2 to
10 uM. The concentration of 6-AH in the injection syringe
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° Ficure 2: Intrinsic fluorescence response of glu-DPGN to the
o6 o addition of 6-AH. The concentration of DPGN wag®I, and the
.’ concentration of 6-AH varied between 2 and 500. T = 288 K;
the buffer was the same as that used in Figure 1. The data were fit
S 96 _c to the same fluorescence coefficients and dissociation coefficients
s o ve as used in Figure 1. Black circles are the actual data points; white
. g e circles are the fitted points. The inset shows the same data but
%70 o . emphasizes the region between 0 anqu®0 6-AH.
S ece . . :
2] D oo @ fitted values. Where, at any given concentration of 6-AH,
% o there is only a white circle, it means that the actual and
90 1, : , . , ‘ fitted points are superimposed. The individual fluorescence
0.0 04 08 12 16 20 coefficients andKy values are shown in the top panel of
6-AH (mM) Figure 1 . .
Ficure 1: Intrinsic fluorescence response of glu-DPGN to the The fits in panels A and B of Figure 1 are not bad, but
addition of 6-AH. (A) The concentration of glu-DPGN wagB; they are not perfect. The scatter in the data is such that perfect

the concentration of 6-AH varied from 1M to 25 mM. The black fits will not be obtained. It is essential to point out that there

circles are the actual data points; the white circles are data fit to is no unique fit to the data of Figure 1. With four dissociation
the equation shown in the Results= 288 K. The buffer contained  constants and four fluorescence coefficients, the data can be
25 mM Mes, 25 mM Tris, 1 mM Mg(OAg) and 0.1 mM EDTA

\~ . "\ approximated with many combinations. We can say that the
E:%gfﬁ%igzw'tgg?e ﬂ;ic\),fns Cﬁ]n(:tﬁec?ﬁsﬁe'f"e?ési ?-Eg ?;mglsggtcal‘at&rtn data were also' fit to the sum of two and three hyperbqlic
emphasizing data between &M and 2 mM 6-AH. functions; the fits were very much poorer. Four-factor Hill
plots, three-factor Hill plots, and two-factor Hill plots also
rectangular hyperbolas using the regression function in Sigmagave poor fits over the entire titration range. If it is considered
Plot and then further refined by simulating the data with the that there are four known binding sites in plasminogen, the

following equation: use of four sets of coefficients is probably justified (see the

Discussion). The experiment whose results are depicted in
D = D, i, T [[DPGN][6-AH] D,/([6-AH] + Ky )] + Figure 1 has been repeated more than 10 times with

[[DPGN][6-AH] ®,/([6-AH] + Kyp)] + 81‘f|§_ctively2theh same rﬁsultS. i _
igure 2 shows a fluorescence titration curve using a
[[DPGN][6-AH] D4/([6-AH] + Kyg)] + different sample on a different day. Here we titrated the
[[DPGN][6-AH] ®,/([6-AH] + K4,)] + ([6-AH] ®5) DPGN with 6-AH but stopped after reaching 0.5 mM. The

inset emphasizes the curve between 0 anckRD6-AH.
where® is the fluorescence yield, [DPGN] is the concentra- About 70 points were taken in the concentration range from

tion of DPGN, [6-AH] is the concentration of 6-AHD;— 0 to 0.5 mM. There is scatter in the data; it is especially
d, are the fluorescence coefficients associated with the noticeable in the region around 0.07 mM because the
binding of 6-AH to that site, anl4;—Kg4 are the dissociation  fluorescence changes are so small and because there are
coefficients associated with binding to the site. (While the many points in this region. The data poin®)(were fitted
protein contains five kringles, kringle 3 does not bind 6-AH (O) using the fluorescence coefficients afgvalues shown

in HPGN and presumably does not do so in DPG®s)is in Figure 1. Once again, the coefficients obtained from the
a linear term that accounts for very small increases that occurfitting routine give acceptable but not perfect correlations
as 6-AH is added; it is independent of DPGN. The global with the actual data.

fitting routine allows all sites to be filled at a rate proportional ~ Figure 3 shows the results of similar titrations monitoring
to their respectivéy values. In Figure 1, the black circles the samples with circular dichroism. Panel A demonstrates
are the actual data points while the white circles representthe changes in the range from 310 to 220 nm, whereas panel
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Ficure 3: (A) Circular dichroic spectra of glu-DPGN from 310 to 220 nm. The solid curve is for glu-DPGN without 6-AH, whereas the
dashed curve is for glu-DPGN with 7.6 mM 6-AH. The buffer was 10 mM phosphate (pH:8)288 K. The positive band at 295 nm

and the negative band at 235 nm are characteristic of tryptophan. (B) The CD response of glu-DPGN to 6-AH in the far-UV region. The
lowest concentration of 6-AH was 0/8V, and the concentration was increased in two steps to a final concentration of 7.6 mM. There was
no significant difference between any of the curves in the far-UV region. (C) The variation of the CD signal at 235 nm as a function of
6-AH concentration. The data were fit to the dissociation coefficients shown in Figutg The Ae values were evaluated using the same
fitting routine as in the fluorescence experiments. Black circles are the data points. The data are shown-bseatqgot to allow the

viewer to see the stepwise nature of the titration.

B concentrates on the far-UV region. There are several a small decrease in intensity at the latter wavelength. In the
significant aspects of the spectra. First is the fact that the far-UV region, between 220 and 190 nm, there is absolutely
tryptophan shoulder at 295 nm, which shows up as a smallno detectable change in ellipticity resulting from the addition
band with positive ellipticity in the sample without 6-AH, of 6-AH (panel B). Since the absorption bands in the far-
is not present in the sample that contains a high concentrationUV region are primarily the result of secondary structure
of 6-AH. While the data are not shown, the response is and ordering of the peptide bond, the conclusion is obvious
graded over the titration range of from 0 to 25 mM. The and must be stated: The very large change in conformation
major change in the spectrum occurs in the far-UV contribu- exhibited by DPGN on addition of 6-AH is not the result of
tion of tryptophan (226240 nm). The magnitude of the large-scale changes in secondary structure.

negative band decreases by a factor@0%; this band is In Figure 3C, we show the results of the titrations of Figure
relatively broad and spills over at 225 nm such that there is 3A in which the change in ellipticity at 235 nm as a function
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Time (min) Table 1: Binding of 6-AH to Individual Sites of Canine
0 100 200 300 400 Plasminogen
T ! T ! T j T T association constants and
0.0~ ] thermodynamic constants
' f for binding sites in DPGR  glu-plasminogen  lys-plasminogen
Kaz (M9 1.4x 10 2.7x 10
AG; (kcal/mol) -6.8 -7.1
8 -0.5 1 = AH; (kcal/mol) —0.45 —0.075
o AS (cal mort K1) 22 25
® Kaz (M~Y) 6.6 x 10* 5 x 10
S AG; (kcal/mol) —6.4 -6.2
-1.0 1 b AH; (kcal/mol) —0.45 —0.075
AS (cal mort K1) 20 21
Kaz(M™Y) 1.17x 1¢° 1.4x 1C¢°
AG; (kcal/mol) -4 —-4.1
-1.54 AHjs (kcal/mol) -2.2 -1.5
AS; (cal mort K1) 6.3 9.3
. 0.000 . Kaa (M) 25x% 10 2.3x 10
S AG;, (kcal/mol) —-3.2 -3.1
k3 AH4 (kcal/mol) -11 -0.21
.‘JC_-’, -0.003 - AS; (cal molFt K1) -25 10
— a2 The data have been rounded off to two significant figures. As a
8 result, the sum oAH and TAS do not always equahG.
L -0.006 e
g
3 all but the weakest site are positive TAS is evaluated to
g -0.009+ 7 be approximately-6 kcal/mol for the two tightest sites;2
kcal/mol for site 3, and 8 kcal/mol for the weakest site. The

driving force for 6-AH binding to the weakest site is clearly
enthalpy. This result is quite unexpected.

Lys-plasminogen lacks the N-terminal peptide containing
FiGURe4: Isothermal titration calorimetry of glu-DPGN. The initial  lysine 50. It is known to exist in an open conformation not
concentration of glu-DPGN was;2M; the concentration of 6-AH  identical with that of 6-AH-opened plasminogen but similar
in the injection syringe was-500 mM. The temperature was (4) (see the Discussion). Fluorescence titrations were carried
maintained at 288 K. (Top) The actual heat changes occurting i sing the same protocols as described in the legends of

during the injection sequence; an expanded view of the data is _. .
shown in the inset of the bottom panel. (Bottom) The enthalpic Figures 1 and 2. The data are shown in panels A and B of

changes as a function of the molar ratio of ligand to protein. The Figure 5. As was the case with glu-plasminogen, the decrease

non-zero baseline has been subtracted from the data in the bottormin fluorescence is followed by an increase. When the data

F;a?he;. gg; bf!f‘?g ?ﬁgaa:goirigttigﬁ ?:%trl:satlaﬁ:tockng?ngee ds;i;hg fﬂ':g lingvere fit to the sum of four hyperbolas, the fits were virtually

| 1 . : :

The calculated enthalpies and entropies are given in Tablg 1. &8 good as those_for the glu-pla_smlnogen. The elght_constants
were not the quite the same in the two preparations; the

¢Vvalues for the lys-plasminogen are shown in the figure. The

major change occurs in th&y for the weakest site. It

decreases from 4 to 3 mM. The binding of 6-AH for this

site is marginally tighter in the lys-plasminogen than in glu-

) 4000 8000 12000 16000
Molar Ratio

of 6-AH concentration has been plotted. Once again, the soli
points are the actual data. The data were then fit using the
regression function of Sigma Plot to extract values for the
extinction coefficients associated with each dissociation

coefficient. The solid line represents data fitted on the basis Plasminogen. . .
of the dissociation coefficients of Figure 1 in conjunction 1 he calorimetric response of lys-plasminogen on titration

with the extinction coefficients. As was the case for the With 6-AH is different from that of the holoenzyme (Figure

fluorescence data, the fits are quite acceptable. The data of @nd Table 1). The experiments whose results are depicted

Figure 3C are presented as a linebg plot to emphasize N Figure 6 were similar to t.h.ose of Figure 4, and the two
the stepwise nature of the curvad( 30). panels have the same significance. In the lower panel, the

Figure 4 shows the results of an isothermal titration line drawn through the data was based on the dissociation
constants of Figure 5. As can be seen from the comparison
The top portion of the figure shows the raw heat data from of the two forms of DPGN in Table 1, the first three binding

the run. The bottom portion shows the enthalpy changes asStS do not change substantially. There is a major change
a function of the ratio of ligand to plasminogen after sub- that occurs in site 4 associated W|thlkr|_nlgle&5_reverses
traction of the sloping baseline. Using the software supplied SI9" and goes from-25 to 10 cal mol® K™ AH increases

by Microcal, there was no unique fit to the data. When we Tom —11 to—3.3 kcal/mol. This means that the binding of
applied the dissociation constants of Figure 1 (expressed aS-AH t0 kringle 5, when it is not an exchange reaction, is
association constants) to the data, we obtained the fit shownSiMilar to the binding to the other kringles; the reaction is
by the solid line through the data. The enthalpies and entropy-driven to the same extent as it is in the other kringles.
calculated entropies are shown in Table 1. The most striking

thing about the thermodynamic values is that the enthalpiesDISCUSSION

are all negative but range from0.5 kcal/mol for the tight In this work, we used fluorescence to detect the binding
sites to—11 kcal/mol for the weakest site. The entropies for of 6-AH to canine plasminogen. We previously used this

calorimetric run in which glu-DPGN was titrated with 6-AH.
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%0 . FIGURE 6: Isothermal titration calorimetry of lys-DPGN. The initial
070 Of4 ofa 1f2 1_‘6 20 concentration of lys-DPGN was 2V; the concentration of 6-AH

in the injection syringe was~500 mM. The temperature was

6-AH (mM) maintained at 288 K. (Top) The actual heat changes occurring
during the injection sequence; an expanded view of the data is
shown in the inset of the bottom panel. (Bottom) The enthalpic
changes as a function of the molar ratio of ligand to protein. The
non-zero baseline has been subtracted from the data in the bot-
tom panel. The black squares are the actual heat changes; the
solid line is the data fit to the association constants obtained in
Figure 5. The calculated enthalpies and entropies are given in
Table 1.

Ficure 5: (A) Intrinsic fluorescence response of lys-DPGN to
6-AH. The data were evaluated using the equation shown in the
Results. The concentration of lys-DPGN wasM; the concentra-
tion of 6-AH varied from 1QuM to 25 mM. The black circles are
the actual data points; the white circles are data fit to the equation
shown in the ResultsT = 288 K. The buffer contained 25 mM
Mes, 25 mM Tris, 1 MM Mg(OAg) and 0.1 mM EDTA (pH 6.5).

The fluorescence coefficients and the dissociation coefficients are . . ) .
given in the inset. (B) The same data but emphasizing data between The isolated human kringles have been studied. The studies
10 uM and 2 mM 6-AH. show quite clearly that the kringles containing three tryp-

tophans (kringles 2 and 4) exhibit positive fluorescence

approach to dissect out the binding constants of humanchanges when they bind 6-AH. Kringles 1 and 5 (each
plasminogendl). The two proteins, canine and human, are containing two tryptophans) exhibit negative changes when
very similar. They have tryptophans at identical positions they bind the ligand. A partial explanation for this is given
in kringles 4 and 5 and the catalytic domain. The sequencesin ref 31. There are at least four kringles in plasminogen
of the other three canine kringles are not known; there are that bind 6-AH. Presumably, the fifth kringle also binds but
no tryptophans in the NTR26, 27). with an affinity that is too low to detect using current

We have presented data that relate to the thermodynamicanethods. The binding of 6-AH to both humaBlj and
of the interaction of canine plasminogen and 6-aminohex- canine plasminogen can be modeled as the sum of four
anoate. The final thermodynamic parameters are basedndependent binding reactions. We assigned the binding order
entirely on binding constants and a model derived from the on the basis of the sign of the fluorescence deflection, the
fluorescence measurements. The fluorescence data are cleamagnitude of the calculatd€i;, and the fact that kringle 5 is
Fluorescence decreases at 6-AH concentrations between @hought to be the predominant internal ligand for the NTP.
and 0.1 mM 6-AH. At higher concentrations, the fluorescence However, there are four kringle binding domains, each with
increases. its own fluorescence response. There is no unique solution

The fluorescence increase occurs with a slope that indicateso the binding using only the data obtained from the
that it has a midpoint in the millimolar range. It as been fluorescence titration. This is the major weakness in our
well established by Castellino, Christensen, Markus, and approach. The major strength of the approach is that all the
Ponting as well as many other groups that opening of fluorescence, CD, and calorimetric data can be well modeled
plasminogen occurs when the concentration of 6-AH is above using the same dissociation coefficients. Our binding order
the millimolar range. is as follows: kringle 4 binding which is tighter than kringle
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that have supported the view that cooperative effects are
operative come from studies of intrinsic tryptophan fluores-
cence 24, 33); where both intrinsic tryptophan fluorescence

Table 2: Binding of 6-AH to Human and Canine Plasmindgen

kringle 1 kringle 2  kringle 3  kringle 4 kringle 5

Kafor HPGN = 12uM 0.52mM does notbind 4M 1.6 mM and extrinsic fluorescence from a probe at the active site
Kqfor DPGN  15uM 0.85 mM 7uM  4mM have been studied. the extrinsic i ds
®for HPGN —64 1 1 9.2 ave been studied, the extrinsic fluorescence responds in a
®for DPGN -2.1 1 1.3 1.2 noncooperative fashion24). We find no evidence for

aA comparison of the dissociation constants and normalized cooperativity in either the f!uo.rescen.ce or C,D ‘?'ata- On the
fluorescence coefficients. The assignment of the dissociation constantscontrary, both sets of data.'ndmate simple bln_dmg phenom-
and the fluorescence coefficients is based on the sign of the fluorescenceena. Others have found evidence for cooperative effects. We
change of the isolated human kringles and the approximate dissociationgttribute the difference between other studies and ours to
constants of the isolated kringles. The probable reason for the positivetha fact that the data shown in Figures 1 and 2 are far more

and negative changes in fluorescence that occur on ligand binding is . .
described in detail in reB1. The dissociation constants for the two extensive than most. We are able to detect and quantify

proteins are quite similar. The relative fluorescence coefficients differ binding to the tightest sites. One of these has a negative
considerably in absolute magnitude but not in sign. Titration of human fluorescence response on binding 6-AH. When the data are
plasminogen leads to a very large decrease in fluorescence which themgt sufficiently extensive, the negative change for binding
recovers to even greater positive values. to the second tightest site sums with the positive change of
the other two tight sites to yield what appears to be a sigmoid
1 binding which is tighter than kringle 2 binding which is type curve; it is an artifact of having too few points in the
tighter than kringle 5 binding. region of tight binding. With the exception of one kinetic
Isolated kringle 4 has a positive fluorescence change whenstudy by Christensen and MglgaaB#l), other studies have
binding 6-AH and a very tight binding constant. Kringle 1 missed the decrease in fluorescence when 6-AH binds.
has a negative change and a very tight binding constant.Needless to say, the absence of data indicating cooperative
Because of the sign of the fluorescence change, we cannoteffects cannot in any way be taken to mean that there are no
successfully model the binding if we reverse the affinities cooperative effects operating.
of kringles 1 and 4. Our assignmentskgfvalues for kringles The conclusions vis-gis cooperativity are reinforced
4 and 1 differ from that based on the literature. As isolated, when viewing the CD data between 295 and 235 nm. Over
kringle 1 K4 = 12 uM) binds 6-AH about twice as tightly ~ a 1000-fold range in concentrations, there is no evidence
as kringle 4 Kq = 26 uM). This represents a difference in  for cooperative interactions occurring in the binding of 6-AH
binding energies 0f<0.5 kcal/mol, less than the energy or the opening of the DPGN. In the far-UV region of the
contributed by a weak hydrogen bond. Similarly, the order spectrum (226190 nm), there is no evidence for any change
we assign to the twdy values results in binding energies in the secondary structure of the protein. Given that, the
that differ by less than 0.5 kcal. To go from the assignments structure of the protein changes. There is no question that it
in the isolated human kringles to that in the intact dog goes from a closed form to an open form on addition of
plasminogen requires a change in kringle 4~af.75 kcal/ sufficient 6-AH. There is also no question but that this can
mol, the energy associated with a change in one hydrogenbe accomplished by rotation about relatively few bonds. One
bond. TheKq of isolated kringle 2 and our assignment agree. can envisage DPGN, in the absence of added ligand, as a
Kringle 5 is assigned the final binding site because it is the weak spring of 100 peptide bonds decorated with five
predominant site for the NTP. Olty values do not differ kringles. The spring is bent back on itself, and the hasp of
significantly from those of the isolated kringles except in the spring is formed from the interaction of lysine 50 and
the case of kringle 5 where the reporteglis ~140u4M and kringle 5. The equilibrium is displaced by addition of 6-AH
the value we report is-20 times that value. What accounts which causes the hasp to weaken. We speculate that the new
for the difference? In the absence of subangstrom structural? and® angles associated with the peptide bonds are much
data on the complete protein, there is no explanation. We the same as the old with a few exceptions. It is not surprising
note however that no one (as far as we know) disagrees withthat no difference is seen in the far-UVvV CD. There are after
the fact that the final binding of 6-AH involves a site with all more than 700 peptide bonds that contribute to the

a dissociation constant in the millimolar range. spectrum in the far-UV region.
The binding reactions have been fit to the sum of four = There are major changes in the CD spectrum at 235 nm.
simple binding curves of the tyg€y = (a)(b)/(ab) or K, = These probably result from slight changes in the environ-

(ab)/(a)(b). The binding constants so obtained are similar to ments of the 10 tryptophans located in the four kringles that
those obtained for the same ligand binding to human bind 6-AH. The entire protein contains oni19 tryptophans.
plasminogen (Table 2). The latter figures have been as-The tryptophan CD spectrum is exquisitely sensitive to
sembled for the individual human kringles by Marti et al. environment in the 230 nm region and has been shown to
(32) and more recently for intact human plasminogam) ( change with ionic composition, solvent, and lipid proximity
The overall picture of the fluorescence data on the intact (35, 36). On the basis of the X-ray and NMR structures of
plasminogen presented here differs from that presented bythe isolated kringles, there is little doubt that the immediate
other investigators in the past. Whereas many studies haveenvironments of these tryptophans change even if their
invoked cooperative effects between sit@3)( our data, for orientations in the ligated and free states remain more or
both human and canine plasminogen, show no indication thatless the same.

cooperativity is operating in the binding and resultant  The thermodynamic data are somewhat more perplexing.
conformational change. Cooperativit99q 30) is taken to The X-ray and NMR structures of the individual kringles
mean that binding at an allosteric site influences the overall indicate that there is little room in the binding sites for both
conformational change studied here. Until now, the only data water and ligandq4—12). When water is released from either
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the binding site or the ligand, it enters the bulk phase with decreases (gets tighter) by a factorét0 when the NTP is
the resultant gain in entropy; accordingly, we expect that cleaved off. This is not occurring here with DPGN. We
entropy should be the driving force of 6-AH binding. The interpret the similaiKy values in the two dog proteins to
binding of 6-AH to the two tightest sites of intact DPGN indicate that we are not dealing with a single equilibrium
follows the expected pattern. However, it is not the result but rather with a complex of equilibri@{4, 19, 40—43) in
obtained for binding to isolated human kringles37)( 2 lys-DPGN. Removal of the NTP allows kringle 5 to establish
(38), and 4 B9); these correspond to sites 2, 3, and 1, other equilibria in which the kringle is either associated with
respectively, in Table 1. In the case of kringle 2, the data other ligands or otherwise shielded from 6-AH. This ad-
from this study show much the same trend as those on theditional conformational state clearly complicates the analysis
isolated kringle; the driving force for binding is divided for lys-DPGN; it is much less important for our analysis of
betweenAH and AS (38). In the case of kringles 1 and 4, the glu-DPGN data.
our binding constants are about the same as thafssand The enthalpic changes that occur on binding and opening
AH differ substantially. At this point, it is unclear whether of glu-plasminogen indicate that the open form is more
the difference is due to dog versus human or isolated kringle hydrated than the closed form. Furthermore, when the NTP
versus intact plasminogen; certainly, there are differencesis cleaved off, as in the case of lys-plasminogen, the binding
in the response of the proteins of the two species (vide infra). of 6-AH to kringle 5 is driven by entropy as is the case with
The binding of 6-AH to the loose site on kringle 5 is more the other three kringles. This indicates to us that the major
problematic. In this case, binding of 6-AH displaces lysine portion of the conformational change itself must be associated
50. The 6-AH becomes dehydrated while lysine 50 is with a substantial change in hydration of the protein. The
hydrated. There is little or no change in the hydration state prediction is that DPGN should open when exposed to high
of the binding pocket. The prediction, based on just the hydrostatic pressure. Pressure acts by promoting the hydra-
change in hydration of binding pockets and substrates, istion of hydrophobic and polar surfaces, the electrostriction
that binding to kringle 5 should be driven less by entropy of ionized groups, and the collapse of small voids that result
than by the other three binding kringles; this must be true if from poor packing of the protein. The latter need not concern
one considers only the binding reaction independent of the us here. What is important is that hydrostatic pressure does
conformational change. The problem arises when one promote opening of the protein in the absence of an added
considers that this exchange reaction breaks the noncovalenligand such as 6-AH. Water can act as an alternative ligand
interaction between kringle 5 and the NTP. The molecule for kringle 5. The driving force here must be hydration of
simultaneously undergoes the large conformational change the kringle 5 binding pocket, electrostriction of the amino
One would have anticipated that the loss of conformational group of lysine 50, and hydration of substantial portions of
constraint would result in a large entropy change, but this buried protein as DPGN opens. We showezP)(that
does not appear to be the case. There is an overall loss oklectrostriction and hydration of the kringle 5 binding pocket
entropy for kringle 5 exchanging 6-AH for lysine 50 which  could account for about half of the 30 mL/mol volume
results in a=TASthat is positive. The combined exchange change associated with the pressure-induced opening of the
reaction is dominated by thel1l kcal/mol enthalpy. molecule. The remainder of the change must be associated

If one compares the weakest dissociation constant of glu-with hydration of the protein as it opens. The response of
plasminogen binding 6-AH and that of the isolated kringle the protein to osmotic pressure should indicate the number
5, one finds that they are not the same. Glu-DPGN binds of waters associated with this change. Unfortunately, plas-
6-AH much more weakly than does the isolated kringle. The minogen exhibits preferential binding of small osmolytes (J.
change in binding constants can be used to determine theA. Kornblatt, unpublished) such that we cannot make
extent to which glu-DPGN is in the open conformation when measurements in “disperse solutiod4( 45) as we have
no added ligand is present. The approach is detailed bydone in the past. This complicates the nature of experiments
Kornblatt 31) but relies on the fact that the ratio of the that must be carried out but by no means precludes them.
constants yields the position of the closexpen equilibrium:
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