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Abstract. The interaction of the isolated human 
plasminogen kringle 4 with the four co-amino acid 
ligands e-aminocaproic acid (eACA), N%acetyl-L- 
lysine (AcLys), trans-aminomethyl(cyclohexane)car- 
boxylic acid (AMCHA) and p-benzylaminesulfonic 
acid (BASA) has been further characterized by 
1H-NMR spectroscopy at 300 and 600 MHz. Pro- 
nounced high-field shifts, reaching ,-~ 3 ppm, are 
observed for AMCHA resonances upon binding to 
kringle 4, which underscores the relevance of ligand 
lipophilic interactions with aromatic side chains at 
the binding site. Ligand titration curves for the nine 
His and Trp singlets found in the kringle 4 aromatic 
spectrum reveal a striking uniformity in the kringle 
response to the various ligands. The average binding 
curves exhibit a clear Langmuir absorption isotherm 
saturation profile and the data were analyzed under 
the assumption of one (high affinity) binding site 
per kringle. Equilibrium association constants (Ka) 
and first order dissociation rate constants (kof0 were 
derived from linearized expressions of the Langmuir 
isotherm and of the spectral line-shapes, respective- 
ly. The results for the four ligands, at "-~ 295 K, 
pH* 7.2, indicate that: (a) AMCHA exhibits the 
strongest binding (Ka= 159 mM -1) and eACA the 
weakest (Ka=21 mM -l)  with AcLys and BASA 
falling in between; (b) eACA dissociates readily 
(]£off  = 5.3 x 10 3 s -1)  and AMCHA associates the 
fastest (kon=2.0x 108M-is  -1) while the kinetics 
for BASA exchange is relatively slow (koff = 0.8 x 103 
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s -1, kon = 0.6 x 108M -1 s-l); (c) the ligand-binding 
kinetics is close to diffussion-controlled. 
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Introduction 

Of the five kringle domains found in human plas- 
minogen (Sottrup-Jensen et al. 1978) kringles 1 and 
4 are known to bind lysine and related m-amino 
acids (Sottrup-Jensen et al. 1978; Lerch et al. 1980; 
Winn et al. 1980; Markus et al. 1981; De Marco et al. 
1982; V/tli and Patthy 1982). Although the physio- 
logical role of the lysine-binding site is not clear 
(Thorsen et al. 1981; V/tli and Patthy 1984), an in- 
creasing body of evidence suggests that it might 
interact with ~2-antiplasmin and, most importantly, 
afford a mechanism for anchoring plasmin(ogen) to 
fibrin and fibrin clots (Wiman and Collen 1978; 
Lucas et al. 1983; Christensen 1984; Bok and Mangel 
1985). Furthermore, the interaction of plasminogen 
kringles with lysine and m-amino acid analogs of 
lysine provides the basis for the selective extraction 
of plasminogen from blood plasma and for the 
purification of the isolated kringles 1 and 4 pro- 
teolytic fragments via affinity chromatography on 
lysine-conjugated support gels (Deutsch and Mertz 
1970; Sottrup-Jensen et al. 1978; Lerch et al. 1980). 
It is interesting that many of these co-amino acids 
exhibit potent antifibrinolytic activity to the extent 
that some of them are clinically exploited to control 
fibrinolysis (Markwardt 1978). 

Recently, we have reported on the 1H-NMR 
spectroscopic aspects of ligand-binding to kringle 4 
(Llin/ts etal. 1985; De Marco etal. 1986). Of the 
four investigated ligands, eACA, AcLys, AMCHA 
and BASA (Scheme I), the first two are linear 
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molecules and the latter two contain 6-member ring 
structures, BASA being aromatic while AMCHA is 
not. The four ligands are zwitterionic, exhibiting a 
dipolar distance of ~ 6.8 A which has been shown to 
be about optimal in terms of stabilizing the kringle- 
ligand interaction (Okamoto et al. 1968; Markwardt 
1978; Winn et al. 1980). In these NMR studies our 
main concern has been to analyze the spectroscopic 
information in terms of the structure of the ligand- 
binding site (Llin~ts etal. 1985; De Marco etal. 
1986). Here, our primary objective is to quantitate 
the ligand titration data in order to derive values for 
the ligand-kringle 4 association constants (Ka) and 
for the kinetic parameters (kon, koff) which charac- 
terize the association-dissociation complexation re- 
actions. For the former purpose we have monitored 
the positions of the nine His + Trp singlets in the 
aromatic spectrum of kringle 4 (Llinfis et al. 1983; 
Trexler et al. 1983; De Marco et al. 1985b) as well 
as the chemical shifts of other conveniently resolved 
kringle resonances. The singlets afford relatively 
narrow signals which can be followed readily in the 
course of ligand titration experiments. Ligand-bind- 
ing rate constants can, in turn, be derived from line- 
shape analyses of selected resonances (Sudmeier 
et al. 1980). It is fortunate that the spectral perturba- 
tions, mainly line broadenings and chemical shifts, 
induced by diamagnetic ligands on the kringles and, 
reciprocally, caused by the kringles on the ligands, 
can be analyzed in terms of equilibrium and kinetic 
parameters quite independently of a detailed char- 
acterization of their corresponding spectra. 

Materials and methods 

Kringle 4 was isolated from human plasminogen by 
elastase digestion of the zymogen (Sottrup-Jensen 
et al. 1978) as described elsewhere (Winn et al. 1980). 
The 1H-NMR spectra of kringle 4 were recorded in 
the Fourier mode at 300 MHz with a Bruker WM- 
300 spectrometer or at 600 MHz using the National 
NMR Facility for Biomedical Research at Carnegie- 

Mellon University. The experiments were performed 
at ~ 22°C, pH* 7.2, for the protein sample dis- 
solved in 2H20. The kringle was pre-exchanged 
against 2H20 to eliminate signals arising from ex- 
changeable protons. Ligand titration was imple- 
mented by adding measured amounts of concen- 
trated ligand, dissolved in 2H20, to the NMR tube 
containing the kringle sample. The volumes of the 
ligand additions were controlled with a micrometer 
syringe. Typically 2 - 5  gl were added at once to 
0.4ml of 10-3M kringle 4 solution contained in a 
5 mm NMR tube. Dioxane was used as internal 
reference frequency standard; chemical shifts are 
referred to the sodium 3-trimethylsilyl(2,2,3,3-2H4)- 
propionate signal (De Marco 1977). pH* was mea- 
sured before and after each titration experiment to 
check for any acid/base drift. Spectral simulations, 
implemented to derive reasonable resonance line 
width values, were accomplished using the PANIC 
Program (Bruker Aspect 2000 Data Package). 

Results 

Figure 1A shows the high-field, methyl region 
~H-NMR spectrum of kringle 4 at 300 MHz. Most 
noticeable markers are doublets 1 and 2 which arise 
from the Leu 46 side chain CH} e groups, and the 
unresolved resonances 3 and 4 assigned to L e u  77 

(Llin~s et al. 1983). These doublets are broad and 
shifted to high-field relative to their "random coil" 
positions at "-~ 0.9 ppm (Bundi and Wtithrich 1979). 
These characteristics reflect a significant loss of side 
chain motional freedom and close interaction of the 
methyl groups with internal aromatic rings as shown 
by efficient cross-relaxation (Overhauser) effects 
(De Marco etal. 1985a). Other relatively sharper 
methyl signals appear at 6 > 0.5 ppm; these have 
been analyzed elsewhere (Llin~s et al. 1983). It is 
observed that addition of co-amino acid ligands 
perturbs only minimally the methyl spectrum (Llin/ts 
et al. 1985; De Marco et al. 1986). Most noteworthy 
are an overall sharpening of resonances and a small, 
but measurable, shift of the Leu 46 CH} e signals. The 
decrease in line widths is most likely caused by 
ligand interference with kringle self-aggregation 
(Ramesh et al. 1986) while the shifts induced on the 
Leu 46 methyl doublets, observed for all ligands we 
have studied to-date, appear to arise indirectly, 
from a perturbation of the aromatic rings which are 
in contact with the L e u  46 side chain. Figure 1 B 
illustrates these effects for the ligand AMCHA. The 
appearance of broad "humps" at ~ 1.1 and ~ 1.35 
ppm reflects the contribution of two AMCHA equa- 
torial proton multiplets shown in Spectrum C for the 
free ligand, which are broadened when in presence 
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Fig. 1A-C. Effect of AMCHA-binding on the 300MHz 1H-NMR methyl spectrum of kringle4 from human plasminogen. 
A High-field spectrum of kringle 4, no ligand. B Same as (A), but in presence of excess AMCHA; hgand-induced shifts of the 
Leu 46 CH} ~' resonances 1 and 2 are indicated. C Partial spectrum of AMCHA, whose resonances (broadened) also contribute to 
spectrum (B). Kringle 4 concentration ~ 1 mM, pH* 7.2, 298 K. Spectra (A) and (B) are resolution enhanced 

of kringle 4 because of fast (bound ~ free) ex- 
change. 

It is to be expected that at substoichiometric 
ligand levels, i.e. when most ligand is bound, signals 
from the latter ought to exhibit the spectral char- 
acteristics of its kringle-bound state as fixed by the 
protein environment. That this is the case is shown 
by Fig. 2, which depicts expanded the - 2 . 2  < 5 
< 0.2 ppm kringle 4 spectral region in the absence of 
ligand (Spectrum A) and with increasing levels of 
added AMCHA (Spectra B - F ) .  A set of five broad 
resonances, labelled a - e ,  are seen to appear upon 
minimal ligand additions. These arise from AMCHA 
protons since they increase in intensity as ligand is 
added (spectra A - D )  to eventually broaden and 
shift downfield (Spectra E, F) to appear, for excess 
ligand, at the free AMCHA spectral positions (Fig. 
1 B and C). This behavior is typical of rapid ligand 
exchange between free and bound states (Sudmeier 
et al. 1980). Integration of resonances a, b and e 
(Fig. 2), normalized to the area of the Leu 46 CH~ res- 
onance at ~ - 1  ppm, shows that each of these 
signals arises from a single proton on the AMCHA 
molecule while the overlapping c + d signal stems 
from exactly two such protons. Most noteworthy in 

Fig. 2 are the exaggerated high-field shifts of the 
bound AMCHA signals which can only arise from 
ring-current effects and thus afford unique evidence 
for direct ligand-aromatic side chain interactions at 
the kringle's lysine-binding site. Furthermore, the 
rather well defined appearance of the AMCHA 
signals at [ligand]/[kringle] levels as high as ~ 0.78:1 
suggests a relatively tight binding of the drug. It 
should be indicated that in a previous study (De 
Marco etal. 1986) signal a in Fig. 2C was not 
observed because the spectrum, recorded in the 
"'fast scan" correlation mode, was not swept far 
enough to high-field as a lJgand resonance at 

- 2 ppm was unforeseen. 
The complete aromatic 1H-NMR spectrum of 

kringle 4 has been reported and analyzed elsewhere 
(De Marco etal.  1985b; Ramesh etal.  1986). As 
discussed in previous papers (Llin/ts et al. 1985; De 
Marco et al. 1986), it is this spectral region which 
is the most sensitive to ligand-binding. For the 
purposes of this investigation we chose to monitor, 
among others, the ligand response of nine aromatic 
singlets assigned as follows: (a) singlets 1, 4 and 7, 
which correspond to the indole H2 protons of Trp 72, 
Trp-I (Trp2S?) and Trp-II (Trp627), respectively; (b) 
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Fig. 2AS-F. Expansion of the 300 MHz high-field spectrum of kringle 4 in the presence of variable amounts of AMCHA. The 
large resonances at ~-1.05 ppm and at 5> 0.l ppm arise from the Leu46 CH~ ,a' doublets. Resonances stemming from bound 
ligand are labelled a -  e. Impurities in the sample are indicated (*). A Control spectrum, no ligand; B -  F spectra recorded in the 
presence of increasing concentrations of AMCHA; the AMCHA/K4 molar ratio is indicated on the right. Kringle 4 concentration 

1 raM, pH* 7.2, 295 K 

singlet pairs 2 + 8, 3 + 6 and 9 + 5, which corre- 
spond to the imidazole H 4 + H 2  protons of His 33, 
His 3 and His 31, respectively (Ramesh et al. 1986). In 
the case of kringle 1, we have reported complete 
BASA titration curves of the corresponding singlets 
which enabled us to derive an estimate of the 
ligand-kringle association constant Ka (De Marco 
etal.  1982). Figures 3 - 6  show similar curves for 
kringle 4, where eACA, AcLys, AMCHA and BASA 
are the ligands. The curves result from plotting A 5, 
the singlet chemical shift after ligand addition re- 
ferred to that in the free kringle, versus [So]/[Ko], the 
concentration ratio between the total added ligand 
and the total (free + bound) kringle, the latter deter- 
mined from optimal fittings (see Discussion). 

The Trp 72 singlet 1 undergoes only minor shifts 
when in presence of the linear ligands, being essen- 
tially unperturbed by AcLys (Fig. 4). At 600 MHz it 
is observed to strongly broaden after a first, sub- 
stoichiometric addition of eACA, to eventually re- 
appear (close to its initial position) when in the 
presence of a large excess of ligand (Fig. 3). Such 
behavior is not apparent at 300 MHz, suggesting 
that the broadening results from a ligand exchange 
process that matches the observational frequency at 
600 MHz but is fast on the 300 MHz time scale. 
Shifted to higher fields by AMCHA (Fig. 5), singlet 
1 is dramatically affected by BASA, strongly shift- 
ing, broadening to the extent of becoming non- 
detectable, then reappearing and sharpening pro- 
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gressively to eventually consolidate itself at -~ 0.4 
ppm to higher fields (off-scale in Fig. 6). The above 
evidence indicates, once more, that when the kringle 
is in the presence of near stoichiometric levels of 
BASA, the Trp 72 singlet exchange between bound 
and unbound states is neither fast nor slow but inter- 
mediate on the 600 MHz NMR time scale (Feeney 
et al. 1979; Hochschwender et al. 1983). 

As a common feature of the tested ligands, the 
His 3 singlets 3 + 6 are minimally perturbed by 
ligand-binding. This is consistent with the interpreta- 
tion that the His 3 side chain, carrying a freely 
mobile imidazole ring, is removed from the binding 
site (De Marco et al. 1986). The His  31 singlets 5 + 9 
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Fig. 6. Binding of BASA to kringle 4: ligand titration curves 
for His and Trp aromatic singlets. Experimental conditions 
and meaning of labels are given in the caption to Fig. 3 
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Table 1. Ligand-induced shifts on kringle 4 aromatic  singlets a 

Singlet 1 2 3 4 5 6 7 8 9 
Residue W 72 H 33 H 3 W25 H 31 H 3 W62 H33 H 3l 

Proton H2 H4 H4 H2 H2 H2 H2 H2 H4 

eACA ~ - -  5 b - -  6 0 + 38 - 23 0 + 26 - 10 - 34 
AcLys 0 0 0 + 26 - 20 0 + 23 0 - 20 
A M C H A  - 23 - 41 0 + 34 - 12 0 + 34 - 78 - 39 
BASA - 410 - 21 0 + 41 - 10 0 + 21 - 130 2 

a Shifts (A6x 103 p p m )  are for kringle 4 in presence of  excess ligand and are referred to the singlet frequency in absence of  the 
ligand; low field shifts are positive 

b Singlet broadens  upon  substoichiometr ic  ligand additions (see text) 

move to higher fields with all ligands except BASA, 
in which case singlet 5 shifts but 9 does not, a result 
that is likely to arise from a ring current effect 
induced by the BASA molecule which opposes the 
intrinsic ligand perturbation. His 33 singlets 2 + 8 are 
also shifted to higher fields by all ligands except 
AcLys, which indicates, as is the case for His 31, that 
His 33 is near the binding state. 

It is noteworthy that AcLys perturbs only Trp 25, 
Trio 62 and His 31 thus appearing, from this standpoint, 
to be the most selective of the investigated ligands 
(Fig. 4). The latter would suggest that, despite the 
presence of the acetamide substituent at the C ~ 
position, AcLys "fits" the binding site better than 
does eACA, a structurally simpler compound. 
Significantly, among the four investigated effectors 
AcLys represents the closest analog to the putative 
"natural" ligand: a polypeptide chain segment in- 
corporating L-Lys at the C-terminus (Christensen 
1984; Bok and Mangel 1985). 

A summary of ligand-binding effects on the His 
and Trp singlets is given in Table 1. A pattern is 
evident: on comparing the effects from the various 
ligands we observe a predominant retention of sign 
for the ligand-induced chemical shifts, which sug- 
gests that the induced shifts mainly reflect local 
conformational rearrangement of aromatic side 
chains. In the case of BASA, the large shift of the 
Trp 7z singlet 1 points to a direct interaction between 
the indole group and the ligand ring, as also indi- 
cated by BASA-kringle 4 saturation transfer (Over- 
hauser) experiments (Llinfis etal. 1985). Further- 
more, from inspection of Figs. 3 -  6 it is clear that all 
the investigated ligands perturb Trp 25, Trp 62 and 
His 3~ to various extents. In conjunction with the 
results from the BASA-kringle 4 saturation transfer 
experiments (Llin~s etal. 1985), this pattern re- 
inforces a model by which the three residues are 
either at the binding site or positioned very close to 
it. 

Discussion 

In the analysis of the ligand-binding data we assume, 
for simplicity, (a) a single binding site, as estab- 
lished by Lerch et al. (1980) and by Markus etal. 
(1981), respectively for eACA- and AMCHA-bind- 
ing to kringle 4; (b) a single association-dissociation 
mechanism. Furthermore, we use an average titra- 
tion curve for each ligand, representing the com- 
bined response of a number of ligand-sensitive 
kringle 4 resonances, a device by which measure- 
ment errors and deviations from hyperbolic profiles 
tend to cancel out. The latter are likely to arise from 
kringle self-aggregation interference with tigand- 
binding (Hochschwender etal. 1983; Llimis etal. 
1983) and/or uncharacterized, weak non-specific 
binding. 

Equilibrium association constants 

We assume a two-state system at equilibrium 

A + X k.-~ B .  (1) 

If one chooses to monitor kringle resonances, X 
represents the free ligand while A and B stand for 
the protein in the free and in the complexed states, 
respectively. The kringle-ligand association constant 
Ka = kon/koff, is calcualated assuming fast exchange- 
averaging of the various resonances. This assump- 
tion is justified for most of the kringle signals, as 
shown under Results and discussed elsewhere (De 
Marco etal. 1986). For our calculations, we have 
selected data extracted from signals that satisfy this 
criterion. The chemical shift dependence on popula- 
tions, measured by the experimental normalized 
parameter Ae (population of the complex) is given 
by 

3, ,  - ( & -  6 ° ) / ( 6  c - 6 %  = [ / ( s J / [ K o ] ,  (2) 
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Fig. 7. Linear fittings of ligand titra- 
tion data for kringle 4. A e values 
were averaged on various reso- 
nances: AcLys (o), eACA (I) and 
BASA (A). The data for AMCHA is 
given in the inset (©). Straight lines 
result from a linear fitting to Eq. (3) 
where [S] = ([So] - [K0] Ap) corr 

where ae is the observed chemical shift and 5e ° and 
5e c are the limit chemical shifts for free (K), and 
complexed ( K S )  kringle, respectively, and [K0] = [K] 
+ [KS],  is the total kringle 4 concentration. As de- 
rived elsewhere (De Marco et al. 1982) Eq. (2) can 
be expressed as follows 

AT, 1 = 1 + 1/K~([So] - [K0] Ap)  corr (3) 

which, in turn, can be formulated to read 

[So] corr ( 1 / A p -  1) = [K0] corr (1 - A p )  + 1 / Ka ,  (4) 

where [So] is the total ligand concentration if the 
volume were kept constant, and "corr"  is a factor we 
now introduce, which applies to both [K0] and [So], 
in order to correct for progressive dilution brought 
about by the successive ligand additions. Notice that 
throughout  a ligand titration experiment [K0] is con- 
stant, being equal to the initial concentration of the 
kringle, while [So] increases. A problem that arises is 
that [K0] is not known with sufficient accuracy. 

While Eq. (3) is useful for deriving K~, [K0] 
being a fixed parameter,  a linear fit to Eq. (4) yields 
both [K0] and K~ values. The procedure we have 
followed is to use Eq. (4) to obtain an initial 
estimate of [K0], then introduce this value into 
Eq. (3) and systematically vary it until an optimal fit 
was reached as judged by r 2, the linear correlation 
coefficient squared, keeping in mind that the inter- 
cept (Eq. (3)) should be ~ 1 (Fig. 7). Results ex- 
tracted from these analyses are listed in Table 2. 

Useful information can also be derived from the 
dependence of  the ligand chemical shift on the 
ligand concentration during complexation. In this 
analysis A and B in Eq. (1) would represent the free 
and kringle-complexed ligand states, respectively, 

Table2. Ligand-binding parameters from kringle 4 ligand 
titration experiments 

Ka koff kon 
(mM-l) a (s-l) b (M-1 s-l) o 

eACA 21+ 1 (5.3-+0.3) x103 (1.1+-0.1) x108 
AcLys 37 + 1 (4.0 + 0.2) x 10 3 (1.5 -- 0.1) x 108 
AMCHA 159 +- 2 (1.3 + 0.1) x 103 (2.0 + 0.1) x 108 
BASA 74 + 2 (0.8 q- 0.02) × 10 3 (0.6 -!-- 0.03) x 108 

a Data extracted from the linear fittings shown in Fig. 7 
b Based on Eq. (11) and the curve fittings shown in Fig. 9 
c Calculated: kon = K a • kof f 

while X would stand for the free kringle. In analogy 
to Eq. (2), we define 

A L = ( SL -- ~50) / ( (~ c -- 6 ° )  = [ KS] /[  So] (5) 

for the ligand resonances. Both Ap and AL are 
related in that they depend on the molar fraction, or 
relative population, of  the kringle-ligand complex. 
Since in our experiments we have titrated the 
protein with the ligand, at the start of the titrations 
the kringle was mostly unbound (Ae ~ 0), while the 
free ligand level would be very low, the ligand being 
mostly bound, so that A L "  1. We notice that 

A L /Ap  = [Ko]/[So] (6) 

which can be formulated to read 

[S01 A L = C + [K0] A e (7) 

in order to perform a standard linear fitting, where 
the intercept C should result ~ 0. For  this analysis 
AcLys provides a most informative ligand since the 
acyl CH3 group affords a N M R  probe which is 
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acyl CH3 singlet. The inset contains a linear fitting of AcLys 
titration data for kringle 4. The straight line is plotted ac- 
cording to Eq. (7), the slope in the linear fitting yields [K0]. 
A? represents an average over a number of kringle resonances, 
whereas A L was obtained from the chemical shift of the ligand 
acyl CH3 resonance. Spectra recorded at 600 MHz 

measurably affected by kringle-binding (Fig. 8). For 
this ligand we obtaine [K0] = 1.05 m M  a value close 
to [K0] = 1.09 mM, as estimated from fitting Eqs. (3) 
or (4). It should be noticed that 

1 - AL = [ S l / [ S 0 ]  ( 8 )  

so that the expression for the Langmuir isotherm 

[KS] -1 = [K0] -1 + 1/Ka [K0] [S] (9) 

now becomes 

A? = 1 + 1/K~ [So] (1 - AL) corr (10) 

which is a one-parameter fitting, formally identical 
to Eq. (3), when calculating K~. From Eq. (9) one 
readily obtains K~ via a linear least squares fit. It is 
gratifying that, for AcLys, we derive K~= 37 ___ 
1 m M  -1 by fitting either Eqs. (3), (4) or (10). 

Ligand dissociation kinetics 

The acyl CH3 signal from AcLys remains consistent- 
ly sharp throughout the whole ligand titration ex- 
periment (Fig. 8). On the other hand, the broad, 
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Fig. 9. Linear fitting of ligand titration data for kringle 4: 
BASA (i), eACA (I), AcLys (e), and AMCHA (©). The 
straight lines are plotted according to Eq. (I1), so that the 
slopes yield ko~f (see text) 

ring current-shifted CH2 resonances from AMCHA 
(Fig. 2) and from the other aliphatic ligands (Llin~s 
et al. 1985; De Marco et al. 1986), often unsuitable 
for accurate chemical shift determinations, were 
found useful for estimating koff. 

As derived by Sudmeier et al. (1980), the excess 
broadening during complexation, A W, is given by 

A W =  W -  Wo=4nAv~ApB(1-p~)Z/kof f ,  (11) 

where, by reference to Eq. (1), PA and pB are the 
populations of states A and B, koff (kon) is the ligand- 
kringle dissociation (association) constant, and A vBA 
is the chemical shift difference, in Hz, between the 
B and A states for a given resonance. Thus, if A VBA is 
known, koff can be derived on the basis of Eq. (11) 
by monitoring signals which are sufficiently resolved 
to yield reliable estimates of A W in the course of the 
ligand titration experiment. 

The enhanced line broadening induced on some 
kringle 4 resonances upon substoichiometric BASA 
additions, makes this ligand a convenient one to 
derive a good estimate of koff from protein reso- 
nances. In particular, the His3~H2 signal near 
8.3 ppm (singlet 8) and the high-field Trp v2 H2 reso- 
nance near 6.7 ppm (singlet 1) prove to be excellent 
probes (Hochschwender etal.  1983). Line widths 
were estimated from spectral simulations; PB values 
resulted from an average Ae, determined from a set 
of non-broadened signals as exchange-broadening 
causes linearity between Ae and 6 no longer to be 
fulfilled (Sudmeier et al. 1980). From fitting Eq. (11) 
for the two singlets (Fig. 9), we derive koff = 805 s-l 
(1.2= 0.99). 

With the aliphatic ligands, the signals which 
broaden appreciably during complexation are those 
from the ligands themselves, in particular those 
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from the CH2 resonances shifted below 0ppm 
(Fig. 2). In principle, the line width-chemical shift 
analysis of these resonances can be obscured by a 
number of problems: 

a. The monitored signals are unresolved complex 
multiplets so that estimates of line width dif- 
ferences are not reliable. 

b. The ligand CH2 resonances, although well charac- 
terized for the free molecules, have not been 
specifically assigned in the complex so that AVBA 
is not unequivocally determined. 

c. vB is unknown. 

Regarding point (a), the original line width and 
splittings of the multiplets are only marginally 
relevant, since we are interested only in the slope of 
our experimental A W while, in Eq. (11), W0 affects 
only the intercept. Concerning point (b), since 
PB (= AL) is function of A ~BA, a sort of internal com- 
pensation affects Eq. (11) so that, within the experi- 
mental error, the p~ (1 - ps) 2 4 ~ AV~A values turn 
out to be fairly independent of a proper match 
between the broadened multiplets and the corre- 
sponding methylene (H ~, H ~, H ~ etc.) resonances in 
the free ligand spectrum. In other words, if an as- 
signment is reversed, e.g. by confusing H ~ for H ", 
A v~A will decrease, but pB (1 -pB)  2 will increase and 
their product does not change significantly. This can 
be justified more rigorously: taking into account 
that 1 - P B  =PA = (vB-  v ) / ( v B -  vA) and that AVBA = 
(VB -- VA), Eq. (11) can be written 

4 rc (v  - VA) (VB - -  V) 2 
A W =  

koff (vB - vA) 

and, since initially the ligand is mostly all bound 
v ~ vB and (v - va)/(v~ - VA) "~ 1 SO that (11) becomes 
essentially independent of VA, hence of the correct 
assignment. Equation (11) remains, though, strong- 
ly dependent on ve, which leads to question c. For 
re, it turns out that it is straightforward to derive its 
value graphically, by extrapolation. 

For both the AcLys and e A C A  titrations (Fig. 9), 
we have resorted to analyze those resonances be- 
tween 0 and - 1 ppm (Llin~ts et al. 1985; De Marco 
et al. 1986) which are sufficiently resolved to yield 
the most accurate chemical shift and line width 
data. For AMCHA, the excess line broadening 
values for the three resonances from the bound 
ligand which appear the furtherest high-field were 
used. These are the two one-proton peaks labelled a 
and b, and the two-proton peak labelled c and d, in 
Fig. 2. The best fit for (11) was obtained when all 
three peaks were taken as arising from equatorial 
ring protons. The results of these analyses are listed 
in Table 2, which also includes kon (= Ka" koff) values. 

C o n c l u s i o n s  

The values for the association constants listed in 
Table 2 show significant differences in binding af- 
finity to kringle 4 for the various ligands, with Ka 
ranging from 21 mM -1 for eACA to 159 mM -I for 
AMCHA. The value for BASA, Ka= 74mM -1, 
agrees with a preliminary estimate based on lesser 
quality titration data (Hochschwender et al. 1983). 
The data also indicate an almost 2-fold preference of 
kringle 4 towards AMCHA relative to BASA, which 
suggests that the higher conformational flexibility of 
the cyclohexyl ring might facilitate a fit at the 
binding site. 

The aromatic nature of the BASA ring is ex- 
pected to favor lipophilic interactions with other 
aromatics at the binding-site, the Trp 72 indole group 
in particular (Llin~s et al. 1983; Llinfis etat. 1985; 
De Marco et al. 1986). This is consistent with the 
stronger affinity of kringle 4 toward BASA, vis fi vis 
eACA and AcLys, despite the larger structural 
flexibility of the latter to adapt to the steric re- 
quirements of the ligand-binding site. One may also 
speculate that doubling the number of CH2 groups 
at the fl and ?~ positions in AMCHA, could lead to an 
increase in kringle-ligand contacts and thus to an 
enhanced intermolecular interaction as our study 
indicates a -'-7.6-fold stronger binding of AMCHA 
relative to eACA. This agrees qualitatively with the 
studies of Winn et al. (1980), based on the displace- 
ment of kringle 4 from lysine-Sepharose by lysine 
analogs, which suggest a 4.35-fold preference to- 
wards AMCHA relative to eACA, and of Cole and 
Castellino (1984), based on measuring the ligand 
competition against a kringle 4 binding-site-specific 
monoclonal antibody, which indicate a 3.7-fold 
stronger binding for the cyclic ligand versus the 
linear one. Furthermore, our estimate for AMCHA, 
Ka "~ 159 mM -1, matches excellently the value 
K~,-~ 158raM -1 determined for this ligand by 
Markus etal. (1981) via equilibrium ultrafiltration 
experiments at pH 8.0. Similarly, good agreement is 
manifested between our Ka value value for eACA, 
21 mM -1, and that reported by Lerch et al. (1980) 
27.5 mM -1 based on equilibrium dialysis experi- 
ments at pH 7.4. 

On the basis of the model Eq. (11), the kon 
values we derive indicate that the ligand-binding 
kinetics is close to being diffusion-controlled sug- 
gesting a favorable entropy factor for the ligands to 
penetrate the lysine-binding site. It is interesting 
that, as expected from the bulkiness of the ligand, 
BASA exhibits the slowest insertion rate (smallest 
kon). However, it still represents a tightly bound 
ligand (large K~) simply because its koff is also 
small. In contrast, AcLys (the closest analog to the 
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puta t ive  physiological  l igand) seems to exhibi t  great  
facility to both  penetrate  and leave the l igand-bind-  
ing site. Rather  surprising is the large/Con o f  A M C H A ,  
suggesting a structural  feature o f  the molecule  
(p robably  its chair  or  boa t  conformat ions)  that  fa- 
vours its insert ion at the b ind ing  site. Clearly, a 
t empera tu re -dependence  study o f  Ka, kon and koff 
for the various l igands is m a n d a t o r y  in order  to 
refine model l ing  the dynamics  o f  l igand-kringle  in- 
teraction. Such a s tudy is in progress. 
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