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A comparison has been made of the values obtained by direct calorimetric measurements and van ‘t Hoff analysis, under 
similar conditions, for the enthalpy of binding of the bisubstrate analog N-phosphonacetyl-L-aspartate (PALA) to E. cob 
aspartate tmnscarbamylase and its catalytic subunit. In the case of the catalytic subunit, data were obtained at both 
saturating and nonsaturating concentrations of L-Asp, and at two ionic strengths. Despite a LOOG-fold difference in protein 
concentrations, and the obligatory omission of carbamyl phosphate in the calorimetric experiments, the values obtained by 
the two methods are shown to agree to within 15% when appropriate corrections are made. These resuIts susest that sub- 
unit dissociation is not a significant factor at the low protein concentrations used in the van ‘t Hoff anal3xis, and, converse- 
ly, that a_ooJetion of the protein is negligible at the high protein concentrations used in the calo~metric experiments. 
They also imply that. at pH 8.3, the enthalpic difference between the two conformationa. states of the enzyme nhich 
exist iu the presence and absence of substrates is less &an 2.5 kcalfmol. In addition, the trends in the three sets of data 
for the catalytic subunit indicate that ionic bonds are involved in binding PALA to the active site, and that non-productive 
binding by L-Asp is negligible under these experimental conditions_ 

I _ Introduction 

In analyzing the energetics of a protein-ligand 
interaction, it is frequently desirable to determine 

the enthalpy of binding both by direct calorimetric 
measurements and by a van ‘t Hoff analysis, since 
the limitations of one method are often the strong 
points of the other. The principal limitation of calori- 
metry is the high concentrations of protein which must 
be used in order to produce a signal which is detect- 
able with current instrumentation. This, in turn, may 
limit either the extent to which the linkage between 
subunit association and ligaud binding is accessible to 
analysis or the solvent conditions which can be used. 
Furthermore, when the net state of ionization of the 
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complex is different from that of the dissociated spe- 

cies and high concentrations of buffer are used to main- 
tain constant pH, the observed heat effects will in- 
clude a substantial contribution froin the heat effects 
associated with binding or release of protons by the 
buffer_ 

In contrast, the data for a van ‘t Hoff analysis of 
ligand binding can often be obtained with microgram 
quantities of protein and measurements made over a 
wide range of experimental conditions. Furthermore, 
the heat effects associated with binding or release of 
protons by the buffer do not contribute to the van ‘t 
Hoff enthalpy. However, while a sir&e calorimetric 
measurements yields Mr,Lmam directly (when correc- 
tions for buffer effects have been made), the van “t 
Hoff anaiysis requires that a set of data, over a range 
of temperatures, be interpreted in terms of a model. 
This requirement not only makes the van ‘t Hoff ana- 
lysis more time-consuming, but also, more important- 
ly, imposes the restriction that the van ‘t Hoff enth& 
py is only as good as the model on which it is based. 
This apparent disadvantage can, however, actually be 
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a most useful feature in that the degree of agreement 
between the results of the van ‘t Hoff analysis and 
other studies can be used to test the validity of 
various ph0ISible models. The discrepancy between _ 
AHvH and m& for the polymerization of bacterial 
flagehin [I 3, (3-lactoglobulin [2], tubulin [3] and 
D-amino acid oxidase 143 have been considered from 
this point of view. 

We have recently reported the results of a calori- 
metric study of the binding of the bisubstrate analog 
N-phosphonacetyl-L-asparate (PALA) * to E. coli 
aspartate transcarbamylase (c6r6) and its catalytic 
subunit (c& [S] _ These measurements, which were 
made at pH 8.3, protein concentrations of 5-10 mg/ 
ml and buffer concentrations of @.l M, yielded values 

for Mbinding of -S-5 5 1 and -_I 1.3 2 0.7 kcai/mol 
for c6r6 and c3, respectively_ They also indicated 
that complex formation requires that protons be 
transferred from the buffer to the complex: 0.98 
2 O-12 mol H+/mol active site in the case of c6r6, 
and 0.75 * O-09 mol &/mol active site in the case 
of c3_ 

We have now carried out a van ‘t Hoff analysis of 
the binding of PALA to c6r6 and c3, using the inhiii- 
tion of the enzyme-catalyzed reaction to measure 
PALA binding- In the case of c3, measurements were 
made at two concentrations of L-Asp and at two 
ionic stren,gths. At the same tune, ‘the apparent 
heats of binding and the magnitude of the proton 
effects accompanying complex formation were de- 
termined directly, under nearly identical conditions, 
by flow microcalorimetry and potentiometry, respec- 
tively_ These measurements allow the effects of the 
high protein and buffer concentrations used in the 
previous study [S] to be evduated_ They also make 
it possible to compare vahres for Mr.&&rrg obtained 
in the presence and absence of substrates, and hence 
provide an estimate of the enthalpic difference be- 
tween the corresponding conformational states of 
the enzyme. Finally, they allow the question of non- 
Productive binding by L-Asp 163 to be addressed, 
and provide new evidence for the involvement of 
ionic interattions in binding. 

2, Mate&Is 

The enzyme and its catalytic subunit were prepared 
from the derepressed. diploid strain provided by Dr- 
Howard Schachman (Virus Laboratory, University 
of California, 3erkeley) and grown up at the New 
England Enzyme Center as previously described [5]_ 
Protein concentrations were determined assuming 
extinction coefficients of 0.59 and O-72 (mg/ml)-’ 
for c& and c3= respectively, [73 and molecular 
weights of 310 000 and 100 000 173 _ The purity of 
both proteins, as determined by SDS-PAGE [S] , 

and their specific activities, assayed by pH stat [5] , 
were comparable to those of previous preparations 

r5,93 - 
PALA was the generous gift of Dr. George Stark 

(Department of Biochemistry, Stanford University). 
Its purity, as determined by ultraviolet difference 
spectroscopy [IO], was found to be greater than 90%. 
The concentrations reported have been corrected 
for the impurities present. L-aspartate, carbamyl phos- 
phate (97% pure, dibthium salt) and 2- [N-Cydo- 
hexylamino] ethane sulfonic acid (CHES) were pur- 
chased from Sigma. Certified 1N HCl was obtained 
from Fisher Scientific. Ah other chemicals were re- 
agent grade and were used without further purifica- 
tion. 

3, Methods 

The release of protons during the enzyme-catalyzed 
reaction was monitored on a &inkmann pH stat, 
with the temperature maintained to within iO.25”C 
with a Haake FE constant temperature circulator. 
Typically, 5 ml of L-Asp in distilled water containing 
the desired concentration of PALA (O-12 PM) was 
added to solid carbamyl phosphate (to give 0.5-l 1 
mM carbamyl phosphate) and adjusted to pH 8.3.50 
I.rl of enzyme in distilled uiater was added, and the 
rate of proton release followed by titration with 10 
mM NaOH_ (hr some experiments the final concentra- 
tions of c3 was less than 1 pg/rnl, concentrations at 
which a loss of activity with time has been reported 
[l 11. However, under our conditions (reaction time 

e r&r), the activity was found to be constant, over 
the range 0.29-l .77 ~&al.) 

All calorimetric measurements were made with a 
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F-ig. 1. Lineweaver-Burke plots of the initial veIocities obtained with C&~ pH 8.3, 25pC, with 30 mM L-Asp, and the concentra- 
tions of carbamyl phosphate and PALA indicated. Enzyme concentration 4 &ml. 

LKB flow microcalorimeter submerged in a Tronac 
1005 bath, as described previously 15 J _ AHion of both 
L-Asp and CHES was determined by both acid and 
base titration. In either case, 0.01-0.025 M solutions, 
the pH ofwhich had been accurately determined, and 
which were 0.1 M in NaCf, were mixed with equal 
volumes of 0.005-0.0 10 M HCl or NaOH containing 
0.1 M NaCl in the calorimeter. The heat evolved 
was measured, and the pH of the effluent solution 
determined. For the acid titrations, the initial pH 
ranged from 8-9.5, the final pH from 7-81 S. For 
the basic titrations, the initial pH was 7.5, the final 
pH 9.5-9.9. The pK values cited by Sigma for CHES 
(9.36) and by Sober [12] for L-Asp (10.00) and the 
initial and final pHs were used to calculate the changes 
in concentrations of the acidic and basic forms, which 
were in turn used to calculate arr,, from the mea- 
sured heat effect. For the titrations with NaOH, this 
required subtracting out the heat of formation of 
Hz0 (-13.34 kcai/moi) Ef3j. Within the Emits of 
precision of the measurements, the values obtained 
appeared to be independent of the method used and 
the initial and final pH values. 

Proton uptake accompanytig PALA binding was 

determined by back titration with 5 X 1UM4 M *HCl 
on a Bdnkmarm pH meter, with the temperature con- 
trolled to 25 2 0.22s°C_ 

4. Data anrdysis 

L&eweaver-Burke plots of 1 Iv (in units of (mol w 
released/hr-mol binding sites)“‘) versus 3 / [carbamyl 

phosphate] were fit by linear least-squares analysis. 
The procedure described by Bevington was used to 
calculate the error in the slope f14j _ Ki was also 
determined by linear least-squares analysis, from the 
dependence of the slope of the I ineweaver-Burke 
plots on the concentration of PALA, with each point 
weighted by the error in the slope. The error in AT; 
was determined by standard procedures f 1 S] from 
the errors in the Y-intercept and slope. A&rvH was 
simi.larIy determined from plots of In Ki versus 
1 /T (IQ-l_ Errors associated with In Ki are necessari- 
ly non-symmetric about the mean because the func- 
tion is logarithmic. 

5. Results 

Since the kinetic mechanism of the enzyme catal- 
yzed reaction is bi-bi [ I6] ) with carbamyl phosphate 
binding first [I 1,173, and PALA has been shown to 
compete only with wbamyl phosphate 11 O] f .&& 
for PALA binding can in principle be calculated from 
the temperature dependence of its K; with respect to 
carbamyi phosphate. The measurements reported 
here were made at pH 8.3 at a faced concentration of 
L-Asp, and varying concentrations of carbamyl phos- 
phate, over the temperature range 2%35°C Four 
sets of data were obtainedr three sets for c3 at (a) a 
saturating concentration of L-Asp (30 mM) (b) non- 
saturating L-Asp (5 mM), in the presence of 25 mM 
CHES to maintain the ionic strength (CHES was 
chosen because its pK is close to that of L-Asp, makiug 
the buffering effects of both species similar, and be- 
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cause it is a relatively large molecule which would not 
be expected to bind at the active site.) and (c) 
elevated iordc strengths (30 mhl L-Asp + 70 mM 
NaBr). (NaBr was chosen to maintain the ionic 
strength because it does not appear to inhibit enzym- 
atic activity [IS] _) In addition, one set of data was 
obtained for c6r6 at saturating L-Asp (30 mM), for 
purpose of comparison with (a)_ 

Fig. 1 shows a typical Lineweaver-Burke plot, in 
this case for the set of c6r6 data obtained at 30 mM 
L-Asp and 25°C. It will be noted that the inhibition 
is largely competitive, and that, in spite of ths well- 
known cooperative properties of this enzyme, the 
curves are essentially linear. This is not surprising 
in the case of c3, for which cooperative binding of 
substrates has never t Zen observed under any circum- 
stances. In the case of c6r6, Linear Lineweaver-Burke 
plots have been reported previously [19] at high 
concentrations of L-Asp (>8 mM at pH 7) and have 
been attributed to complete conversion of the en- 
zyme to the R (relaxed) state. 

Given the information which is presently available, 
the following would appear to be a reasonable model 
to use in analyzing these data: 

Kib 
E+L-Asp- E - L-Asp 

E+PALAsE-PALA 

EiCPF E-CP 
2 

(1) 

(2) 

(3) 

E-CP+L-Asp? 
R5 

E - CP - L-Asp Y Products (4) 
4 

The mods1 assumes that the binding of substrates 
is ordered [17], and that PALA competes only with 
carbamyl phosphate [lo]. Since nonproductive bind- 
ing by L-Asp (reaction 1) has been considered as a 
possible basis for the increased values ofKd for PALA 
at high concentrations of L-Asp, it has been included 
at this point in order to assess its effect on the calcula- 
tions. Finally, in spite of the oligomeric structure of 
both c6r6 and c3, ah binding sites have been assumed 
to be equivalent. This assumption is clearly well justi- 
fied for c3, which exhibits simple Michaelis-Menten 
kinetics under all conditions. It is a reasonable assump- 
tion for c6r6 at the high substrate concentrations 
used in this study, where the principal reactions will 
be the binding of carbamyl phosphate, L-Asp, or 

PALA to active sites on molecules on which all other 
binding sites are occupied: 

c6r6 - 5CP - 6L-Asp 

A (possible nonproductive 
I PALA ‘r bindins by L-A-1 

c6r6 - 5CP - SL-Asp - PALA t--f c6r6 - 5CP - SL-Asp 

CP L-Asp 
v c6r6 - 6CP - 5L-Asp c---f c6r6 - 6CP - 6L--tip 

Defining 

Ki, = x-,lx-,. I\;a = “s/x~, I;b = (Fi4 t x-5)/~-3. 

u=k5[E-CP-L-Asp], 

making use of the steady state assumptions, 

d[E+E-L-Asp+E-PALA]/dr=d[E-CP]/dr 

=d[E-CP-L-Asp],‘dt=O 

and setting EO = [E] -t [E - CP] + [E - CP - L-Asp] 
+ [E - L-Asp] -f [E -PALA], and Vn.,, = k5E0, it can 
be shown that: 

1 Kb •F [L-&PI Ki,Kb + Ka [L-&PI 

; = [L-Asp] V,, + [L-Asp] Vfi,= 

= Ly +p + IPALAI + D--Asp1 ___ ~ 

Ki Kib 
(5) 

where 

A’b f- [L-&p] 

o = [L-Asp] V,, ’ 

KiaKb -t Ka [L-Asp] 

’ = [L-Asp] Vraax 

Hence, nz, the slope of a Lineweaver-Burke plot at a 
fured concentration of PALA, is equal to p(I + [PALA]/ 
Ki + [L-Asp] /Kib) and a plot of vz versus [PALA] has 
an x-intercept (-&(app)) of +( 1 + [L-Asp] /&)_ 
(Since I+I = @(l -I- [PALA] /Ki + [L-Asp] /Kib), 

[PALA] m=b = -Ki(l + [L-Asp] /Kib) = --Ki(app).(6)) 

If L-Asp were able to bind nonproductively, the 
term [L-Asp] /Kib in (6) would require that informa- 
tion on the temperature dependence of Kib be obtained 
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Table 1 
Comparison of apparent Ki values (JxM) derived from Line- 
weaver-Burke blots, for PALA and cj. at 30 mM L-Asp and 
5 mM L-Asp + !ZS mhl CHES, as a function of temperature 

Temp. CC> 

20 
21 
25 
30 

IL-Asp1 (mh0 

S 

0.59 + 0.62 
b-80 + 0.44 
1’$9 f 0.25 

30 

0.46 f 0.37 

1.15 f 0.16 
0.97 + 0.12 

34 3.83 f 0.22 
3s 3.49 f 1.56 

before A.&H for PALA could be calculated_ The evi- 
dence for nonproductive binding is, however, tenu- 
ous at this point; Jacobson and Stark [6] have simIly 
shown that 200 mM L-Asp, in the absence of carbamyl 
phosphate, reduces the apparent Ki for PALA by two 
orders of magnitude. They point out that acetate has 
very similar effects, and that nonspecific effects due 
to Increasing ionic strength may be a major factor. 

Two lines of evidence suggest that nonproductive 
binding by L-Asp need not be considered under the 
conditions used in this study. First, the calorimetrical- 
ly determined heat of binding of L-Asp to c6r6, in the 
absence of carbamyl phosphate, is negligible (Allewell, 
unpublished)_ Secondly, the values of Ki(app) for c3 
at 5 mM and 30 mM L-Asp do not show the differences 
which would be expected if L-Asp bound nonproduc- 

tivily with the reported Kib of 3.3 mM [6] _ These data 
are shown in table 1 _ While nonproductive binding 
would be expected to reduce Ki(app) at 5 mM L-Asp 
relative to Ki(appj at 30 mM L-Asp by approximately 
a factor of 6 (9.09/l .5 l), the average value of this 
ratio over the temperature range 20--3S°C is in fact 
I .2 sf- 0.3. The apparent absence of nonproductive 
binding permits reaction (1) to be dropped from the 
kinetic scheme, and the term [L-Asp] /Kib to be 
deleted from eqs. (5) and (6). 

Van ‘t Hoff plots of the four sets of data are shown 
in fig. 2, and the values of &,H derived from these 
plots are given in table 2_ Three points are worth 
noting. First, the magnitude of Uti for c3 is sub- 
stantially larger (12.9 -+ 8.2 kcal/mol) than for c6r6, 
determined under the same conditions. Since the dif- 
ference in AQmW between the subunit and native 
enzyme is equal to the change in the subunit inter- 

T (Cl 
SC)20 --3020 

‘OF”-’ A”“’ 8 

12- 

I+- _ *= 

16- _\ 
.A 

‘: ,o-. !c! _: ! ! : ! !Dl 

-i 
12- 

!‘T (KI-:103 

F&.2. Van ‘t Hoff plots of In Ki versus l/T (K)-’ , PH 8.3. 
(a) c&g, 30 mM L-Asp; (b) cg, 30 mM L-Asp; (c) cg, 30 mM 
L-Asp + 70 mM NaBr; (d) cg, 5 mhl L-Asp + 25 mM CHES. 

action enthalpy produced by the binding of that 
ligand [S] , this result indicates that the binding of 
PALA reduces the subunit interaction enthalpy sub- 
stantially, and is consistent with the hypothesis that 
homotropic effecters exert their effects by reducing 
the strength of the subunit interactions_ Secondly, 
the fact that the magnitude of &YvH is reduced by 
14.4 + 10.4 kcal/mol when the ionic strength is in- 
creased by the addition of 70 mM NaBr suggests that 
the energetics of binding are highly dependent upon 
ionic strength and that nonspecific ionic strength 
effects may indeed account for some of the effects 
of high concentrations of L-Asp or acetate upon PALA 
binding [6] _ Third, the agreement between the values 

Of MvH at 5 mM and 30 mM L-Asp is consistent 

with our previous conclusion, that non-specific bind- 
ing by L-Asp is not significant under these conditions_ 

It was next of interest to evaluate the apparent 
enthalpy of binding (mc.& by calorimetry, under 
similar conditions. These results are shown in table 2. 
Although the only differences in the conditions used 
in the van ‘t Hoff and calorimetric experiments were 
thr: omission of carbamyl phosphate (to eliminate 
the enzyme-catalyzed reaction) and the elevated 
protein concentrations in the latter, the two sets of 
results are strikingly disparate; in all cases Noa, 
2 -4 kcal/mol. 
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Table 2 
AvH+, and a comparison of AHd, A&H, and corrected values of A&,mdb,g (kcal/mol active sites) 

Conditions 

30 mM L-Asp 

30 mM L-Asp 

5 mM L-Asp, 
25 mM CHES 

Protein 

c6=6 

=3 

C3 

mvH a) N&b) 

-8.2 + 1.4 1.43 i 0.05 

-21.1 f 6.8 -2.60 i 0.25 

-25.7 5 2.8 -3.67 i 0.16 

A&+ c) 

1.08 * 0.08 

1.01 t 0.06 

1.67 = 0.09 

‘=%inding d, 

-8.6 i 0.8 

-12.0 f 0.6 

-20.1 * 1 

30 mM L-Asp, % -6.5 i 3.6 0.00 t 0.25 0.66 2 0.03 -6.3 f 0.3 
70 mM NaBr 

a) Binding entbalpy for PALA, derived by van ‘t Hoff analysis. 
b) Apparent binding enthalpy_ derived czJorimetricalIy at 25”C, uncorrected for heat effects associated with the transfer of pro- 

tons from solution to the protein-PALA complex. 
=) Moles of protons transferred from solution to the protein-PALA complex, per mole active site at 25°C. 
d) Binding entbalpy, derived calorimetrically, corrected for buffer effects, 25°C. 

Since the formation of PALA-protein complexes is 
accompanied by proton binding [5], this discrepancy 
is to be expected, because the heat effects associated 
with removal of protons from solution contribute to 
A?I& but not to mvH _ Values for ATH+ (mol H’ 
transferred from solution to the protein-PALA com- 
plex/per mol active site), obtained by potentiometric. 
back titration, are given in table 2. As shown, AD&. 
> 0.66 in each case, increasing as the concentration 

cf L-Asp and/or the ionic strength is reduced. 
In order to correct &Zd for buffer effects, the 

proton donating species must be identified and their 
enlhalpies of ionization (Zion) determined. The 
contribution from ionizable groups on the protein will 
be negligible in all cases, since its concentration is less 
ihan 10e4 M. Hence, at 30 mM L-Asp and pH 8.3, 
the principal proton donor will be the ar-amino group 
of L-Asp. Our calorimetrically determined value of 
yzon for this group is 930 i O-03 kcal/mole, at 
25 C, in the presence of 0.3 M NaCl, in reasonable 
agreement with previously reported values [ 12]_ 
When the concentration of L-Asp is reduced to 5 
mM and 25 mM CHES is added, a contribution from 
CHES must also be considered. By manipulating 
d II-r’1 = d(WJ=Q /IA- 3 >K$l = d(( WHJ / IB- 3 I@, 
it can be shown that, in general, the ratio of the 

protons donated by two buffering species, A and B, 
is given by the relationship: 

(7) 

and K:, Kz are the acid dissociation constants of the 
two species. Since the pK values of L-Asp 1121 and 
CHES (Sigma) are 10.00 and 9.36, respectively, in the 
case being considered here, 4.8% of the proton; will 
be donated by L-Asp, 95.2% by CHES. Our calori- 
metrically derived value of Lwion for CHES is 
9.87 + 0.12 kcal/mol, a value significantly larger than 
would be expected from the value of ApK/“C (-0.009) 
given by Calbiochem. 

Values for mbti,,, derived by correcting Nd 
for the buffer effects are given in table 2. The agree- 
ment between the calorimetric and van ‘t Hcff values 
is excellent for c6r6, for the single set of experimental 
conditions examined, and for c3, for the data obtained 
with 30 mM L-Asp and 70 mM NaBr. For the remain- 
ing two data sets, the discrepancy between the outer 
limits of the values set by the error estimates is approx- 
imately 3 kcal/mol. 

6. Discussion 

The general picture which emerges from this study 

is that the values of A7TYmti derived by direct 
calorimetric measurements and by van ‘t Hoff analysis 
are in reasonable agreement, given the experimental 
complexity of the procedures used to derive A&+, 
and the number of assumptions made in deriving the 
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two set of values. It appears, then, the model used to 
derive A&B is consistent with the data, that neither 
c6rg nor c3 dissociate at the low protein ccncentra- 
tions used for the van ‘t Hoff measurements, and, 
conversely, that the proteins do not associate at the 
high protein concentrations used in the calorimetric 
experiments (unless changes in states of aggregation 
occur with zero enthalpy changes)_ Furthermore, the 
values for nrjbindino obtained in this study for both 
c3 and c6r6, in the &eSenCe Of 30 mM Asp, are in 
excellent agreement with those obtained previously 
[5) in the presence of 0.1 M Tris, Hepes, or Bicine. 
The agreement in AQ+ is equally good for c6r6, 
although somewhat less satisfactory for c3_ Hence 
neither L-Asp, nor any of the three buffers, appears 
to exhibit strong specific ion effects_ 

The degree of agreement between NbinainO and 
A&H for c6r6 is particulariy noteworthy in vi”ew of 
the fact that carbamyl phosphate was present only 
for the van ‘t Hoff measurements. Since the binding 
of substrates is ordered [ 111, the difference in these 
quantities should corr-eapond to the difference in en- 
thalpy between the two conformational states of the 
enzyme which exist in the presence and absence of 
substrate. If the presence of substrates causes a com- 
plete shift from one state to the other, the fact that 
4iY& and NvH agree within 0.4 + 2 kcal/mol 
necessarily implies that the enthalpic difference be- 
tween the two states at pH 8.3 is less than 2.4 i 12 
kcal/mol(6 X 0.4). In contrast, as discussed previously, 
the presence of PALA shifts the total subunit inter- 
action enthalpy by several kcal/mol. Both of these 
observations are consistent with our previous work [5]_ 
Together, they support Char-r’s contention, that c3 is 
not a good model for the relaxed form of the enzyme 

PO1 - 
Surprisingly, the two cases inwhich the discrepan- 

cy between A&L and A&.,ir,~~ is larger than would 
be predicted from the estimated errors occur with c3, 
for the measurements made in 30 mM L-Asp and in 

5 mM L-Asp + 25 mM CHES. Since c3 is generally 
believed to be noncooperative, these differences can- 
not be rationalized in terms of a difference in con- 
formational states of the protein. While the relatively 
large error associated with A&H for the measurements 
made in 30 mM L-Asp suggests that the estimated 
value may be somewhat inflated, the lOGO-fold dif- 
ference in protein concentration may also contribute_ 

Either a change in the properties of the solvent, or 
weak protein-protein interactions at the elevated 
concentrations used in the calorimetric experiments 
could account for the differences observed_ 

The trends in the data reported here provide some 
intriguing clues about the chemistry of the interaction 
between PALA and the active site. First, the strong 
dependence of Ai&+ on the ionic composition of the 
medium is noteworthy; AT@ ranges from 0.66 f 0.03 
in 30 mM L-Asp, 70 mM NaBr to 1.67 2 0.09 117 
5 mM L-Asp, 25 mhl CHES. We have now carried out 
a detailed study of the pH dependence of proton bind- 
ing [21], the results of which strongly suggest &at 
these effects arise from electrostatic interactions at 
the active site which shift the pK values of both the 
phosphonate group and sidechains of residues on the 
protein by several units. If this is indeed the case, the 
variation in Air.. with ionic conditions could be inter- 
preted in terms of differences in the electrostatic 
shieldiug efficiencies of various ions, with L-Asp and 
CHES being less effective than Br- because they are 
zwitterionic and larger. On the other hand, more com- 
plex possibilities, involving both specific ion binding 
and conformational transitions of the protein, such 
as appear to occur with ribonuclease 1221~ cannot 
be ruled out at this point. 

A second point worth noting is the strong ccrrela- 
tion between Airw and AH,i,~, which implies that 
the heat released in protonating the complex makes 
a substantial contribution to the overall enthalpy of 
binding. The results of the proton binding study [21] 
strongly support this conclusion, in that they in- 
dicate that, depending upon the &and, 50-70% of 
AQrrtig results from the protonation of groups on 
the protein. 

However, values of ASuni, calculated from the 
values of Ki and ~~indin, given in tables 1 and 2 im- 
ply that ionic interactions cannot totally account for 

the energetics of binding. While interactions which 
are exclusively ionic would be expected to result in 

larger positive values of aSti,, in two cases, 

~uI&aly is actually negative_ (For c3 in 30 mM L-Asp, 
AG = -14.0 f 0.3 kcal/mol, ASunitary = -4 + 1 e-u.; 
in 5 mM L-Asp + 25 mM CHES, AG = -13.67 +- 0.08 

kcal/mol; aSti, = -27 f 1 e-u.) The most likely 
explanation of these values, and of the relatively 
small magnitude of the positive values obtained for 
the other two cases, is in terms of contr&utions from 
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either conformational changes induced in the protein [9] N.hl. Allewe& J. Friedland and K. Niekarnp, Biochem- 

by ligand binding, or the elimination of rotational istry 14 (1975) 224. 

degrees of freedom in PALA. A similar ener_7 balance [lo] K.D: Coliins and G-R. Stark, J. Biol. Chem. 246 (1971) 

has been noted previously for succinate binding [S] _ 
6599. 

[Ll] R.W. Porter, M-0. Modebe and G-R. Stark, J. Biol. Chem. 
244 (1969) 1846. 
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