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Abstract: Magnetic resonance techniques (specifically adiabatic half-passage) have been used to study the rates of 
association and dissociation of enzyme-inhibitor complexes (a-chymotrypsin-JV-trifluoroacetyl-D-tryptophan). 
The principal contribution to relaxation for this system has been found to be the exchange process itself. At pH 
5.0, Ar0n = 14.9 X 1061. mol"1 sec"1, kaii = 3.9 X 103 sec"1. At pH 7.0, koa 5.9 X 1061. mol"1 sec"1, k0„ = 
3.5 X 103 sec-1. Thus, at pH 5.0 the association rate is slower than that expected for a diffusion-controlled 
process only by a factor of about 50. The physical meaning of these rates and the relation of this work to other 
magnetic resonance studies of enzyme-inhibitor dynamics are discussed. 

The dynamic events that occur when inhibitors bind 
to a-chymotrypsin have recently become amenable 

to experimental attack by magnetic resonance tech
niques which depend on adiabatic half-passage studies1 

or broadening of the observed resonance28 when a 
molecule exchanges between solution and an enzyme. 
Two major sources can account for this broadening: 
(i) relaxation characteristics of the molecule under 
observation when bound to the enzyme and (ii) ex
change broadening, a phenomenon which results when 
the rate of exchange is not very much faster than 
V^TTAAB (say a factor of ten), where AAB is the dif
ference in chemical shifts between the two environ
ments.4 If this exchange broadening contributes 
appreciably to the observed increase in line width 
when small molecules interact with proteins, the rate 
constants for formation and dissociation of the enzyme-
small molecule complex can be determined. 

In the previous work applied to chymotrypsin 
(studying the binding of TV-trinuoroacetyl-D-phenyl-
alanine), one group1 has assumed that exchange 
broadening dominates; the other (using D- and L-
tryptophan2 and trans-cinnamate3) has analyzed line 
broadening exclusively in terms of the relaxation charac
teristics of the bound species. 

The work of this paper uses the techniques of adia
batic half-passage to study the dynamics of binding of 
jV-trifiuoroacetyl-D-tryptophan to a-chymotrypsin. We 
conclude that the effect is caused by exchange and find 
the rate constant for dissociation of chymotrypsin-
vV-trifiuoroacetyl-D-tryptophan at pH 5 to be: kol{ = 
3.88 X 103 sec-1. Taken together with a ^ i for this 
complex of 2.6 X 1O-4 M,5 this gives an association 
rate constant kon = 1.5 X 107 mol - 1 sec -1 which agrees 
well with values found from relaxation studies of 
furylacryloyl-L-tryptophanamide6 (kon = 6.2 X 106 

(1) B. D. Sykes, / . Amer. Chem. Soc, 91,949 (1969). 
(2) J. T. Gerig, ibid., 90, 2681 (1968). 
(3) J. T. Gerig and J. D. Reinheimer, ibid., 92,3146 (1970). 
(4) J. A. Pople, W. J. Schneider, and K. J. Bernstein, "High Resolu

tion Nuclear Magnetic Resonance," McGraw-Hill, New York, N. Y., 
1959, Chapter 10. 

(5) S. H. Smallcombe, K. L. Gammon, and J. H. Richards, / . Amer. 
Chem. Soc, 94,4581 (1972). 

(6) G. P. Hess, J. McConn, E. Ku, and G. McConkey, Phil. Trans. 
Roy. Soc. London, Sect. B, 257, 89 (1970). 

mol - 1 sec-1). Sykes on the other hand1 has reported 
values for Ar0n which are slower by a factor of about 
102-103, 

A rough study of the pH dependence of these rates 
shows that k0u remains essentially constant whereas /con 

decreases as the pH is raised from 5 to 7. 
Principles of the Method. In a solution of enzyme 

and inhibitor, we assume the inhibitor can exist in two 
environments, free in solution or bound to the enzyme 
in an enzyme-inhibitor complex. Equations 1 and 2 
describe this situation. 

EI •*—? E + I (1) 
koit 

If the rate of exchange between the two environ
ments exceeds the nmr time scale,47 the resonance of 
the inhibitor in the presence of enzyme will appear at a 
chemical shift, 8, that is the weighted average of the 
chemical shift for the inhibitor free in solution, Si, and 
the inhibitor in the enzyme-inhibitor complex, 5Ei-
In eq 3 the quantities p\ and />EI refer to the relative 

5 = />I5I + p-Eih-si (3) 

populations or mole fractions of inhibitor in solution 
(pi), or in the enzyme-inhibitor complex (pzi). 

On the other hand, the line width of the exchanging 
resonance will be the weighted average of that for the 
inhibitor in solution or in the enzyme-inhibitor com
plex only if the exchange process itself does not con
tribute to relaxation. Under nonsaturating condi
tions, the observed line width at half-peak height is 
related to the observed transverse spin-spin re
laxation time, T2, by eq 4, where hv\h is the line width 

1/T2 = T8VI/, (4) 

at half-maximum amplitude. For a resonance arising 
from exchange between two environments at a rate 
near the rapid exchange limit, T2 is also given4 by eq 5 

(7) K. L. Gammon, S. H. Smallcombe, and J. H. Richards, J. Amer. 
Chem. Soc, 94, 4573 (1972). 
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Figure 1. Typical exponential decay of the dispersion mode of a 
signal after adiabatic half-passage into the center of resonance. 
The time constant is 7ip which becomes equal to 7"2 as Hi approaches 
zero. In this case Hi is sufficiently small that Tlp = J2. The solu
tion was 1.92 raM a-chromotrypsin (corrected to active protein 
concentration), 30.6 mM /V-trifluoroacetyl-D-tryptophan at pH 5.0 
in 0.1 M citrate buffer. The decay defines T2 = 0.29 sec. 

~ = £ + | ^ + pi 2PEi 2CS1 - SE 1 HT 1 + TEI) (5) 
- ' 2 J 21 i 2EI 

where n , TEI are the mean lifetimes and T i and TE i 
are the spin-spin relaxation times for inhibitor in solu
tion (I) and in the enzyme-inhibitor complex (EI). 
Since 

PEI = T E I / ( T I + T E I ) 

feoff = 1/TEI 

and 

A = Si - SEI 

eq 5 reduces to eq 6. 

1 _ Pi , Pm , PI2PEA2 , , 

- - — + 1 -r (6) 
•I 2 -< 21 1 2 E I K0f{ 

Only when the exchange broadening term pi2pEiA2/kol! 

is unimportant (k0n » A2) does the observed transverse 
relaxation time represent the weighted average for the 
two sites and a plot of IjT2 vs. EI/I0 (=/>EI) will then be 
linear with an intercept of 1/Ti and a slope of 1/TEI — 
1/T2i. Unfortunately most nmr studies of enzyme-
inhibitor interactions1-3 have been done with I0 > E0 

so that pi usually varies only slightly from unity. 
Under these conditions, the contribution to 1/J2 from 
the chemical exchange term /?i 2/>EIA

 2/fe0f f will also be 
roughly proportional to EI/I0 and dissecting the two 
sources of relaxation from a plot of 1/T2 vs. EI/I0 will be 
difficult. 

If, however, experiments are done under conditions 
such that pi may differ considerably from unity and 
chemical exchange represents a significant contribution 
to nuclear relaxation, then a plot of 1/T2 vs. EIZI0 

should be clearly nonlinear. 
Another method for distinguishing these two pos

sible contributions to spin-spin relaxation involves 
measurement of the longitudinal or spin-lattice re
laxation time, Ti, which, for the resonance of a nucleus 
exchanging between two sites, usually contains no sig
nificant contribution from the exchange process itself, 
but is, simply, the weighted average for the two sites; 
i.e., 

L=Pl+EEL H) 
1 J- I I l IEI 

(Exchange can effect 7i if the scalar coupling differs in 
the two environments for the nucleus being examined. 
In the present case, the CF3 group is only weakly 
coupled to the a-C-H, J ~ 0.4 Hz, and this possible 
effect is therefore negligible.) If the correlation time, 
Tc, for the group whose nuclei are being observed is less 
than the frequency of the nmr measurement (the Lar-
mor frequency ~10~9 sec in the present case) then the 
spin-spin (T2) and spin-lattice (Ti) relaxation times will 
be equal.8 For a protein the size of chymotrypsin, 
TC is about 10-8 sec9 and if this is also the correlation 
time of the "reporting" group in the enzyme-inhibitor 
complex, then TiEi ^ TEI -

As a result, differences between the observed values 
of T1 and T2 measured for a resonance of a nucleus ex
changing between solution and a protein can arise from 
two independent phenomena: (i) TiEi ^ TW because 
the correlation time of the reporting group in the 
inhibitor when bound to the enzyme exceeds the fre
quency of observation or (ii) the rate of exchange is 
such that the exchange broadening term pi2pEiA2/kolt 
contributes significantly to the observed value of T2. 

How can one distinguish these two possibilities, in 
the absence of independent evidence either about the 
rate exchange or about the correlation time of the re
porting group when bound to the protein? Basically 
two techniques can be employed. In one, the observed 
values of 1/T2 are plotted against EI/I0. If the exchange 
term pi2pEik-/k0n makes no contribution, such a plot 
should be linear and intersect the [EI]/[Io] axis at a value 
of 1/T2i, which equals 1,T1I. On the other hand, if 
exchange contributes significantly to relaxation, such 
a plot will be nonlinear or if the best straight line is 
taken through the experimental points, the extrapolated 
intercept (l/TiapP) at [EI]/[I0] = 0 will exceed 1/Ti and 
the true value of 1/Ti. The nonlinear nature of the 
plot will be manifest only if [EI]/[I0] = PEI is varied over 
a sufficiently broad range that the exchange term be
comes nonlinear with /?EI because of the nonlinear de
pendence of Pi2PEi = (1 — PEI)2PEI on pEi. (In the 
present case, the extrapolated intercept (l/TiaPp) ex
ceeds 1/Tn but the nonlinear nature of the curve as 
[EI]Z[I0] decreases is just beginning to become apparent 
(Figure I).) 

The second method depends on the correlation times 
defined by the values of 1/T1 and 1/T2 extrapolated to 
the enzyme-inhibitor complex. As T1 contains no 
contribution from the exchange process, T E I can be 
unambiguously obtained and this generally defines two 
possible correlation times (one to the right and one to 
the left of a point at l/w0, where w0 is the frequency of 
observation). For the point to the left of l/w0, T = 
T2; for the point to the right of l/w0, T1 > T (see 
Figure 9-2 in ref 8). Accordingly, extrapolation of 
I T to the enzyme-inhibitor complex should, in the 
absence of relaxation caused by exchange, give either 
T i i = T r : or, if T E I ^ T E I , a value of T E I which cor
responds to the same correlation times as that defined 
by TEI- If this is not the case and the value of T2 ob
tained by extrapolation is greater than that required for 
that correlation time to the right of l/w0 defined by 
T E I , then this correlation time is eliminated and that 

(8) Reference 4, Chapter 9. 
(9) Based on the equation TC = 47nja! IkT, where j) is the macro

scopic viscosity of the solution and=a the radius of a presumably spherical 
protein molecule, in this case 19.5 A. : 
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value of T0 to the left of l/w0 unambiguously prescribed 
with the concomitant conclusions that J IEI = T2Ei 
and that the difference between the extrapolated values 
of Ti (= TIEI) and T2 must arise from chemical exchange. 
(The results of the present work belong in this category.) 
On the other hand, if the extrapolated value of T2 is 
less than that required for the correlation time to the 
right of 1/wo defined by r1EI, then some contribution 
to the extrapolated value of T2 arises from chemical ex
change, though whether the total difference between 
the extrapolated values of Ti and T2 are due to chemical 
exchange or whether some of this difference is due to 
chemical exchange and some due to a correlation time 
longer than l/w0 is not unambiguously determined. 
However, the rate of chemical exchange cannot be
come too slow (the resulting difference between T1 and 
T2 becomes, then, large) or the observed spectrum will 
no longer be the broadened, weighted average of the 
nucleus in the two environments, but will begin to be 
resolved into two separate resonances. 

The foregoing discussion has tacitly assumed that 
the actual correlation time has not become sufficiently 
long that T2 has ceased to have a linear dependence on 
Tc and has begun to level off. For 1H, the point at 
which T2 vs. T0 levels off does not occur until around 
7C ~ 1 0 - 6 sec and the available data suggest similar be
havior for 19F. As this value rc is larger by about 102 

than that for chymotrypsin, the assumption of the 
previous paragraph seems reasonable. 

The distinction between exchange broadening and 
broadening due to molecular motions slower than w 
can also be unambiguously made by observations of 
T1 and T2 at different field strengths. This will change 
the minimum in the T1 vs. rc curve and, if the case in 
question is to the right of this minimum, a change in T1 

with field strength will be observed, whereas if the ap
plicable Tc is to the left of the minimum, T1 will not de
pend on HQ. Moreover a change in H0 will cause a 
change in A and this will be reflected in a change in the 
observed T2 if the exchange broadening term pi2^EiA2/ 
koff contributes significantly to T2. In fact, in his study 
of the interaction of JV-trifluoroacetyl-D-phenylalanine 
with a-chymotrypsin Sykes observed the dependence 
of T2 and the independence of T1 on H0.

1 

Adiabatic Half-Passage. The technique of adiabatic 
half-passage involves sweeping rapidly into the center 
of the dispersion mode of the resonance of interest and 
observing the time dependence rate of decay of the 
signal; the time constant for this decay is T2. If one 
sweeps repeatedly into the center of the resonance after 
varying time lags since the last sweep and observes the 
relationship between the length of the time lag and the 
maximum signal observed, the time constant relating 
the maximum observed signal strength to the time lag 
is T1. L W'11 

After rapid passage into the center of the resonance, 
the initial magnetization in the x' direction (x' refers 
to the reference frame rotating at the frequency of the 
resonance in question), Mx-, is given by eq 8 where 

M x , = M0(C- tir/2/T, )(1 - e~'^) (8) 

tir/2 is the time spent sweeping into the center of reso
nance, 1/T1 = (1/T1 + l/T2)/2, h is the time off reso-

(10) J. Solomon, CR. Acad.Sci., 248,99 (1959); 249,1631(1959). 
(11) S.Meiboom,/. CAew. Phys., 34,375(1961). 

Figure 2. Typical series of excitations with varying intervening 
times off resonance. The solution was 1.92 mM a-chymotrypsin 
(corrected for active protein concentration), 30.6 mM N-trifluoro-
acetyl-D-tryptophan at pH 5.0 in 0.1 M citrate buffer. The decay 
defines 7\ = 1.34 sec. 

nance and M0 is Mx/ when tir/2 = 0 and h = =°. (In 
actual experimental practice, tir/2 can be made much 
shorter than either T1 or T2 so that the term e-'1'2'7'' 
is essentially unity. Indeed, in this work, tw/2 was less 
than 10 -3 sec, while the smallest Ti or T2 was 0.1 sec.) 
Also, in practice h can be made long relative to T1 so 
that M0 can be evaluated. From eq 8 this leads to 

In (Mo = MxO = In M0 - h/Tx (9) 

A plot of In (M0 — MyJ) against h will, accordingly, be 
linear with a slope of -1/T1 allowing ready deter
mination of Ti. 

Furthermore, each magnetization, Mx', created by 
adiabatic half-passage will decay with a time constant, 
Tip, as a function of time, t. 

M = Mx>e-'iT>f> (10) 

The time constant, Tlp, though a complex function 
of the applied radiofrequency field H1 becomes equal 
to T2 as Hi approaches zero. In practice, T2 is taken 
as the limit to which Tlp approaches as M1 is diminishedl 

and Ti determined from the slope of the line obtained 
by plotting In M vs. t as suggested by eq 11. 

I n M = InMx- - \/t2 (11) 

In this manner both T1 and T2 can be determined for 
various mixtures of enzyme and inhibitor. Analysis 
of these data by the extrapolative procedures discussed 
previously with appropriate account being taken of 
enzyme self-association7 allows one to determine JIEI 
and the extrapolated value of T2 which, as discussed 
above, can in principle have contributions from T2Ei 
and the dynamics of solution-enzyme exchange. 

Results 
The techniques discussed above were used to measure 

Ti and T2 for the fluorine resonance of TV-trifluoroacetyl-
D-tryptophan at 5-30 mM concentrations in solutions 
containing 1.92 mM a-chymotrypsin. (This value is 
corrected for the 80 % activity6 of the commercial en
zyme used.) Determinations were made at pH 5.0 
and 7.0. As the values for the enzyme-inhibitor dis
sociation constant .Ki and the enzyme dimerization con
stant were known from other work,67 the values of 
EI/Io could be calculated independently. Figure 1 
shows a typical exponential decay with the time con
stant T2. Figure 2 shows a typical series of excitations 
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Figure 3. Plot of XjT1 as a function of [EI]/[I0] at pH 5.0 in 0.1 M 
citrate buffer, 1.92 mM a-chymotrypsin; concentration of /V-tri-
fluoroacetyl-D-tryptophan varied from 5 to 30 mM. 

with varying intervening time periods. A logarithmic 
plot of the maximum intensity vs. the time off resonance 
gives the time constant Tx. Figure 3 illustrates typical 
plots of I/Ti and 1/T2 for the resonance in question at 
pH 5.0 and shows that Tx is significantly larger than T2. 

We must now decide whether this inequality is due 
to the correlation time of the trifluoromethyl group 
of bound jV-trifluoroacetyl-D-tryptophan being longer 
than ~10~9 sec, or whether it stems from exchange dy
namics because of the importance of the term^i2j?EiA2/ 

feoff. 
Let us first assume the former, that is, exchange dy

namics do not contribute, in which case eq 6 reduces to 
eq 12 and as/?Ei = EI/I0, a plot of 1/J2 vs. EI/I0 should 

1 PL 
Tn 

+ &L (12) 

be linear and extrapolate to 1/T2i at EI/I0 = 0. This 
is the basis of the plot in Figure 1, the results of which 
are summarized in Table I. An important result is 
that 1/T2 and I/Ti do not extrapolate to the same value 

Table I. Relaxation Parameters for jV-Trifluoroacetyltryptophan 
in Solution and Bound to a-Chymotrypsin Assuming Rapid 
Exchange (No Exchange Broadening) 

PH 

5.0 
7.0 

7"n, sec 

1.61 
1.67 

T1Ei, sec 

0.40 
0.43 

T2I" 

0.41 
0.33 

T2El" 

0.039 
0.037 

- IK -
i 

- | h - ~ 

P P 4 
P I P E I A x l ° 

Figure 4. Plot of (l/Ti — 1/Fi) vs. the exchange broadening term 
Pi2PEi A2//ct,ff at pH 5.0 in 0.1 Mcitrate buffer, 1.92 mM a-chymo-
trypsin; N-U ifluoroacetyl-D-tryptophan concentration varied from 
5 to 30 mM. 

for Tn and Tn which is a consequence of the importance 
of the exchange broadening term PI12PYA^IKH which 
was assumed to be negligible in plotting 1/J2 of Figure 
1. As experimental data were obtained at relatively 
high values of EI/I0 (up to 0.28) this term is nonlinear 
with EI/Io (because of pi2 = (I0 - EI)/I0) and causes 
the true curve of 1/T2 vs. EI/I0 to begin to level off at 
higher values of EI/Io. Thus a linear extrapolation 
back to EI/Io = 0 from these points will yield a value 
of 1/Ti higher than the true value, which is just the 
present result. 

Accordingly, the data were treated with exchange 
dynamics as the source of the inequality of T2 and Ti. 
Substitution of eq 7 into eq 6 yields eq 13. Figure 4 

1_ 
T2 

1_ 
Ti 

Pi2PEiA2 

feoff 
(13) 

° These values assume that contribution to relaxation in the EI 
complex from pi2pm&2 /k0u is negligible. 

shows a plot of 1/T - 1/T against pi2/>EIA2 for the data 
at pH 5.0 (A was independently available3)- The plot 
is convincingly linear with a zero intercept indicating 
that Tu = T i and supporting the present assumption 
that exchange dynamics are the origin of the inequality 
in T and T . This leads to a determination of kol! and 
these results, together with those at pH 7.0, are col
lected in Table II (which includes values for Kx from 
previous work5 and fe0„). 

Discussion 
We shall first examine the conclusion from above 

that the inequality of T and Tx is entirely due to ex-
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Table II. Kinetic and Thermodynamic Parameters for the 
N-Trifluoroacetyl-D-tryptophan-a-Chymotrypsin Complex" 

pH koit, sec - 1 kon, M'lsecl Ki, M6 

5.0 3.9 X 10s 14.9 X 106 2.6 X lO' 4 

7.0 3.51 X 10:i 5.9 X 10° 5.9 X 10~4 

" Assumes T-mi = 7"IEI. b Reference 5. 

change processes by examining in detail the correlation 
times implied by the results of this work. 

The spin-lattice relaxation time, T1, is not perturbed 
by the rates of exchange processes. Experimental 
values of Ti may, therefore, be extrapolated to yield 
Tu and T\Ei without need of assumptions or approx
imations as in the case of T2. The value for Tx so ob
tained for a given site can be related to the relaxation 
time TC for the nucleus at that site by the following re
lationships.7 For values of rc < l/w0, log 7\ = —log 
TC + constant. When TC = l/w0, a minimum value 
for 7i is attained. For r„ > l/co0, log T1 = log TC + 
constant. In solution 7\ for the CF3 group is ^ 10 -11 

sec (where Ti ~ 2 sec).12 Accordingly, the observed 
value of TIKI ~ 0.4 sec could represent rc ^ 10-8 or ^ 
10-10 sec (depending on whether the system lies to the 
right or left respectively of the minimum at TC = l/w0). 

The first possibility (rc ^ 10~10 sec) suggests a CF3 

group which is relatively free to rotate when the in
hibitor is bound to the enzyme. As this correlation 
time is less than l/w0, it represents the region where 
TlEI = T2EI. 

In contrast, the second possibility (rc ^ 10~8 sec) 
implies a CF3 group which has essentially the same cor
relation time as the protein to which the inhibitor is 
bound. If r1Ei ^ 10-8 sec, one can estimate that by 
linear extrapolation T2Ei ^ 0.006 sec.13 (Except for 
a slight nonlinear segment near l/w0 and a leveling off 
at long correlation times, log T2 = —log TC + constant 
over the entire range. Thus, T2 vs. rc does not show 
the minimum at rc as does T1.) For rc ^ 10-8 sec, this 
value of T2Ei (0.006 sec) represents the maximum per
missible (a lower extrapolated value of T2 could arise 
if there were additional relaxation by virture of chem
ical exchange) and as it is less by almost an order of 
magnitude than the observed value (0.04 sec) leads to 
the conclusion that Tc ^ 10~10 sec, that T2Ei ==

 TIEI and 
that the inequality of T2 and T1 is thus due solely to 
exchange and not to a correlation time greater than 
1/tto. 

Therefore, in the case of iV-trifluoroacetyl-D-trypto-
phan, virtually all the observed line broadening re
sulting from the reversible binding of this inhibitor to 
a-chymotrypsin is caused by the dynamics of the ex
change process itself and very little (<10%) can be at
tributed to restricted molecular motion of the CF3 

group when the inhibitor is bound to enzyme. 
One should realize that this correlation time (^ 10-10 

sec) is for the CF3 group and not the inhibitor molecule 
as a whole. Inhibitor may well be bound rigidly to the 
enzyme; the experimental observation means only that 
at least the CF3 group can rotate relatively freely about 
its local C3 axis. Less mobile regions of the inhibitor 
molecule may experience correlations greater than 10-10 

(12) T. E. Burke and S. I. Chan, J. Mag. Resonance, 3, 55 (1970). 
(13) E. W. Bittner and J. T. Gerig, J. Amer. Chem. Soc., 92, 5001 

(1970). 

sec, indeed may have T0 ~ 10-8 sec and exhibit line 
broadening associated with T2Ei shortened by this fact. 
However, as k0a is clearly the same for every part of 
the inhibitor molecule, any nucleus for which A ^ 10 
Hz will show a significant contribution to the line width 
from exchange broadening and assumptions to the 
contrary2 must be made with great care.1 

The kinetic values obtained in this work differ by a 
factor of 102—103 from those obtained in an analogous 
study1 of the binding of AMrifluoroacetyl-D-phenyl-
alanine to chymotrypsin in which case exchange dy
namics were likewise shown to be the dominant effect 
(as opposed to inhibitor immobilization). We feel 
the origin of these discrepancies arise because of the 
neglect in the earlier work of such perturbations as 
enzyme self-association and the assumption that 
enzyme was saturated with inhibitor. Moreover, the 
kinetic constants obtained from this work are in pleas
ing agreement with those found in a T-jump relaxation 
study6 of the rapid binding-dissociation interaction 
between furylacryloyl-L-tryptophanamide (Zc0n 6.2 X 
106 mob 1 sec -1 and kotl 2.7 X 103 sec-1). Exact cor
respondence is, of course, not to be expected because in 
the two cases not only do the nature of the bound mole
cules differ, but also their chirality. 

From previous studies on the dependence of binding 
on pH, we have concluded that carboxylate anion in
hibitors bind only to a protonated form of chymotryp
sin, the acidic group of importance (presumably His-
57) showing a pKa of 6.6. In the present study the 
value of kof{ is observed to be unaffected by a change 
from pH 5.0 to 7.0. On the other hand, Ai increases 
by a factor of about 2.5 as the pH is raised from 5.0 to 
7.0; Zc0n shows a corresponding decrease. Essentially 
this results because kon, being a bimolecular constant, 
is sensitive to the fraction of the enzyme present in a 
reactive form. Between pH 5.0 and 7.0 this fraction 
decreases, because of deprotonation of the group with 
pA"a of 6.6, by a factor of 2.5; Zc011 decreases as a result 
by the same factor, that is, again only protonated chy
motrypsin accepts an inhibitor molecule. 

The value of Zc0n at pH 5.0 when all the enzyme is in 
the protonated reactive form of 1.5 X 107 mol - 1 sec -1 

should be compared with the diffusion-controlled rate 
constant for interaction between a small molecule and a 
protein of chymotrypsin's size of 10° mol^1 sec -1.14 

The actual rate of binding, being slower by a factor of 
about 50, may reflect the molecular reorganizations 
necessary, for example for opening of the hydrophobic 
pocket and insertion of the aromatic ring. The small 
molecule enters the active site of the enzyme not as a 
solid, inflexible object fitting into a preformed hole, 
but as a result of conformational reorganization of both 
small molecule and protein adapting themselves for 
the most favorable binding interactions. The energetics 
of any such reorganizations deserve comment for a ki
netic factor of 50 represents 2.3 kcal/mol, which empha
sizes that these reorganizations do not impose a serious 
energy barrier to binding in the case of chymotrypsin. 

For those regions of enzymes that bind hydrophobic 
groups, one would anticipate that, in the absence of 
substrate or inhibitor, the binding pocket would be 
closed, for nature abhors a vacuum and water is 
unlikely to find a favorable reception in an environ-

(14) M. Eigen and G. B. Hammcs, Adcan. Enzymol., 25, 1 (1963). 
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ment as hydrophobic as, for example, the pocket 
in chymotrypsin into which aromatic or hydrophobic 
side chains bind. Accordingly, one will anticipate 
some molecular reorganization as the hydrophobic 
pocket opens with concomitant entry of a group from 
the small molecule which is binding. For hydrophilic 
regions of the active sites of enzyme, these comments 
may not apply, for, in these situations, water may 
occupy sites in the absence of substrates and binding 
may occur by displacement of water; thus hydrophilic 
regions of an active site may have geometries that differ 
little as a function of the presence or absence of sub
strate. 

Even after being bound to the enzyme, certain por
tions of the small molecule may still retain consider
able steric mobility, as, for example, does the trifluoro-
methyl group of iV-trifluoroacetyl-D-tryptophan with a 
TC ^ 10 -10 sec representing possibly only rotational 
freedom about the C3 axis. 

Experimental Section 
Chemicals. jV-Trifluoroacetyl-D-tryptophan was prepared as 

reported elsewhere.5 

a-Chymotrypsin was obtained from Sigma Chemical Co. and 
contained 80% active protein as determined by titration.' Solu
tions were prepared in 0.1 M citrate buffer as previously described.7 

Spectrometric Modification. All spectra were obtained on a 
modified Varian 100-15 spectrometer using a 12-mm probe. Modi
fication consisted of adapting the control amplifier and phase de
tector in the Internal Reference Stabilization unit so that a field-
frequency lock could be obtained while monitoring the dispersion 

Earlier papers in this series have described attempts 
to find Afunctional catalysis of the removal of the 

a-hydrogen atom of isobutyraldehyde in the presence of 
bifunctional species of the type B - R - N H 2 , where B is a 
basic group and R is a divalent radical chosen to give 
an appropriate stereochemical relationship between B 
and the amino group. In the case of an w-amino-

(1) This investigation was supported in part by Public Health Service 
Grant No. AM 10378 from the National Institute of Arthritis and Meta
bolic Diseases and by Grant No. GM 18593 and National Institutes of 
Health Postdoctoral Fellowship No. F02 GM-41309 (to M. S. Cholod) 
from the National Institute of General Medical Sciences. Abstracted 
in part from the M.S. Thesis of J. C. Kaufmann, 1969. 

(2) For part X see J. Hine, M. S. Cholod, and J. H. Jensen, / . Amer. 
Chem. Soc, 93, 2321 (1971). 

mode of a resonance with the analytical channel. The sweep 
frequency oscillator was replaced by a stable voltage controlled 
oscillator of our own design that could either be swept linearly by a 
suitable ramp, the voltage of which is proportional to the memory 
address of a time averaging computer, or be swept rapidly by appli
cation of a sudden voltage jump. 

The input voltage for the rapid sweep was obtained by monitor
ing the voltage drop across a capacitor while the capacitor was 
being charged or discharged. The circuitry was arranged in such 
a way that the time constant for charging or discharging the capaci
tor could be varied from 0.005 to 0.01 sec. The magnitude of the 
voltage jump was also variable so that the amount of frequency 
swept could be varied from 0 to 400 Hz. In practice, we commonly 
swept 200 Hz into the center of the resonance using a time constant 
for the capacitor of 0.01 sec. As the nuclei of interest become 
excited only in the last several cycles, /x/2 in eq 8 is much less than 
0.01 sec (probably less than 0.001 sec) and accordingly negligible 
compared to Ti or Ti. 

The spectrometer was locked on a capillary of hexafluoroacetone 
and the lock frequency adjusted to center the resonance for a given 
state of capacitor charge. The frequency can then be moved off 
resonance by changing the state of charge on the capacitor and 
then, after an appropriate length oflime, swept back to the position 
of resonance. More simply, the apparatus is so arranged that one 
is either on resonance with the capacitor charged and off resonance 
when the capacitor is discharged or Dice versa. One, then, sweeps 
onto resonance by discharging a charged capacitor, or charging a 
discharged capacitor. Either procedure gives an equivalent result. 

A Fabri-tek 1062 time averaging computer was used as the re
corder because it provided a fast, accurate time base and an ade
quate frequency response. The spectra were transferred to paper 
for subsequent analysis. 
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alkanoic acid it was hoped that internal removal of the 
deuteron by the carboxylate anion group in the iminium 
ion 1 would yield bifunctional catalysis of the type de-

H x + / H 

Me2Cx ^(CH2)* 
D I 

o - \ > 
i 

sired. The fact that no such catalysis was observed 
with the amino acids for which n is 1-5 was attributed 
to the tendency of aldiminium ions to exist almost en-

Catalysis of a-Hydrogen Exchange. XL Monofunctional 
Catalysis of the Dedeuteration of Acetone-^1,2 

Jack Hine,* John C. Kaufmann, and Michael S. Cholod 

Contribution from the Department of Chemistry, The Ohio State University, 
Columbus, Ohio 43210. Received November 9, 1971 

Abstract: The kinetics of the transformation of acetone-d6 to acetone-d5 and then acetone-^, in aqueous solution 
have been studied by a mass spectral method. As catalysts, hydrogen ion, hydroxide ion, trimethylamine, 1,4-
diazabicyclo[2.2.2]octane, and methylamine buffers were studied. In the presence of methylamine buffers part of 
the reaction involves the rate-controlling removal of deuterium from the reversibly formed TV-isopropylidenemethyl-
ammonium ion (the iminium ion). The rate constants reported for the attack of hydroxide ion on acetone-rfe and 
of water and methylamine on the iminium ion differ significantly from earlier literature values. 
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