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ABSTRACT

The complex formed by the interaction of N-trifluoro-
acetyl-D,L-tryptophan with the enzyme alpha-chymotrypsin
was studied, using nuclear magnetic resonance spectros-
copy. The effect of the complex; formation on the fluor-
ine spectra of the D-isomer of the inhibitor is: quite
distinct, while no change is; apparent with the Ii-isomer.
The D-isomer appeared to be bound much more tightly
than was the L-isomer. These results; were. obtained
through studies of the change in line width of the res-
onance peak, and aliso studies of the downfield shift of
the D-isomer resonance signal, It was shown that the
D-isomer was sufficiently strongly bound: to shorten
the relaxation time by a faector of ten, and to increase
the relative chemical shift of the D-isomer signal by

87 Hertz, The maximum effect occurs at pH 6.4,



Introduction

Recently, the mechanisms of enzyme action have re-
ceived a great deal of attention. A number of experi-
mental methods have been applied to study these enzyme-
inhibitor systems. A popular, and very effective,
technique has been nuclear magnetic resonance studies
of either proton or fluorine nuclei on these compounds,
This technigue, combined with x-ray crystalography,
has yielded a great deal of information about the na-
ture of the active site of an enzyme., One enzyme which
has been very conducive to study is alpha-chymotrypsin,
which is found in a number of animals. A large number
of substrates have been studied, and the amino acid
D,L-tryptophan has often been used. This substrate is
very sensitive to the conformation of the active site
of the enzyme, and it is also one of the essential amino
acids. Nuclear magnetic resonance studies yield para-
meters which characterize the interaction; for example,
changes in magnetic environment (as measured by chem-
ical shift), and changes in relaxation times (as weas-
ured by line widths). These two parameters are both
affected, and reflect different characteristics of the
enzyme-inhibitor interaction., Thus, both are valuable
parareters for study.

Background

The nuclear magnetic resonance phenomenon depends

.



on the fact that protons, and certain other nuclei,
have quantized spin ststes. These states are charac-
terized by the magnetic quantum number MS, and each
state has a different energy in a magnetic field of
magnitude HO. These energies are given by:

. E =M - Hy 7
where )/ is the magneto ~gyrie ratio for the partic-
ular nuclei. Transitions can occur between the energy
states, accompanied by absorbtion of energy. Since these
states are guantized, transition can only occur at
certain energies, corfesponding to the difference be-
tween the energies of the two states. This absorbtion
of energy gives rise to the nuclear magnetic resonance
signal, After a certain length of time, the excited
state drops back into its original, energetically more
stable state. This is done by transferring the added
energy to other nuclei, or to the environment, This
time constant which characterizes the decay of the ex-
cited state is the relaxation time of the fesonance
signal, and is very sensitive to the magnetic environ-
ment of the excited nuclei., The relation between the
relaxation time and the lifetime of the excited state

is shown in the Bloch formulation of the resonance

phenomenon:
YHT2
2. V =-M
o | +T22[w—w]2+ 'y?HZ.T‘.TZ
T, is the "spin-lattice" or longitudinal relaxation time,

.



while T2 is the "spin-spin" or transverse relaxation
time. T, is the measure of how long it takes the ex-
cited state to give up energy to the environment as
translational, rotational, or vibrational energy. T2
measures the length of time to exchange the energy be-
tween the excited nucleus and another nucleus, or any
other local magnetic field, through dipole-dipole in-
teractions. In solution, these two times are nearly
identical, on the brder of 0.1 seconds, for hydrogen.
From the Bloch formulation, it can be shown that
the relaxation time and the line shape of the signal
are directly related. If we assume a Lorentzian line
shape, the relaxation time is inversely proportional

to the width of the peak at half the maximum height,

3 /T = T-3w
2
where ESv/is the width at half-height. The relaxation
time is also related to the correlation time of a mol-
ecule., The correlation time is a measure of how rap-
idly the molecule turns over in solution; i.e, how long
it takes for a molecule to "lose the memory" of its pre-
vious orientation in solution. Figure #1 shows the re-
lation between correlation time and the relaxation times
for hydrogen. (For a more complete description of the
NMR phenomenon, see Appendix 1.)
The NMR phenomenon can be applied to many systems,

including those of biological impertance. One such sys-

tem is the enzyme-substrate, or enzyme-inhibitor system,
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This interaction may be characterized by the equilibria

E+Se ~ES <2 ERp=3f 4P

or _

_K,_>

E+T=2E T
K.

Since the magnetic environment is different at the ac-
tive site of the enzyme, relative to solution, NMR is
a - powerful technique. Generally, certain nuclei of
the substrate or inhibitor are studied, and the inter-
action is measured by observing the change in magnetic
environment, When a nucleus has two possible: magnetic
environments, HA and HB’ the equilibrium may be consi-

dered as

£,
Ha=e =g
where the rate constants kl and k__l are the same as in
the enzyme-inhibitor interaction. This is because HA
is the magnetic environment of the molecule in solution,
and HB is the magnetic environment of the molecule,
when bound to the active site of the enzyme. However,
one must consider whether or not the exchange rate is
sufficiently rapid. “he exchange rate, also known as
the "on-off" rate, is the measure of how rapidly a
given molecule exchanges between the solution and the
active site, If the exchange rate is rapid, then there
is an averaging of the two environments, and the spec-
trum consists of one peak, whose position depends on

the differences in the magnetic environments, and on

the equilibrium constant. If, on the other hand, the



exchange rate 1s slow, there is no averaging effect be-
tween the two environments, and there are two separate
peaks.,

A measure of the exchange rate is the mean lifetime
of the ES complex, If the mean lifetime, T , of the com-
plex is jdf_‘

2
T2> P
where Zl_is the difference between the location of the
resonance signals characteristic of the two environments,
then the exchange rate is slow, and there are two sep-

arate peaks. However, as the mean lifetime decreases

V2

LLIEVA

until

T £

then the exchange rate is sufficiently fast that there
is a single absorbtion which is the average of the two
environments, appropriately weighted for relative pop-
ulations. When the exchange rate is rapid, the observed
spectrum represents an averaging of both magnetic en-
vironments, i.e. the positi&ns of absorbtion, and also
of the relaxation times, and hence of the line widths.

Two parameters meésure the efiect of enzyme-inhibi-
tor interactions in NMR spectroscopy. The first para-
meter is és . This wvslue represents the actual change
brought about by a specific amount of enzyme on a spe-
cific amount of substrate. This parameter is dependent
on the concentrations of both components, the pH, and

the strength of interaction. /\ is the second parameter



characterizing the interaction. This quantity, also known
as the slope, is the value which é;'would take if all

of the substrate present were complexed; i.e. this para-
meter characterizes the magnetic environment HB. The

pH dependence of A provides an excellent means of study-
ing the interaction, and its dependence on pH. Both
relative chemical.shift, and line broadening can be
investigated using these two parameters.,

There are several possible sources of the binding
interaction between enzyme and substrate. Hydrogen
bonding between parts of the active site of the enzyme
and certain parts of the substrate is a major inter-
action., A second factor is electrostatic attraction
between the active site and the substrate. #“lso, di-
pole-dipole interactions may have some role in the bind-
ing.

These considerations may be applied to many spe-
cific systems, one of which is the interaction of the

enzyme alpha-chymotrypsin and N-tfa-D,L-tryptophan.

This particular inhibitor has several advantages for
study. Gerig and co-workersl have demonstrated that
the amino acid D,L-tryptophan interacts strongly with
the enzyme alpha-chyrotrypsin, so we would expect the

trifluoroacetyl derivative to do so also. Secondly,
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the substance exists as two isomers, D and L-tryptophan.
Previous studies with D and L :’LsomeI"s2 show that, in
general, the D-isomer binds significantly more strongly
to the enzyme than does the L-isomer, Thus, the L-iso-
mer can serve as an internal standard in the systems,
for measurements of both the shift of the resonance sig-
nal, and the broadening of this signal. Interaction be-
tween the D-isomer and the active site of the enzyme
causes deshielding of the trifluoroacetyl group of the
D~isomer, and causes a downfield shift of the resonance
signal. Histidine 57 is one of the amino acids at the
active site of alpha-chymotrypsin. The ring currents

of the imidazole group of this amino acid, in conjunc-=
tion with hydrogen bonding, may be a large factor ac-
counting for the deshielding, Other factors, including
the bulk diamagnetic susceptibility of the enzyme may

also contribute to shift of the D-isomer.

OH

o)

NH

The position of the L-isomer is taken as the posi-
tion of zero shift; also, the line width of this signal

is taken as the standard against which the change in
the line width of the D-isomer signal is measured. By
doing this, any overall change in conditions which af-
fect both isomers equally will be eliminated, and only

effects arising from the interaction will be considered.



Effects which might affect both isomers equally would
be a change in viscosity of the solufion, due to the
addition of the enzyme. rl"hus, the study of the enzyme-
substrate system can be reduced to the study of the
splitting of the D and L-isomer signals, and the change
in the line width of the D-isomer signal relative to
the signal of the L-isomer.

The trifluorocacetyl derivative is used, so that
fluorine fesonances may be studied rather than the pro-
ton resonances, The advantage of this is twofold. First,
the fluorine nuclei are much more sensitive to the small
changes in magnetic environments than are protons, so
that the effect on the D,L splitting is greater and
more easily measureable, This added sensitivity is
essentially a result of the fact that the fluorine
atoms have occupied p-orbitals, which extend further,
are more diffuse, and so are more sensitive to environ-
mental perturbations than the 1ls orbitals, which lie
close to the nucleus,

Secondly, in N-tfa-D,L-tryptophan, there are many
hydrogen absorbtions, for the many hydrogen nuclei in
the molecule, However, there is Just one fluorine res-
onance, for the three fluorine nuclei are magnetically
equivalent. Also, there is negligible spin-spin coup-
ling to the fluorine atoms, whereas such coupling would
greatly complicate the absorbtion of hydrogen nuclei

elsewhere in the molecule.
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There is Just one overall factor which affects the
change in line width of a signal; namely the degree of
freedom of the fluorine nuclei. The magnitude of the
parameter 8\(\/ is dependent on how tightly bound the
molecule is, for the binding makes transfer of energy
to the environment much easier,

The interaction may be studied quantitatively, by
using the parameters tghand /\ which were introduced
earlier, 'If we teke E  and S  as the initial concen-
trations of the enzyme and the substrate, and ES as
the amount of enzyme-substrate complex, there is the

relationship

s s =g

This can be Jjustified if we refer back to page 6, where
ES was given as the average of the two magnetic envi-
ronments, appropriately weighted for relative popula-
tions, and /\ was the value of és if all the substrate
present were in the form of enzyme-substrate complex.
From this relationship, expressions for E and S can be
found, which are the concentrations of free enzyme and

free substrate at equilibrium: 8
50, B =E;ES=E~A %
56, S = S—ES g

S
There is also the expression for the dissociation con-

ES
ES

Il
I

stant for the system:

65. f(s =



T s s

Combining the above relationships, a quadratic equation
can be derived for ES, as a function of Ejy S,y and K,

all of which are measureable quantities:

2

B9 = ES ] +ES, =
oES = ESHE S+ K] +ES, =0
This equation may be solved, using the general solution
for a guadratic equation. Tor each data point, consist-
ing of E‘O, So’ and 8 , We can now plot ES/So versusS .
From equation 4, we see that the slope of this plot,
using a least squares fit, is A\ .Also associated with
this value is a least squares error. However, all of
the above calculations assume a value for KS.

There are several methods which may be used in as-
.suming a value of Ks‘ One technique is to use a com-
4puter program which calculates /\ and the least square
error in [X-, using the above method, for each value

1 Molar. The

of X_, from K_ = 10™9 Molsr, to K_ = 10
value of KS which yields the swmallest least square
error between the observed values of é; and the values
of ES calculated from equation 4 is tsken to be the
value of KS at this pH.

Another technique is to assume a very simple de-
pendence of KS on pH, In one case, a constant value of
KS was used throughout. An eqguilibrium dialysis was
done by Johnson and Knowlesa, who arrived at the value
of 221 x 1072 M., for the interaction of D,L-trypto-
phan with alpha-chymotrypsin. Assuming that the tri-

fluoroacetyl derivative of this compound is not too dif-
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ferent, a reasonable value for KS is 3.16 = ]_O_3 M.,
Both methods of assuming KS may be used, and from KS,

a value of /\ can be found,
Results

The most gqualitative results are demonstrated by
the comparison of fhe spectrum of the>substrate alone,
with the spectra of the enzyme-substrate complex (see
Figure #10). The spectrum of the substrate alone was
one sharp peak, with a line width of slightly more
than one Hertz. The addition of the enzyme had def-
inite, readily observable effects. ¢$he peak corres-
ponding to the fluorine resonance of the L-isomer did
not shift its position at all, Also; the line width
of this signal did not iﬁcrease significantly. How-
ever, the peak corresponding to the D-isomer shifted
downfield by a substantial amountj when SO = 0,0050
moles/liter, the shift was 13.5 Hertz., At high sub-
strate concentrations, S = d.O2OO m/l, the splitting
was 4.0 Hz. Also, the line widths of the D-isomer
signal increased as the substrate concentration de-
creased,.in the presence of the enzyme. At SO =
0.0050 m/1, the difference between the line widths
of the D and L-isomer signals was about 2.0 Hz. This
represents a change of from 100% to 200% of the line
width of the compound in solution, Table #l1, in the

appendix, gives all of the individual data points—
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E So’ 8\,\/, and 4,1 splitting-—for all binding curves.

o?

The quantitative study was diviaed into two sec-
tions; namely, the relaxation time results and the D,L
splitting results., In the p& range from 5.0 to 8.0,
about 20 binding curves were run; at some pH values,
several binding curves were run, <‘hroughout the runs,
the enzyme concentration remained constant. The un-
corrected concentration of the enzyme was 0,0025 moles/
liter. Héwever, to obtain this value, we assume that
the enzyme is one hundred per cent active, which was
not true. Titratiéﬁs were run to find the actual ac-
tivity of the enzjme. The results were constant, at
about 70% activity. When we took this info considera-
tion, the corrected concentration of the enzyme, EO,
became 0,00175 m/1,

In a binding curve, at a fixed pH, from 5 to 7
data points were taken, each with a different sub-
strate concentration. The substrate concentrations,
or a;tually the concentrations of the D-isomer, ranged
from 0,0050 to 0,0200 m/1.

The value of the overall parameter /A for the line
width broadening was calculated at each of the pH values,
and where applicable, an average of {\ for several
binding curves was taken. If we assume the equilibrium
constant to be K_ = 3.16 x 1072 M., then there is a
smooth curve in plotting A against pH (see Figure #2).

The maximum value of the slope was 12.9 sec.-l, at pH
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6.4, The shape of the plot was a very sharp rise, to
the maximum, and then a sherp decliné; rising from a
slope of 1,% Hz. at pH 5.0, and dropping from the max-
imum to 3.7 Hz at pH 8.0,

The parameter A\ has a direct relationship to the

relaxation time Tgm This relationship is (see Egqn. 3)

/T, =T

From this, T2 can be plotted versus pH, orﬂT-T2 versus
pH. This figure, #3%, shows a sharp mimimum at pH 6.4,
and at this point the relaxation time is approximately
0.0% seconds. All of these results for Tg, however,
were calculated assuming that Ks = 5,16 x J,O"3 M,

The computer arrived at different values for the
value of Ks and of the slope. In the search for the
Ks which yielded the minimum error in the slope, the
computer found Ks to be very pH dependent, This de-
pendence, shown in Figure #4, is very much like the
plot of slope versus pH at constant KS. As a result,
the plot of slope versus pH, using the computer values
bof Ks’ had a shape very similar to the plot at constant
KS, but the magnitude of the values was very different.,
The maximum value of the slope was found as 20,000 Hz,
corresponding to a KS of 1,0 M, This slope yields a
relaxation time of 1.7 x lO'5 seconds., From the or-
der of magnitude of these values, we suggest that the
gomputer did not find the right values for KS, and, as

a result, found extremely high values for the slope AP
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One reason that these values are not reasonable, is that
a relaxation time T2 of 10_5 seconds'corresponds to a
correlation time on the order of 10-5 seconds, However,
the correlation time for the enzyme in solution has
been determined to be much faster than this, on the or-
der of 10'8 seconds, and it is impossible for the sub-
strate to have a correlation time much slower than the
enzyme to which it is bound,

There is an explanation regarding the computer's
trouble in finding the correct value of Ks' The compu-
ter sought the value oﬁ KS which gave the smallest least
square error in the slope. For the D,L splitting, this
minimum was sharp and distinct. However, for the re-
laxation time reéults, there was no'sharp minimum at
any Ks' Rather: there was at best,'just a slight dip
in the plot of least square error versus Log KS. Since
there was no distinct minimuﬁ, the computer could not
find a consistent Ks' In figure #11, both of the error
versus Log KS are shown, and frowu this figure, the dif-
ferences are clear,

However, the shape of the computer plots of slope
versus Log Ks tells a great deal. By comparing these
plots at a number of pH values, we see that the shapes
of these curves are nearly identical throughout, and
that the only difference is the baseline—the value of
the slope at K_ = 10-7 M. One of these plots is shown
in Figure #5., If the baseline is plotted against pH,
(see Figure #6), the shape of the plot is Jjust that of
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the slope versus pH plots, The magnitude of the base-
line is lower than the slope at each pH, but the shape
is identical, which suggests that the baseline is also
a valid quantity for gqualitative examination., So, the
shapes of all three plots—slope (computer KS) vs pH,
slope (constant KS) vs pH, and slope (KS = 15~ M.) vs
pH—are the same., Since, from equilibrium dialysis,
K_ appears to be approximately 3 x 1072 M., the assump-
tion that K = 3.16 x 10~2 should introduce no guali-
tative error into the results, and only a very small
percentage error in the gquantitative results.,

The calculations were also made using the D,L split-
ting data and JAN parameter, The plot of slope versus
pH, assuming a constant K, of 3.16 x 1072 M., is sim-
ilar to that found from relaxation time calculations.
There are two minor differences. The first is that the
entire curve is shifted upward. The waximum is still
found at pH 6.4, but is now about 87 Hz., The second
difference is the sharpness of the curve in the pH
range 5.0 to 6.4. For the 1/’1‘2 versus pH plot, there
is a very sharp increase over this pH range. However,
for the D,L splitting, there is Jjust a slight increase
over this pH range (see Figure #7). The values for
D,L splittings run from about 70 Hz at pH 5.0 to the
maximum of 87 Hz at pH 6.4, The drop in the slope in
the pH range 6.5 to 8.0 is quite sharp, analogous to
the results from the relaxation time data.

This D,L splitting data was analyzed through the
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computer program, with similar results. Again, the com-
puter-selected values for KS were dependent on pH, al-
thbugh the values selected were near the equilibrium
dialysis value., The computer range for KS was from

1.0 x 1072 M.; to 7.0 % 1072 M, (see figure #8). The
assumed value of 3,16 x 102 M falls in the middle of
this range. ©Since the selected values were close to
the assumed value of Ks’ the computer values for the
slope were also close. These computer values are shown
in Figure #9. It appears that the shape of the plot is
the same as the shape at constant Ks’ and that there is
a small shift upward of the entire curve. The maximum
now is about 1.4 ppm, or about 130 Hz, and still occurs
at pH 6.4, The computer plots of the D,L splitting
slope versus KS showed the same shape throughout, and

1079 m.,

[}

only differed by the value of the baseline, KS
These values for the baseline, when plotted against pH,
showed the same shape as the other D,L splitting slope
plots. These three plots suggest that the shape of the
curve is correct, and that the magnitude is approxi-
mately that at K_ = 3.16 x 1070 M.

| The value of the intsrcept in the computer plot of
E.S/So versus E; is another quantity which needs consid-
eration., This plot is linear with a slope equal to N\ .
We know that this plot should include the origin, for
at zero enzyme concentration, and a non-zero substrate
concentration, the effect on either the line broadening

or the D,IL splitting is zero. So, the intercept is a
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measure of how close the actual line came to the origin,
and is a measure of the error in the experiment. Through-
out the experiment, a certain experimental error has
been assigned to each value of the slope, The inter-
cept should be within this experimental range of the
origin. The intercepts at K = 3.16 x 1072 M are the
values studied., From tables #2 and #3, we can see that
the intercepts are within the experimental error value
whiech was assigned to the slopes. The assigned error
for the line width was taken as * 0,5 Hz., while for
the D,L splitting slope, the error was taken as & 3 Hz,
Another approach may be applied to this problemn,
This is to include the origin as one of the data points
when the computer is analyzing the data, and finding
the value of the slope. This procedure can be Jjusti-
fied in that it is known that this point should fall
on the line, and should be considered. Also, it is ar-
gued that the inclusion of this point would make se-
lection of KS more difficult, and the more accurate KS
would be selected, In herent in this method is the
fact that the intercept would be smaller than when the
origin is not included. The argument against this
technique is that the intercept provides an excellent
means of observing the error in the experimental val-
ues, which provides a check on the experiment. This
measure of the error is lost if the origin is included
as a data point.

Nevertheless, if the intercept is within the ex-



perimentally assigned error, the differences in the
slopes in these two methods should not be large. TFive
binding curves were analyzed again, this time including
the origin, The result was a consistent shift of the
values for the slope downward, by some 10%. This shift
was not entirely uniform, but the general shape of the
pH plots were maintained. An interesting point is that
the KS values selected by the computer for the D,L

splitting, under these circumstances, were not improved,
Discussion

Several factors affect the interaction of the en-
zyme and the substrate, some of which affect both the
relaxation time and the D,L splittings, while other
factors affect only the relaxation times. If hydrogen
bonding is a major source of interaction between the
enzyme and the substrate, then the results can be ex-
plained in the following manner:

The imidazole group of Histidine 57 interacts with
the trifluoroacetyl group of the substrate through hy-
drogen bonding. The imidazole group can exist in two
forms, neutral and protonated. The overall interaction

may be shown in the following diagram:

A B
e _ _~H
O ey HN/ﬁ/ O"w N\/N



\M*“HN\/NH H?\];
N \oe O
N—-C < > N———C\ NnH

At high pH values, complex I is prevalent, while at lower
pH values, complex II dominates., Canonical form D makes
a greater contribution to complex II than form A does to
complex I, As a result, there is more double-bond char-
acter to the carbon-nifrogen bond in complex II than in
complex I, This double bond character hinders rotation
about the carbon-nitrogen double bond, increasing the
rigidity of the molecule, and shortening the relaxation
time, If this were the only factor affecting the in-
teraction, we would have a l/T2 versus pH curve of the
type:

| 7 T

74
The half-height of this curve would occur near pH 7.4,

for this pH value is the pK, of the imidazole group.
At this p#, equal amounts of complex I and complex II
are present.,

However, in the pH range below 6.5, other factors
work to lower the l/Tp slope, and increase the relaxa-
tion times. One factor may be conforiiational changes
in the active site of the enzyme in the pH range 5.0
to 6.5. If this were the case, there would not be as

good a fit of the substrate on the enzyme as there was
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at higher pH values. Since there would be a less per-
fect fit, there would also be a weaker interaction, and
with a weaker interaction is associated more freedom of
movement, and longer relaxation times, This imperfect
fit would seem to negate the increase of hydrogen bond-
ing at low pH values, below 6.5, and lengthen the relax-
ation time significantly.

A similar analysis may be appliéd to the results
far D,L splitting. We observed that the D-isomer sig-
nal was shifted downfield relative to the stationary
L-isomer signal, when the D-isomer interacted with the
enzyme., The downfield shift corresponds to a deshield-
ing of the fluorine nuclei., One cause of this deshield-
ing may be the ring current of the imidazole group of
Histidine 57. A ring current will deshield when the
fluorine nuclei are held in the same plane as the ring,
and will shield when the nuclei are held perpendicular
to this plane, i.e. above the ring, If the orientation
is correct, the deshielding effect will increase as the
fluorine nuclei are held more tightly, and more closely
to the ring. Also, there will be a greater ring current
in the protonated form of the imidazole group, than in
the neutral form. Yhis is because in the neutral form,
charge separation is necessary to delocalize the pi
electrons, and set up a ring current. However,in the
protonated form, charge separation is not necessary,
and as a result, the ring current will be greater, and

the deshielding will be greater.
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Another effect increasing the deshielding with low-
ering pH is that in complex IT, theré will be more elec-
tron withdrawal from the amide than in complex I. This
will also contribute to a greater deshielding effect
with complex II than with complex I, Both of these
factors, ring current and electron withdrawal, may ex-
plain the behavior of the D,I splitting slope in the
pH range 6.5 to 8.0,

An imperfect fit of the substrate in the enzyme
at lower pH values would hold the substrate further away
from: the ring current, and would also possibly change
the angle of orientation of the substrate relative to
the ring, and the deshielding effect would decrease.
This would account for the slight decrease in the slope
over the pH range 5.0 to 6.5.

The results suggest that the effect of the imperf-
ect fit of the substrate in the active site of the en-
zyme at lower pH values affects the relaxation times
more than the D,L splittings. Other factors may also
have some effect on the interaction of the enzyme and
the substrate. These include electrostatic attraction,
and dipole-dipole interactions, both of which are pH

dependent factors.
Conclusions

Several conclusions may be drawn from the results

of this experiment, Clearly, the enzyme has a signif-
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icant effect on the D-isomer of N-tfa-tryptophan, which
is demonstrated through changes in the line width, and
also through the shift of the signal from the L-isomer
signal, The L-isomer appears to bind much less than
the D-isomer, and probably not to any measureable de-
gree, Secondly, calculation of the absolute effect-—
either D,L splitting or relaxation time-—shows clearly
that these effects are pH dependent. The pH dependence,
however, is somewhat different for the two varisbles
considered, The maximum effect occurred at pH 6.4

for both variablesy; at this point the relaxation

time was 0,03 seconds, and A\ for the D,L splitting was
87 Hertz.

Several mechanisms may be postulated to explain
these results, One mechanism is that the increasing
dominance of the imidazolium ion at decreasing pH
values increases hydrogen bonding to the substrate at
the active site of the enzyme. This holds the mole-
cule more rigidly, decreasing the relaxation time, Also,
this hold the fluorine nuclei close to the ring cur-
rent of the imidazolium ion, which deshields these nu-
clei, and causes the downfield shift. Conformational
changes may be a factor which lowers the slopes in the
pH range 5.0 to 6.5.

There still remains a great deal to be done in
this area, with different substrates, and with modi-
fied enzymes of chymotrypsin, and also with entirely

different enzymes. Also, temperature dependent studies
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will be important, for they will reveal whether the ex-
change rate between the enzyme and fhe substrate is a
factor in the line broadening. <lhese are just a few of
the remaining areas to be investigated, and studies
here and elsewhere will reveal a great deal about the

interactions of enzymes and substrates.
Experimental

Sampies of the N-tfa-D,L-tryptophan and the alpha-
chymotrypsin are prepared gravimetrically, taking 25,000
as the molecular weight of the enzyme. The substrate
is first weighed out in a 1 milliliter volumetric test
tube, and dissolved in about 0.7 ml of 0.1 Molar pH
7.0 citrate buffer, The enzyme is then weighed out,
and added to the solution in the test tube. The en-
zyme was most readily dissolved by centrifuging. The
pH of the solution was then adjusted to the desired
value by the addition of 0.1 M citrate buffers of dif-
ferent pH values. The pH was measured with a glass
electrode and pH meter. The volume was then adjusted
to exactly 1.0 ml by the addition of citrate buffer
of the correct pH., The enzyme was stored, when not
in use, vacuum-dessicated in a freezer.

Spectra were taken on a Varian Associates HA 100
nuclear magnetic resonance spectrometer. A computer
time-averaging device was available, but for this work

was not used., The internal lock signal was obtained
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by using a sealed capillary tube, containing trifluoro-
acetic acid,inserted into the NMR tube, The tempera-
ture was the ambient temperature of the probe. The
resolution of the spectrometer was adjusted between
each of the samples, and is reflected in the fact that
tone line width of the L-isomer was very constant on a
given day, and also from day to day.

The first part of the work was done with a supply
of the substrate synthesized by a member of the re-
search group shortly before the work was done. However,
after this work had begun, more substrate was necessary,
and was synthesized: The procedure was:

D,L tryptophan (1.0 grams, 4.8 mMoles) was dis-
solved in trifluoroacetic acid (5.6 ml). To this was
added anhydrous ethyl ether (6.5 ml). After the tryp-
tophan had dissolved, the solution was cooled in an
acetone-ice bath., When cool, trifluoroacetic anhydride
(1.0 m1) was added dropwise over several minutes. This
addition was accompanied by vigorous shaking. After all
of the anhydride was added, the solution was allowed
to stand in the temperature bath for 30 minutes. By
this time, a large amount of yellowish precipitate had
formed, This precipitate was filtered, and crudely
dried for 15 minutes under water aspirator vacuum. The
precipitate was then added to about 50 ml of distilled
water, This mixture was stirred for 30 minutes, and
the yellowish color of the precipitate disappeared,

leaving a pure, white color. The solid was the filtered,



and the water removed by suction. The precipitate was
then recrystallized from 100 ml of hét toluene, forming
long, white needles. Yield: 0,63 gram, 44%. Melting
point: 154-155°C, sharp, with no residue. Spectra

with and without enzyme were identical to those of

the substrate previously used.

D,L splitting and changes in line width were meas-
ured by the distances between peaks or line widths of
the recorded spectra, The error in the D,L splitting
is on the order of 0,1 Hz., At dilute concentrations,
the line widths were not too distinct, and using a
Lorentzian line fit, a reasonable approximation to
the actual shape was made. This may introduce an er-
ror on the order of 0.3 tovO.4 Hz, in the line width
change at broad line widths., Errors of this magnitude
appear to have not affected the quantitative results
to a significant degree, and have not affected the con-

clusions at all.,
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RELAXATION PHENOMENA IN NUCLEAR MAGNETIC RESONANCE

Nuclear magnetic resonance phenomena (NMR) in many
compounds is an important field which the chemist may ap-
ply to his work., This report on NMR has been done within
the context of a course Ch 81 - topics in chemistry. The
goal has been a working knowledge of NMR and a more
thorough grounding in relaxation phenomena, and to study
the means by which relaxation has been applied to re-
search in enzymes and macromolecules,

The concept of NMR encompasses many principles, and
means of aprlying the theory. NMR may be approached from
the viewpoint of the chemical shift of the resonance peaks,
of spin-spin interactions of the magnetic nuclei, or of
relaxation phenomena. This paper takes the latter view-
point. However, the overall theory of NMR is necesgsary
as a foundation for the specific application of relaxa-
tion phenomena,

lhe basis for the theory of NMR is the concept of
spin of nuclei. Because nuclei have spin, as well as
charge, each nuclei then has a magnetic moment,. This
magnetic moment, set up by the nuclear spin is given by:

s = ¥(LTH)
In this expression, Z is the nuclear spin, and ¥ is the
magnetogyric ratio for the nucleus. The quantity 4
is the largest value of angular momentum which the nu-
cleus is allowed to have. The angular momentum is al-
lowed values from+ I to-z, so that the magnetic moment

will havez2Z+/ distinct values or states. It is the tran-

-]l



sitions between these states which provide the basis for
NMR, In a uniform magnetic field, these allowable values
for the magnetic momant become a systewm of energ. levels,
given Dby:

P A
where 4, is the magnetic field in the +z direction. With
2r+/ orientations of the magnetic moment, there are simi-
larly ZZ#+/ energy levels, with equal spacing of'—fﬁa Tor
the simplest case, that of_[wzj:, we have energy levels
of .« 4 and - /. IVR measures this energy differences
between levels, since we also know that £=4»; By varying
either /#, or i , we can determine the energy of the tran-
sitions between the possible states.,

However, within a molecule, not all of the nuclei
feel the same field, This is dﬁe to dipole interactions
between the nuclei, which contributes to the total field,
and screening effects of the surrounding electrons of
each nucleus, Together, these factors create a slightly
different effective field at each different nucleus; and
due to this, the energy levels are Just slightly differ-
ent for different nuclei, fhe final result is that tran-
sitions for one nucleus do not occur at the same energies
as do those of another nucleus. So, @n an NMR spectrum

a ﬂ%&g@ﬁé’*

of such a molecule, we will see mure than one peak—ene.
o Vg teo o N

peak for each different,energy  of-trensitien. I1he sep-

aration of these peaks on a spectrum is known as a chem-

ical shift, and is one viewpoint from which N¥R may be

approached.

Nuclei within a molecule differ in another way. This



is known as spin-spin interaction:
Z.. = Z -7,
for two nuclei, #1 and #2. These spins are coupled from
nucleus to nucleus by the bonds which connect them, di-
rectly or indirectly. For example, a methyl group has
three hydrogen nuclei, and has four possible different
arrangements of spin, with total angular momentum of
72,5 -/% - % units of % . A nearby nucleus will feel
four different fields at various times, so that the ex-
pected peak 1s split into four peaks - slightly separ- )
_ , +hite Wnee amnedee Cons Kopeliee 2 ?5#"5/"5?«”(

rated., Lhere are three ways te—form-angular ‘momentum
of £ or-£, while one way to form £ or-Z2. So, the
peaks corresponding toZ é have three times the ampli-
tude of those corresponding to the methyl group with
angular momentum of £ 3 , Yhis is the nature of spin-
spin interactions and the eifect of spin-spin splitting
of resonance peaks,

wWe should now look at the actual process by which
the absorbtion of energ: occurs at resonance, When a
nucleus with magnetic moment is in a static magnetic
field, the field causes the magnetic moment to precess
about the axis of the magnetic field. The freguency of

this precession, known as the Larmor angular frequency

is:

,,/(/():A/fy

<>

This frequency is very important for this is the frequency
which is matched to cause resonance. Once this magnetic

moment is precessing about the z axis, we apply a second



magnetic field, much smaller in magnitude. This is in
the xy plane, and is a rotating field about the 2z axis.,
This secondary field creates a torgue on the magnetic
moment, attempting to "pull" it into another orienta-
tion, so as to filip the spin over. However, unless

this field is rotating at the identical frequency as

the precession of the magnetic moment (i.e. the Larmor
frequency), the rotating field is going in and out of
phase so rapidly that the torgue on the magnetic moment
is not significant, However, when the two frequencies
just match, so that the rotating field is just at the
Larmor frequency, the two are continually in phase and
thefe is a large, constant torque on the magnetic moment.
This causes 1t to oscillate rapidly with great amplitude.
This process requires energy, which the rotating field
provides, and this is the energy absorbtion at resonance.
The energy absorbtion is recorded as the frequency of

the rotating field is varied over a large range.

It is, however, difficult to apply a rotating field
in the xy plasne. Another way to cause the same field is
to apply a magnetic field in a fixed direction, such
as on the x axis, and vary this field sinusoidally,

The sinusoidal field can be broken into two components,
both of which are rotating field vectors, one clockwise
and the other counterclockwise about the z axis. One,
due to sign, has little afiect on the resonance, for

it is in phase only once every full rotation. This, for
the most part, is a classical treat:ient of the absorb-

tion phenomena, If we use a gquantum mechanical tregt-
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ment, we arrive at equivalent results for a spin z nu-
cleus. 1In this treatment, the probability of a transi-
tion is derived as a function of the Larmor frequency

and the rotating field frequency. <his probability is:

@& 2 ’ 7 2 //2.7
f/* - ") = s\ ST '(::i’ /(/,A "‘ao)i;_ Yoo 92)
- Z)°+ (F)o” 2 = = )

where & 1s the angle the resultant field makes with the
static field, and «, is the Larmor frequency. This ives
a resonance as (v approaches ws, o In either case, we
have resonance occuring when the rotating field in the
same direction.,

This absorbtion of energy will occur at the Larmor
frequency, causing a resonance peak with a finite line
width, *his line width is determined by several factors,
one of which is known as the spin-lattice relaxation time,
This characteristic time is a measure of how rapidly other
degrees of molecular freedom can induce transitions be-
tween the states. This affect, with others, causes the
states to have a finite lifetime., The mean lifetime of
a state is Jjust the spin-lattice relaxation time. There
are several mechanisms by which spin-lattice relaxation
can occur; these will be discussed later, Other factors
can also account for the line width, although the spin-
lattice relaxation factor is 2lways present. One factor
is spontaneous emission of energy, causing a transition.
Bloembergen estimates a lifetime from this affect of'about

1019 years! This factor is negligible compared with the



other factors determining lifetime., A third factor is
another type of relaxation—spin-spin relaxation., This
results from interactions of magnetic moments from var-
ious nuclei, so that there is a transfer of spin between
two nuclei., However, in this process, there is noc net
change in the energy of ths system. This process also
leads to a finite lifetime, but is not always important
in comparison to spin-lattice relaxation, except in crys-
tals, where positions are fixed. For nuclei with spin
greater than.'é , there is also the affect of electric
quadrupole interactions which can cause transitions be-
tween states. <The line width, then, is a measure of the
lifetime of a2 stste involved in the absorbtion of energy
and resonance, and is determined by several factors, the
most important of which is generally spin-lattice relax-
ation,

A set of equations which applied to the resonance
phenomena wass derived by Bloch. These, known as the
Bloch formulation, concentrate on the rate of change of
the total magnetic moment, and its component along each

of the coordinate axes.
X7 gyl X H)
@z -
This equation is broken into components, and then the
contributions from the rotating field are added, so that
we get the complete equations,in tems of the relaxation
times, the magnetic mcments, and the magnetic fields.
These complete eguaticns are:
M

LD~ (PO sty AT, H, SR T) = =

< 7

7z
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wWwhere 77 1s the spin-lettice relaxation time and 77 is

the spin-spin relaxation time. These equations, however, //%“%4

are easier to solve is we make 2 change of varisble, and
seb: 7 = AL COSearT o NS ST

My: . S A AT S CIS A T

We can then solve for «¢ , v and /- in a steady state case,
which sets all of the time derivatives to zero, so that

the equations are readily solved. The solutions are:
s M, ¥ A 7P i - )
I B n—i) L N KT T

7

Vi o= - 7, g /% 72—
(= N - P
T T s KA T

These solutions to the Bloch equations can give us the

shapes of the resonance peaks for NMR, There are actually
two such peaks, the absorbticn mode from the variable v
and the dispersion mode from the varisble «w. . From these
solutions, with some manipulation, we can see the @ffect
of each of the relaxation times on the line-shapes of the
peaks. The size of 7, , the spin-lattice relaxation time,

is generally larger than 7, so that its affect 1s much

29
greater, By studying the spin-lattice relaxation time
in more detail, we can get additional information from
spectra about the nature of the samples.

The relaxation time is a measure of the lifetime of
a state—how rapidly it can interact with other molecules
to cause a transition from that state. At this point,
L

we will confine ourselves to a nucleus of spin 3 , for

this has only a nuclear magnetic moment associated with
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its spin. DBecause the nucleus has only a magnetic moment,
it can interact only with magnetic fields from external
sources, including other nuclei. These may be either with-
in the same mclecule, or nuclei in other molecules., 'his
interaction with other magnetic moments has the final af-
fect of creating local magnetic fields near the magnetic
moment in guestion, These local fields, regardless of
source, Vary greatly due to thermal motion and other de-
grees of molecular freedom., As the local field varies,
the total field at that nucleus will likewise vary, which
in turn varies the Larmor frequency. As this freguency
varies, it will eventually match the applied, rotating
field, and will cause a transition from the original
state. By varying the local field through interactions
with nearby nuclei, transitions can be caused back down
to the lower state, so that relaxation can aifect or de-
termine the lifetime of the upper state.

There are several mechanisms by which a magnetic
moment may interact with a nearby nucleus. <+he first
is magnetic dipole interaction., By this wmechanism, the
local fields are caused by other magnetic moments, from
two sources. The first source are magnetic moments lo-
cated within the same molecule. <1hese nuclei are at a
fixed distance, but there are many possible crientations.
The relaxation time can be detervined in terms of the ro-
tational motion of the molecule., <his, in turn, can be
found by using the model of the molecule as a sphere in

a viscous liguid, +*‘his model is not perfect, but works



guite well within experimental measurements. We find

for this contribution to the relaxation time,

(Ja z7 7Sty
AT P é(D e K7

/7

where 7/ is the viscosity of the solution in poise, 4
is the fixed distance of nuclear separation, and <« is
the radius of the sphere in our model. Approximating
the values, we get a value for ;? of 0.26ss.

Similarly, the affect from nuclei associated with
other molecules can be found, In this case, the dis-
tances are not fixed, fhis case is treated as a dif-
fusion process by several authors, including Bloembergen,
Purcell and Pound, <his contribution to the relaxation
time can be found in terms of the diffusion constant of
the liquid, and then in terms of the viscosity, Just as

for the intramolecular contribution. +his intermolec-

ular contribution is:
(/‘ SN EL TG N
7“ =

I r T ER K T

A1l of the above apwl§g5~to molecules with two applicable
nuclei, such as water, but this can be applied to larger,

more complex systems. <*he results are:

e R iy : il = & =6

s L EPE L e [ ST T 2 K 2
{ o= o = 7 4 % £ f‘/
\ b SNATTEIP 2 A /"" j ,/ / ’

. v 2% # i : v / 4 4 ?

£ : L 2. -7 S
— . B4 Lanea [3%{ 27 +ZZ/,&./ /

! T i s 7 7 % J

s 1

For a nucleus "i", the sum over "J

1"

are those nuclel of
the same speciles, while the sum over "f" are those nu-
clei not of the same species.

“hese relations have been s own to hold quite well

experimentally, in work by Bloembergen, Purcell and Pound.
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They plotted the spin-lattice relaxation time 77 vs., the
quantity ?;é; , where %7 is the viscosity and 7 is the
temperature. <This was done for ethyl alcohol under vary-
ing conditions, and the plot was found to be linear as
expected, This plot is in the appendix to this report,
and confirms the affect of di~ole interactions in relax-
ation phenomena,

“here is ancther source of relaxation in some solu-
tions—paramagnetic ions., <he paramagnetic substance has
at least one unpaired electron, which can contribute a
magnetic field to the local field since there is not a
cancelling field from the opposite-spin paired electron.
This magnetic field fluctuastes, and can cause transiticns
similar to dipole interactions. *he wajor difference is
a mean square nuclear moment in the expression for 7, ,
yielding the following expression for the contribution

to the relaxation time from paramagnetism:
INEY AN, AL

/
e e

This contribution can also be observed experimentally,
which was done by the above authors. They varied the
concentration of paramagnetic ions in solution and re-
corded the relaxation time for each run. In a plot of
these guantities, the result is quite linear, verifying
the above expression. <This plot is also in the appendix.

There is a final contribution to spin-lattice relax-
ation time in spin.jé nuclei. <This results from aniso-

tropic shielding of the magnetic field by the electrons.
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The electrons surrocunding a nucleus will shield it to
some degree from the spplied magnetic fields., If this
shielding is not uniform, then electrons will form an
electron current, and from these currents, magnetic fields,
These fields can then cause transitions in a manner gimi-
lar to dipole-dipole interactions, <he major difference

is that this contribution is dependent on the external
magnetic field, while the other contributions are not,

The actual relation has been derived, and is known as the
1cConnell-Holm formula:

L E YT )

=

y 7=
where(syis related to the differences in shielding in
directions perpendicular and parallel to the axis of
symmetry, and J; is the correlation time Just as with
inter and intramolecular relaxation, Thus, tnis contri-
bution is proportional to the inverse of the square of the
apvlied magnetic field.

for nuclel with spin greater than éi, we also have
relaxation from electric quadrupole interactions. In
these cases, electric quadrupoles of nuclei interact
to cause transiticns analogous to the magnetic dipole
interactions,

These are the major causes of transitions between
states due to spin-lattice relaxation. These include
magnetic dipole interactions, secondary magnetic fields
from unpaired electrons in paramagnetic substances,

and anisotropic electron shielding of the apnplied magnetic



field. +*he local magnetic fields from each source vary
rapidly in fregquency and amplitude, and can cause tran-
sitions between states., These transitions contribute
to the finite lifetime of a stete involved in the reson-
ance phenomena, and to the line width of the absorbtion
peak due to the resonance.

The t eory of relaxati.on phenomena can be applied
in many cases to provide information about wolecules
~nd reactions, often in biochemistry. We know that the
resonance peak or curve 1s directly related to the relax-
ation time through the width of the peak. If there are
no interfering ions, such as paramagneiic lons, then a
comparison of the line width under different conditions
will give a good indication of factors such as binding
sites on enzymes. For example, if an enzyme has three
parts which may be considered binding sites, an MNMR
spectrum may be taken, After a substrate is added to
the enzyme, by retaking the spectrum, we may be able
to see a definite change, - The resonance peak which is
assoclated with the binding site will have its relaxa-
tion time shortened so that the peak will be broadened.
This occurs since the substrate can preferentially affect
the relaxatidn at the binding site while not afrecting
nearly as much the rest of the molecule. By observing
the change in 1line width of the peaks on 2 suectrum,
we can determine which portion of the enzyme is binding
the substr-te. One example is the complex of L-Epine-

phrine and ATP, ‘'he molecule of epinephrine has two



major parts, a2 ring and a side-chain. <he INMR spectrum
of this compound was taken, After adding 0.1 Folar ATP
a second spectrum was taken., It was noticed that the
peaks involved with the ring were almost unchanged, while
those peaks associated with the side-chain were broadened
considerably., This tells us that trhe substrate is most
likely binding to a part of the side-chain, This pro-
cess may be extended to be even more specific and yield
more information about the binding between an enzyme
and substrate., *hese spectra are reproduced in the appen-
6 e

The relation of spin-lattice relaxation time to the
amount of substrate present is very specific. Oleg Jar-
detsky studied the affect of albumin, the substrate, on
penicillin, He varied the concentration of albumin from
O to 5%, and found the relaxation time 7, . A plot of
7, Vs. concentration of substrate proved linear for
several different runs. +his plot can also be found in
the appendix.

This paper has given only the introduction to the
theory of Nuclear Magnetic Resonance, and much remains
to be studied in this area., The apvlications are becom-
ing mire and more useful, and the area of relaxation
phenomena will prove extremely valuable in the future,
Through continued application of NMR, as well as a
study of the thecretical aspects, one can obtain a more

complete understanding of the NMR phenomena,
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DATA TABLE #1

Binding Curve #7 - pH = 5.0
£, S, S W D,L split
0.00175 M 0,0056 M 0.80 Hz 12,00 Hz
0.00175 0.0086 0.60 760
0.00175 00,0125 0.70 6,10
0. 00175 0.0158 0.60 4,85
0,00175 0.0208 0.60 590

Binding Curve #6 - pH = 5.5
5, S, Sw D,L split
0.00175 0.0050 1,00 14,10
0,00175 0.0071 1.20 10,60
0.00175 0,.0101 90 785
0.00175 0.0140 0.60 5.55
0.00175 0.0208 0.60 4,45

Binding Curve #18 - pH et
B S, S\r\/ D,L split
0.00175 0.0055 1.40 13.55
0.00175 0,0086 1.50 9.65
0,00175 0.0120 0.80 745
0.00175 0.0151 1,10 5.90
0.,00175 0,0201 Q.75 4.55



Binding Curve #3% - pH 6,0

E, S, S\ D,L split
0,00175 0,0035 1,50 17:57
0,00175 0.0075 1.30 10.30
0.00175 0,0108 1.25 6.70
0,00175 0,0121 0.30 6.60
0.00175 0,0131 0,50 582
0.00175 0.0210 0.10 3,66
0.00175 0,0226 0.00 %655
Binding Curve #20 - pH 6.0
E, S, 8w D,L split
0.00175 0.0058 1,40 12,60
0.00175 0,0123 0.80 6,80
0.00175 0.0155 0.55 5.10
0. 00175 0.0198 0.45 4,00
Binding Curve # 23 - pH = 6.2
B, 8, SW D,L split
0.00175 0.0060 - 15,35
0.00175 0.0088 1.70 9.35
0,00175 0,012% 1.30 7,40
0.00175 0,0156 1.10 6.35
0,00175 0,0185 1.05 4,85



Binding Curve #15 - pH = 6.5
E, S, Sw D,L split
0,00175 0.0058 e ke L
0.,00175 0.0090 1?5 10,50
000175 UeL1l% 1.95 8.50
0.,00175 0.015% 1.45 6,40
0.00175 0.0193 1,10 4,80

Binding Curve #25 - pH = 6.5
E S, S W D,L split
0.00175 0.0058 2,00 1%.25
0.,00175 0.0086 2.00 10,00
0.,00175 00,0116 1.85 8430
0.00175 00,0146 1,20 B35
0, 00175 0.0191 Us75 4,60

Binding Curve #9 - pH = 6.8
EO So 8\/\/ D,L split
0, 00175 0.0058 1.40 1. 25
0.00175 0,0083% 1,350 1250
0.00175 0.0113 1.30 9.45
0, 00175 00,0148 0.90 5:85
0.00175 0.0183% 0.80 4,65



Binding Curve #1% - pH = 6,8
E, S, S W D,L split
0.,00175 0.0050 1«35 14,35
0.00175 0.0078 1,85 10,45
0.00175 0.0128 0.85 740
0.00175 0.0148 0.80 6,15
0.00175 0.0181 0.80 Bed

Binding Curve #24 - pH ¥l
0.00175 0.0051 2,00 14,35
0.00175 0.0091 1.80 9.65
0.00175 0.0128 ¥e 30 el
0.00175 0.0151 1410 6,20
0.00175 0.0200 0.90 4.95

Binding Curve #4 - pH P el
- o T 3
E, S, Sw D, split
0.00175 0.003% 1450 19,28
0,00175 0.0066 150 10,98
0.,00175 0.,0100 0.65 84075
0.00175 0,0130 0,60 6.43%
0.00175 00155 0.45 He'?D



Binding Curve #12 - pH

E S, dwW D,& split
0,00175 0.0055 1.40 11.40
0,00175 0.0085 Y50 8e15
0.00175 0.0105 2415 6,95
0.00175 0.0160 075 4475
0.00175 0.0208 0.40 4,00
Binding Curve #10 - pH
E, S, 8\/\/ D,~ split
0.00175 G.0050 - 9«50
0.00175 0.0086 0.95 745
0.,00175 00125 0.60 5.80
0,00175 0.0158 0.55 4,85
Q.00175% 00205 0,50 % w5
Binding Curve #19 - pH = 7.5
£ S, SwW D,L split
000175 0.0088 1:10 9.20
04,00175 00116 1.350 74350
C.00175 0,0153 1,10 5.50
0.00175 0.0196 0,95 4,90



Binding Curve #11 - pH

E, S, S W D,L split
0.00175 0,0055 0.80 9.05
0.00175 0.,0088 1.00 6.50
0.00175 0,0116 0.65 5.20
0.,00175 0.0156 0.50 i 75
0.00175 0.0185 0.50 4,05



Binding Curve #

5
I
S
‘
9
10
11

12
1%

24
22

DATA TABLE

‘z':{ 2

1/T2 slope values

slope
9.54
6,41
4,46
1.49

Hz

intercept
0.5 Hgz
5% §

]
®
N

O () (@)
*
o F W

042
0.1
0.3
0e5

6.0
7.2
55
5.0
6.8
7¢5
8.0
72
6.8
6.5
6.4
5.7
7e5

Bad
Bud
7.0
6.5



DATA TABLE #3

D,L splitting Farameter Values

Binding Curve # slope intercept pH
% 87.6 Hz 3.1 Hz 6.0
4 38,7 4.5 762
5 4549 0.0 8.0
S) 82,0 2o 5.5
7 70.2 1:5 5.0
8 78.0 2ol 6.5
9 85.0 1.6 6.8

10 45.9 0.7 75
1.1 46,3 0,2 8.0
12 ol .4 0.8 7.2
15 79.3 1.5 6.8
15 97.8 2.8 6.5
18 8%.7 1.9 De7
19 69.1 0.6 75
20 82.5 23 Gl
2% B2t 1.6 6,2
24 7849 1.1 740
25 82 » 5 1.6 6.5
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