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ABSTRACT 

The complex formed b~ the interaction of N-tr~fluoro­

acetyl-D,L-tryptophan with the enzyme alpha-chymotrypsin 

was studie4. using nuclear magnetic resonance spectros-

The effect of the comple~J formation on the fluor-
\ •• · , • r\· • 

ine spe;ctra of the D-isom~r of the inhibitor 153 gu:i,. te 

distiI}C~,. while no change is\ apparent with the !})!:'"isomer. 

The D''":"isomer appea,red to be bo~~d much rnore _tightly 

than was the ;_ L~-i$omer. These, result~) were.: .obtained 

through studia~ of the change in line width of the res­

op.ap.ce peak, and aJ,}so stuqies of·tb.e downfield shift of 

the D-isomer re$onance signal! It was shown that .the 

D-isomer was sufficiently. strongly bounct to shorten 

the relaxation time by , a factor of ten, and to incre~se 

the relative chemical shift of the P-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 nuc1ei on these compounds. 

Thi~ technique, 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 meas­

ured by line widths). These two parameters are both 

affected, and reflect different characteristics of the 

enzyme-inhibitor interaction. Thus, both are valuable 

para~eters for study. 

Background. 

The nuclear magnetic resonance phenomenon depends 
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on the fact that protons, and certain other nuclei, 

have quantized spin _ states. These states are charac­

terized by the magnetic quantum number Ms' and each 

state has a different energy in a magnetic field of 

magnitude H
0

• These energies aFe given by: 

I. E ~ M • H • Y 5 0 
where Y is the magneto .. gyria ratio for the partic-

ular nuclei. Transitions can occur between the energy 

states, accompanied by absorbtion of energy. Since these 

states are quantized, transition can only occur at 

certain energies, corresponding 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 resonance 

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: 

2. V =-M 
0 

T1 is the 
I +Tf[w-wJ 2 + Y~H2•½·1 

"spin-lattice" or longitudinal relaxation ti~e, 



-4-

while T2 is the "spin-spin" or transverse relaxation 

time. T1 is the measure of how loni 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 order 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. 

J I/ T 'Tr· 8 w 
2 

where 8w 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-

Nious orientation in solution. Figure #1 shows the re­

:1ation between correlation time and the relaxation times 

for hydrogen. (For a more complete description of the 

:'NMR phenomenon, see Append ix 1. ) 

The NMR phenomenon can be applied to man;y systems, 

including those of biological imp0rtance. One such sys­

tem is the enzyme-substrate, or enzyme-inhibitor system. 
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Tc (sec) 

FIGURE 1 

Variation of Relaxation Times with Correlation Time 
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This interaction may be characterized by the equilibria 

E + s ( K, ) E s ( ) E p ( ~ E + p 
K_, 

or 

E+ISEr K_, 
Since the magnetic environment is different at the ac-

tive site of the enzyme, relative to s:olution, NMR is 

a.· powerful technique. Generally, certain nuclei of 

the substrate or inhibitor are studied, and the inter­

action i~ 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 

where the rate constants k1 and k_1 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 
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exchange rate is 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 

where 6 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. 

until 

However, as the mean lifetime decreases 

then the exchange rate is s,ufficiently 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. ihe positions 6f absorbtion, and also 

of the relaxation times, and hence of the line widths. 

Two parameters measure the effect of enzyme-inhibi­

tor interactions in NMR spectroscopy. The first para­

meter is O . This value 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. 6 is the second parameter 
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characterizing the interaction. , This guanti ty, also known 

as the slope, is the value which 8 ' would take if all 

of the substrate present were complexed; i.e. this para­

meter characterizes the magnetic environment HB. The 

pH dependence of 6 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 

inter~ction 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. nlso, di­

pole-dipole interactions may have soTe 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. 

"ao 

~--<:F, 

This particular inhibitor has several advantages for 

study. Gerig and co-workers1 have demonstrated that 

the amino acid D,L-tryptophan interacts strongly with 

the enzyme alpha-chy~otrypsin, so we would expect the 

trifluoroacetyl derivative to do so also. Secondly, 



the substance exists as two isomers, D and L-tryptophan. 

Previous studies with D and L isomers2 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 deihielding of the trifluoroacetyl group of the 

D-isomer, and causes a downfield shift of the resonance 

signal. Histidine 57 ~s 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 

0 
NH

2 

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 s olution, due to the 

addition of the enzyme. Thus, the study of the enzyme­

substrate system can be reduced to the study of the 

splitting of the D and L-isorner signals, and the change· 

in the line width of the D-isomer signal relative to 

the signal of the L-isomer. 

The trifluoroacetyl derivative is used, so that 

fluorine resonances may be studied rather than the pro­

ton resonances. The advantage of this is twofold. First, 

the fluorine nuclei ar·e much · more sensitive to the small 

changes in magnetic environments than are protons, so 

that the effect oh 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 ls 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 molecul~. 
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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 CW 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 O and 6 which were introduced 

earlier. • If we take E
0 

and S
0

, as the initial concen­

trations of the enzyme and the substrate, and ES as 

the amount of enzyme-substrate· complex, there is the 

relationship 

4. ES = _Q__s 
6 0 

This can be justified if we refer back to page 6, where 

8 was given as the average of the two magnetic envi­

ronments, appropriately weighted for relative popula­

tions, and 6 was the value of 8 if all the substrate 

present were in the form of enzyme-substrate complex. 

From this relationship, expressions for E and Scan be 

found, which are the concentrations of free enzyme and 

free substrate at equilibrium: 

5A. 

5s. 

E­
s = 

E-Es-E-o 0 

S
0

- ES = s
0
-· 

There is also the expression for the dissociation con-

stant for the system: 

6. K s 
E·S 
ES 
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Combining the above relationships, a quadratic equation 

can be derived for ES, as a function of E
0

, S, and K, 
0 S 

all of which are measureable quantities; 

7 + E S =. 0 
0 0 

This equation may be solved, using the general solution 

for a quadratic equation. For each data point, eonsist­

ing of E
0

, S
O

, and O , we can now· plot ES/S
O 

versus 8 . 
From equation 4, we see that the slope of this plot, 

using a least squares fit, is, 6 .Also associated with 

this value is a least squares error. However, all of 

the above calc0lations ·assume a value for K. 
s 

There are several methods which may be used in as-

suming a value of K
8

• One technique is to use a com­

puter program which calculates 6 and the least square 

error in 6 , using the above method, for each value 

of K
8

, from Ks= 10-9 Molar, to K
8 

= 101 Molar. The 

value of Ks which yields the smallest least square 

error between the observe-d values of c" and the values 

of 8 calculated from equation 4 is taken to be the 

value of K at this pH. 
s 

Another technique is to assume a very simple de-

pendence of Ks on pH. In one case, a constant value of 

K was used throughout. An equilibrium dialysis was 
s 

done by Johnson and Knowles3, who arrived at the value 

of 2 ~ 1 x 10-3 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 K is 3.16 x 10-3 M. 
s ·, 

Both methods of assuming Ks may be used, and from Ks' 

a value of 6 can be found. 

Results 

The most qualitative results are demonstrated by 

the comparison of t he spe ctrum 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 s1'ightly 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 increase significantly. How­

ever, the peak corresponding to the D-isorner shifted 

downfield by a substantial amount; when S = 0.0050 
0 

moles/liter, the shift was 13.5 Hertz. At high sub-

strate concentrations, S
0 

= 0.0200 m/1, 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 S
0 

= 

0.0050 m/1, the difference between t he line widths 

of the D and L-isorner 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 #1, in the 

appendix, gi.V(3S all of the individual data points-



FIGURE 10 
A 

Zero Enzyme Concentration 

B 

High Substrate Concentration, with Enzyme 

C 

Low Substrate Concentration, with Enzyme 



E
0

, S
0

, 8W, and d,l splitting-for all binding curves. 

The quantitative study was divided into two sec­

tions; namely, the relaxation time results and the D,L 

splitting results. In the pn range from 5.0 to 8.0, 

about 20 binding curves ~ere run; at some pH values, 

several binding curves were run. throughout the runs, 

the enzyme concentration remained constant. The un­

corrected concentration of the enzyme was 0.0025 moles/ 

liter. However, to obtain this value, we assume that 

the enzyme is one hundred per cent active, which was 

not true. Titrations were run to find the actual ac-
> 

tivity of the enzyme. The results were constant, at 

about 70% activity. When we took this into considera­

tion, the corFected concentration of the enzyme, E
0

, 

became 0.00175 m/1. 
,, 

In a binding curve, at a fixed pH, from 5 to 7 

data po~nts were taken, each with a different sub­

strate ~oncentration. The substrate concentrations, 

or actually the concentrations of the D-isomer, ranged 

from 0.0050 to 0.0200 m/1. 

The value of the overall parameter 6 for the 1 ine 

width broadening was calculated at each of the pH values, 

and where applicable, an average of 6 for several 

binding curves was taken. If we assuGe the equilibrium 

constant to be K ~ 3.16 x : lo-3 M., then there is a s > 

smooth curve in plotting 6 against pH (see Figure #2). 
-1 The maximum value of the slope was 12.9 sec. , at pH 
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6.4. The shape of the plot was a very sharp rise, to 

the r.1aximum, and then a sharp decline; rising from a 

slope of 1.3 Hz. at pH 5.0, and dropping from the max­

imum to 3.7 Hz at pH 8.0. 

The parameter 6 has a direct relationship to the 

relaxation time T2 .. This relationship is ( see Eqn. 3) 

From this, T2 can be plotted versus pH, or ,r. T2 versus 

pH. This figure, #3, shows a sharp mimimum at pH 6.4, 

and at this point the relaxation time is approximately 

0.03 seconds. All of these results for T2 , however, 

were calculated assuming that Ks= 3.16 x 10-3 M. 

The computer arrived at different values for the 

value of K and of the slope. In the search for the 
s 

K which yielded the minimum error in the slope, the s 

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 

of 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 K
8 

of 1.0 M. This slope yields a 

relaxation time of 1.7 x 10-5 seconds. From the or-

der of magnitude of these value~, w~ su~gest that the 

computer did not fin~ the right values for Ks, and, as 

a result, found extremely high values for the slope 6. 
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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 deterffi ined to be much faster than this, on the or-

-8 der of 10 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 K. The compu­
s 

ter sought the value of K which gave the smallest least 
' ,s 

square error in the slope. For the D,L splitting, this 

minimum was sharp and distinct. However, for the re-
- . 

laxation time results, 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 minimum, the computer could not 

find a consistent Ks• In figure #11, both of the error 

versus Log Ks are shown, and fro!, 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 = 10-9 M. One of these plots is shown 
s 

in Figure #5. If the baseline is plotted against pH, 

(see Figure #6), the shape of the plot is just that of 
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the slope versus pH plots. The magnitude of the base­

line is lower than the slope at eaci pH, but the sh~pe 

is identical, which suggests that the baseline is also 

a valid quantity for qualitative examination. So, the 

shapes of all three plots-slope (computer K) vs pH, 
s 

slope (constant K
8

) vs pH, and slope (Ks= 10-9 M.) vs 

pH-are the same. Since, from equilibrium dialysis, 

-3 Ks appears to be approximately 3 x 10 M., the assump-

tion that Ks= 3.16 x 10-3 should introduce no quali­

tative error into the results, and only a very small 

percentage error in the quantitative results. 

The calculations were also made using the D,L split­

ting data and 6. parame·ter. The plot of slope versus 

pH, assuming a constant Ks of 3.16 x 10-3 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 maximum 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 l/T2 versus pH plot, there 

is a very sharp increase over this pH range. However, 

for the D,L splitting, there is just 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 K were dependent on pH, al-
s 

though the values selected were near the .equilibrium 

dialysis value. The computer range for K was from 
s 

-3 -3 ( ) 1.0 x 10 M., to 7.0 x 10 M. see figure #8. The 

assumed value of 3.16 x 10-3 M falls in the middle of 

this range. Since the selected values were close to 

the assumed value of K
5

, the computer values for the 

slope wer~ 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 

only differed by the value of the baseline, K = 10-9 M. 
s 

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
9 

= 3.16 x 10-3 M. 

The value of the int~rcept in the computer plot of 

ES/S
0 

versus 8 is another quantity which needs consid­

e-ration. This plot is linear with a slope equal to 6 . 
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,L 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 Ks= 3.16 x 10-3 Mare the 

values studied. From tables #2 and #3, we can see that 

the intercepts are within the experimental error value 

which 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 problem. 

This is to include the origin as one of the data points 

whe·n the computer is analyzing the data, and finding 

the value of the slope. This procedure can be justi­

fied in tha t 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 K more difficult, and the more accurate K s s 
would be selected. Inherent 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 exc ellent 

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-
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perimentally assigned error, the differences in the 

slopes in these two methods should nbt be large. Five 

binding curves were analyzed again, this time including 

the origin. The result was e consistent s hift 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 

< > 

I 
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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-nitrogen 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: 

1/"G 

7.-f 
The half-height of this curve would occur near pH 7.4, 

for this pH value is the pKa of the imidazole group. 

At this ph, 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/T2 slope, and increase the relaxa­

tion times. One factor may be confor,'.; ational 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 applied to the results 

for 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. 1l'his 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, there 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~L splitting slope in the 

PH 6 8 range .5 to .o. 
An imperfect fit of the substrate in the enzyme 

at lower pH values would hold the substrate further away 

f±om : 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 lo v..-er pH values affects the relaxation times 

more than the D,L splittings. Other factors may also 

have some e·ffect 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-



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 variables 

considered. The maximum effect o-ccurred at pH 6.4 

for both variables; at this point the relaxation 

time was 0.03 seconds, and 6 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 chyrnotrypsin, 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 the substrate is a 

factor in the line broadening. ~hese 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 

Samples 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 valuei. 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 be.tween 

each of the samples, and is reflected in the fact that 

trie 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 ml) was added dropwise over several minutes. This 

addition was accoxpanied 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, 
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and the water removed by suction. The precipitate was 

then recrystallized from 100 ml of hot toluene, forming 

long, white needles. Yield: 0.63 gram, 44%. :Me,lting 

point: 154-155°C, sharp, with no residue. Spectra 

with and without e·nzyme were identical to those of 

the substli'ate previously used. 

D,L splitting and changes in line width wer& 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 to 0.4 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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RELAXATI OI'-i PHENOMENA I N NUCLEAR fv'iAGNE 'r IC RESONANCE 

Nucle a r ma gnetic resonance pheno~ena ( NMR ) in many 

compounds is an important field which the chemist may ap­

ply to his work. This re port on NMR has been done within 

the context of a course Ch 81 - top ics in chemistry. The 

goal has been a working knowled ge of N~R and a more 

thorough grounding in rel axa tion phenomena, and to study 

the me ans by which relaxation has been app lied to re­

search in enzymes and macromolecules. 

The concept of NMR encompasses many principles, and 

me ans of ap □lying the theory. NPR may be a pproa ched from 

the viewpoint of the chemical shift of the resonance peaks, 

of spin-spin interactions o·f the ma gnetic nuclei, or of 

relaxation phenomena. This paper takes t he latter view­

point. However, the ov erall t h eory of NfR is n e cessary 

as a foundation for t he s pecific application of relaxa­

tion phenomena. 

~he basis for t he t h e ory of N~R i s t he conc ep t of 

spin of nuclei. Bec a u se nuclei have spin, as well as 

charge, each nuclei then has a ma gnetic moment.. This 

magnetic mome nt, set up by the nuclear spin is g iven by: 

~c-= o(rt ) 

I n this expression, J:. is the nuclear spin, and )f is the 

magne to gyric r a tio for t he nucleus. The quantity .:rt 

is the largest v a lue of angular momentum which t h e nu­

cleus is a llow ed to have. The ang ul a r momentum is al­

lowed values from + r to -:t: , so that t he magnetic mom ent 

will h ave zz-1-1 distinct v a lu e s or s tate s. It is t h e tran-

-1-



sitions between the se states whic h provide t he basis for 

NMR . In a uniform magnetic field, t hese allowable values 

for the magnetic mome.n t become a system of energ, levels, 

given by: 

where llo is the magnetic field in the +z direction. i;J i th 

2z~ 1 ori entations of t he magnetic moment, there are simi-

1 1 '.7 ..,.. _L 1 1 • th 1 • f . ..:::< 110 ar y £._..,/.. .-1 energ;y eve s, wi equa spacing o ,L.. • L' or 

the simplest case, that of I = ; , we have energ,y levels 

of,....Lc4 and ~j~ . FER measures thi s energJ differences 

between levels, since we als o know that £';;/,JC. By vary ing 

either /i0 or I{;' , we can determine the energy of ihe tran­

sitions between t he possible states. 

However, within a molecule, not all of the nuclei 

feel the same field. This is due to dipole interactions 

between the nuclei, wh ic h contributes to fue total field, 

and screening effects of the surrounding electrons of 

each nucleus. Together, these factors create a slightly 

different effective field at eac h different nucleus} and 

due to this, the energy l evels are just sligh tly differ­

ent for different nuclei. ~he final result is that tran­

sitions for one nucleus do not occur a t t he same energies 

as do-those of anothe r nucleus. So, ©nan NMR spectrum ~ 
a... pu/ /..(./{..f,A,1,.,1 • 

of such a mo lec ule, 1tle will see m,:j r e than one peak-~ 
™r,i4.44~ 

peak f ~r each d if feren t;1 energ-z, . G±--t-P-afrS,i-474:-e.n,. 
1
l

1he sep-

arati on of these peaks on a spectrum is known as a chem­

ical shift, and is one viewpoint fro m which N/R may be 

a pproached. 

Nuclei with i n a mol ecule d iff er in another way . This 



is known as spin-spin interaction: 

r == r-r: / 2. / ~ -

for two nuclei, #1 and #2. These s p ins are coupled from 

nucleus to nucleus by the bonds whic h connect them, di­

rectly or indirectly. For exam ple, a methyl group has 

thre e hyd rogen nu c lei, and has four possible different 

arra ngements of spin , with total angul ar momentum of 

¾, -i. -/2 - ¾ uni ts of -n . A n e arby nucleus will feel 
✓ _; 

fo ur different fie l d s at various times, so that the ex-

pe c ted peak is sp l i t into four peaks - slightly separ- , _ <>I f 
r " . ht/At ~{/(;ut.t ,,';,,t,(,1,d, ,e, . ~ }&,,(H!kt.,a d-t. iM'..(i.,.,. I 

rated. I here are three ways to form- angular JIJnomentum 

of -f. or --{ , while one way to form f or - 3
• 

2. 
So, the 

peaks corresponding to ±~ have thre e times the ampli­

tude of those corresponding to the methyl group with 

angular momentum of ±; . fhis is the nature of spin­

spin interactions and the e ~fect of spin-spin splitting 

of resonance peaks. 

We should now look at the actual process by wh ich 

t he abs orbt i on of energ; occurs at resonance. When a 

nuc l eus with magneti c moment i s in a static ma gnetic 

field, t h e field causes the magnetic mo me n t to pre cess 

about the axis of the ma gne tic field •. The frequency of 

this precession, known a s t h e Larm 0r ang ular frequency 

is: 

Th is freque n cy is v ,~ ry i mp ortan t for t h is is t he frequency 

which is matched to cause resonance. Once this magn e tic 

moment is p r e cessing ab out t he z axi s , we apply a s e cond 
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ma gnetic field, much smaller in magnitude. This is in 

the xy plane, and is a rotating f i eld about the z axis. 

This se condary field creates a torque on the ma gnetic 

moment, attempting to 11 pull' 1 it into another orienta­

tion, s o as to fli p the spin over. However, unless 

t h is field is rot a ting at the identical frequency aB 

the precession of the magnetic mome n t (i.e. the Larrnor 

frequency), the rota ting field is g oing in and out of 

phaBe so rapidly that the torque on the magnetic moment 

is not sign i fi c ant . However, when the two frequencies 

just mat ch, so that the r otating field is just at t ~e 

Larmor frequency, t h e two are continually in phase and 

there is a l arge, constant torque on the ma gnetic moment. 

This causes i t to oscillate rap idly with g r eat a mplitude. 

Th is p r ocess requires energy , whi c h the rotating field 

provides, and t h is is the ene r gy absorbtion at resonance. 

The ene r gy a bsorbtion is r e corded as the frequency of 

t he rot a ting field is varied ove r a large range. 

It is, howev e r, difficult to apply a r o tating field 

in the xy plane. Another way to c a use the same field is 

to apply a ma gnet ic field in a fixed direction, such 

as on the x axis, and vary t h is f i eld sinusoidally. 

Th e sinu s oidal field c a n be bro ken into two components, 

both of which a re rotating field vectors, one clockwise 

and the other counterclockwise a bout t h e z axis. One, 

due to si gn, has l i ttle affe ct on t he resonance, for 

it is in phase only once every fu l l rotation. This, for 

t h e mos t part, is a classical treat : e n t of t h e a bsorb­

ti on phenomena. If we use a qua n tum me chan ical tre 8 t-



me n t, we arrive at equivalent results for a spin ~ nu­

cleus. In this treatment, the probab il ity of a transi­

tion is derived as a function of the La rmor frequency 

and the rotating field frequency. ~his prob ability is: 

~ ( + ➔ - ) = { ~-Jz. $2-t.vJ z. S/-v z. {¥( ( t.,t. ~ t--f- ~ Bz.. \ %] /- -;_;' --1- ~·- 8 ,.,_, ,.v J 

where e, is the angle the resultant field makes with the 

static field, and wo is the Larmor frequency. Th is .:;i ves 

a resonance a s lo approa ches w 0 • In either case, we 

have resonance occuring when t he rot a ting field in the 
.,,,...-·_.--· -·--........ ... ~ 

xy plane i~~act~all~ the Larmor frequency, and in the 

same direc tion . 

This absorb tion of energy will occur at the Larmor 

frequency, c aus i ng a resonance peak with a finite line 

wid t h . ~his line wi dth is de t ermined by seve r al factors, 

one of which is known as the spin-lattice re l axation time. 

Th i s characteristic time is a measure of how rapidly other 

d e grees of mole c ular free d om can induc e transitions be­

tween the sta t es. This affe ct, with others, causes the 

states to have a finite lifetime. Th e mean lifetime of 

a state is just the sp in-latt ice relaxation time. There 

are seve ral me ch a n isms by whic h spin-lattice relaxation 

can occur; t hese will be di s cuss ed late r. Other f a ctors 

can also account for the line wid th, althou gh the spin­

lattice relaxation factor is a lways pre sent. One factor 

is spontaneous emis s ion of energy, c a using a transition. 

Bloembergen estimates a lifet i3e from this af f ect of about 

1019 years! This f a ctor is ne glig ible compa red with the 
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other factors dete rm i ning li f etime. A t nird f a ctor is 

another t y ~e of relaxat i on-spin-spin relaxation . Tt is 

results from interacti ons of magnetic moments from var­

ious nuclei, so that there is a transfer of spin between 

two nu clei. However, in thi s process, t here is no net 

change in t he ene r gy of the system. This process also 

leads to a finite lifet i me, but is not alway s important 

in comparison to spin-lattice relaxation, except in crys­

tals, where positions are fixed. For nuclei with s p in 
I 

greater than z , t here is also the affect of electric 

qu adru pole interactions whic h can cause transitions be­

tween states. ~he line wi dth, then, is a measure of the 

lifetime of a sta te involved in the absorbtion of ene r gy 

and re sonance, and i s de t e r mined by sever a l f a ctors, the 

mo s t im portant of whic h is genera l l y spin-lat t ice relax­

ation. 

A se t of equations wh i ch applied to the resonance 

phenomena w8 s derived by b1o ch. These, known as the 

Bloch formul a tion, concentrate on the rate of change of 

the tot a l magnetic moment, and its component along each 

of t he coordina te axe s. 

d"f r7) =- - 'tr ( r-7 x. 1-1) 
a:' z-.-

Thi s e quation i s broken i nto comp onents, and then the 

contributions fro m the rota ting fie ld are add ed, so that 

we get the compl e te e qu a ti ons ,in te:ms of t he r e l axation 

times, t he magnetic moments, and the magne tic fields. 

These complete equat i cns are: 
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'l"fhere -r, i s t h e spin-l a ttice relaxat ion time and ~ is 

1----.:-1 

I\ ,, . 
, I ' ·, 
'\1 .• f'-

These eq uations, however, Jr• J the spin-spin relaxation time. 

are easier to so lve is we make a change of vari able, and --- ;; k_, 

se t: 

\-le c an t h e n solve for u.. , v and nr i n a s t ead y sta te case, 

which sets all of the t ime derivatives to zero, so t hat 

t he equations a re readily s olved . The solutions are : 
,V-, ~ fl; r, Z ( L-U - cu,,..) c.;::_ == / - ✓o • ~ 

\/ = -/v7 . tll,~ 
, /,:" z. ·z 

If- TzYcuo~-"0 -f-t /12 1;:7;_ 

These solution s to the Bloch equ a tions can g ive us the 

s hapes of the resonance peaks for NMR . The r e are actually 

two su c h peaks, t he absorbti on mode fro m the v a riable v 

and the dispersion mode fro m the v ari able u... • From these 

solut i ons, with some man i pul a tion, we c an s e e the ~ffect 

of ea c h of the relaxa tion times on t h e line- shape s of t he ·,;/\.,"/ 

peaks. The size of ~ , t j e s pin-lat t ice relaxation time, 

is general ly l a r ger than ~ ' so that its affe ct is much 

greater. By studying t h e spin-l att ice relaxa tion time 

i n more detail, we can ge t add itional i nformation from 

s pe ctra about the nature of the sampl es. 

The relaxa tion time i s a measure of t he lifet ime of 

a s t a te-how rap idly it c an interact with other molecules 

to c a u se a transition from t hat s tate. At th is po int, 

we will confine ourse lves t o a n ucleus of s p in -f , for 

this has only a nu c lear magn e tic mom ent associa ted with 
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its s p in. Because t h e nucleus ha s only a magnetic moment, 

it can intera ct only with magnetic fields from e xternal 

sources, i nclud ing other nuclei. These may be either with­

in the s ame mc lecule, or n uclei in other molecules. ~his 

interaction with othe r magneti c moments h a s the final af­

fect of creating lo cal magnetic fields near the magne tic 

moment in question. These local fields, regardless of 

source, VRry gr eatly due to thermal motion and other d e­

gr e es of molecul ar freedom. As the local field v a ries , 

the total field at that nucleus will likewise vary, which 

in turn varies the La rmor f requency. As t h is frequency 

varies, it will eventual l y match the applied, rotating 

field, and will cause a trans ition from t h e orig inal 

sta te. By varying t h e local field t h rough in tera c tions 

with nearby n uclei, trans.itions can b e caused b a ck down 

to t he lower state, so that rel axat ion can affect or de­

termine t h e life time of the upper ~ate. 

There are several me chan isms by whic h a magne tic 

moment ma y interact with a nearby nu c leus. ~he first 

is magnetic dip ole i nteraction. By t h is ~e ch a n ism, the 

local fields a re c a used b y othe r magnetic moments, f rom 

two sources. Th e firs t source are magne tic moments lo­

c a ted within t he s a me molecule. ~hese nuclei are a t a 

f ixed d istance, but t here are ~any p oss ible orienta tions. 

The relaxa tion tim e c an be de ter~ ~ned in terms of the ro­

tational mot ion of the mo l e cule. ~his , i n t urn, can be 

found b y us ing t he mode l of t he mo l e cule as a sphere in 

a vi s cous liquid. ~h is model i s not perfect, but works 



quite well within experimental measurements. We find 

for t hi s contr i but i on 

(+) ::: 
I /A/r.l:_.q 

to the relaxat i on time, 
3~-2..,~ 

Z7r11c.1..., "VI o 

h 6 1<T 

where ·? is the viscos ity of t he so l ution in poise , h 

is the fixed distanc e of nu clear separation, and~ is 

t he r ad i us of the s phe re i n our model. Approxima ting 
I 

t he values, we ge t a v a lu e for r. of o .. 26 sGc.-: 
; 

Simil a rly , the affe ct fr om nuclei associated with 

other mo lecules can be fo und. I n t h i s case, t he dis­

tanc e s are n ot fixed. ~h is case is treat ed as a dif­

fusion process by sev e ral au t hors, i n c lud ing Bloemberg en, 

Purcell and Pound. this c ontribution t o the r e l axa tion 

time can be found i n te rms of t h e diffusion constant of 

t he l i quid, and t hen in t e r ms of the vi s c os ity, just a s 

for t he intramole cul ar c ontribution. ~his intermolec­

u l a r contr ibu tion is: 
31r.._r4-t..."Lo/ /¼ 

KT 

All of the above ap pl :i;_,~.s· to molecule s with two a pplicable 
(./ 

nuclei, su ch a s wate r, ~but thi s can be a pplied to larger, 

more 

For a nu cleus 11 i 11
, the sum ov e r II j II are t hos e nuc le .~ of 

the same species, wh i le t he sum over 11 f 11 are t hose nu­

clei n ot of t he same s pecies. 

-he se rel a tions have b een s ·own to h o ld quite well 

experimentally, i n work by Bl oe mbe r gen, Purcell a nd Pound. 
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The,y plotted the s p i n-l a ttice rel a x a tion time -r; vs. t h e 

quant ity o/r , v,rhere 7 is the vi s cosity and r is the 

temperature. Th is was done for ethyl alcohol und er v a ry­

ing conditions, a nd the plot wa s found to be line ar as 

expected. This plot is in the append ix to this rep ort, 

and confirms the a ffect of di ~ole interactions in relax­

ation phenomena. 

~he r e is another source of relaxation in s om e solu­

tions-parama gnetic ions. Th e paramagnetic substan c e has 

at l e ast one unpaired electron, wh i ch can contribute a 

magnetic field to the local field since there is not a 

canc e l l i ng field fro m the opposite-spin paired electron. 

This magnetic fiel d fluctu a tes, a nd can cause transitions 

similar to dipole intera ctions. ~he 2 ajor d i f f e renc e is 

a mean square nuclear moment in the expression for -r; , 

yielding t h e following expression for the contribution 

to the relaxation time from param a gnetism: 
I 4-Jr 2 Y ~ 1 N~ ~,,,..~,,. 

- I 

This contribution can also be ob s erved experimentally, 

which was d ~ne by the above authors. They varied the 

concentration of pa ramagnetic ions in solution and re­

corded the rel axation tim e for each run. In a plot of 

these quantities, the result is quite linear, v e rifying 

the above expression. Th is plot is also in t h e a ppendix. 

There i s a final contribution to spin-lattice rel ax­

ation time in s p i n ~ nuclei. This results from aniso­

tropic s h ieldin g of t h e magnetic field by the electrons. 
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The electrons surrounding a nucleus will shield it to 

som e d e gre e f 1· 0 □ t he spplied magne tic fi e l ds . If this 

shielding is not uniform, t hen ele ctron s wil l form an 

electron curren t, and froT these currents, magnetic fields. 

These fields can t hen cause trans itions in a manne r simi­

lar to dip ole-dip ole inte ractions. ihe major d ifferen ce 

is that t h is contribution is dependent on the external 

magnetic field, while the other contributions are not. 

The actual relation has b een derived, and is k n own as the 

McConnell-Holm f ormula: 

' 2. Y 1-~ z.. ( c:::) er)' :re 
-r :::;:;;;-
// 

where(.o rj is related to the differences in shielding in 

directions perpendicular and parallel to the axis of 

symmetry, and J,c is the correlation time ju s t as with 

inter and intramolecul a r relaxation. Thus, t i is contri­

bution is p ro portional to the inverse of the sq uare of the 

apulied magnetic fieldr 

i For nuclei with spin greater than 2-, we also have 

relaxation from electric quad rup ole i nte ractions. In 

these cases, electric quadrupoles of nuclei interact 

to c a use trans i ti ons analog ous to the magnetic dinole 

i nte ract ions. 

The se are the major causes of transitions between 

states due to spin-la t tice relaxation. these include 

magne tic dip ole interactions, se condary magnetic fields 

from unpaired electrons in paramagne tic substances, 

and an isotropic electron shielding of the ap nlied magn e tic 



field. ~he local magnetic fields from ea c h source v ary 

rapidly in frequency and am olitude, and can cause tran­

sitions between states. These transitions contribute 

t o the finite lifetime of a sts te involved in the reson­

ance phenomena, and to the line width of t he absorbtion 

peak due to the resonance. 

The t eory of relaxati 0n phenomena can be applied 

in many cases to provide information about rr olecules 

And reactions, often in biochemistry. We know that t h e 

resonance peak or curve is directly related to the relax­

ation time through the width of the peak. If there are 

no interfering ions, such as paramagnetic ions, then a 

comparison of t he line width under d ifferent c ond itions 

will g ive a good indication of factors such as binding 

sites on enzymes. For example, if an enzyme has three 

p arts which may be considered binding sites, an NMR 

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 

associated with the binding site will have i ts relaxa­

tion time shortened so that the peak will be broadened. 

This occurs since t he substrate can preferentially affect 

the relaxation at the binding site while not af r ecting 

nearly as much the rest of t h e molecule. by observing 

the ch ange i n l i ne width of the peaks on a s ~: ectrum, 

~e can determine wh i ch portion of the enzyme is binding 

t he substr~te. One examnle is the com plex of L-Epine­

phrine and ATP . the molecul e of epinephrine has two 
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major parts, a ring and a side-chain. ~he NMR s pectrum 

of t h is comp ound was taken. Af ter adding 0.1 Molar ATP , 

a second spectrum was taken. It was noticed t ha t the 

peaks involved with the ring were almos t unchanged, while 

those peaks associated with the side-chain were broadened 

considerably. This tells us that t t e substrate is most 

likely binding to a part of the side-chain. This pro­

cess may be exte nded to be even more specific and yield 

more information about the binding bet~een an enzyme 

and substrate. ·~hese spectra are reproduced in the appen-

dix. 

ihe relation of spin-lattice relaxati on time to the 

amo unt of substrate present is very specific. Oleg Jar­

d etsky studied the affect of albumin, the substra te, on 

penicillin. He varied the concentration of albumin from 

0 to 5%, and found the relaxation time~. A plot of 

0 vs. concentra tion of substrate proved linear for 

several different runs. ~his plot can also b e found in 

the append ix. 

This paper has g ive n only the introduction to the 

theory of Nuclear Magnetic Re sonance, and much remains 

to be studied in this a rea. The a pulications are becom­

ing m,.re and more useful, and the area of relaxation 

phenomena will prove extremely valuable in the future. 

Through continued ap plication of NM R, as well as a 

study of the the oretical aspects, one can obtain a more 

com pl e te understanding of the NrR phenom ena. 
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DATA TABLE f; l 

Binding Cu rve #7 - pH = 5.0 

E s OW D,L split 
0 0 

0.00175 M 0.0056 M 0.80 Hz 12.00 Hz 

0.00175 0.0086 0.60 7. 60 

0.00175 0.0125 0.70 6.10 

0.00175 0.0158 0.60 4.85 

0.00175 0.0208 0.60 3.90 

Binding Curve #6 - pH = 5.,5 

E s OW D,L split 
0 0 

0.00175 0.0050 1. 00 14.10 

0.00175 0.0071 1.20 10.60 

0.00175 0.0101 0.90 7.85 

0.00175 0.014 0 0.60 5.55 

0.00175 0.0208 0.60 4.45 

Binding Curve #18 - pH = 5.7 

Eo s 
0 ow 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 7.45 

0.00175 0.0151 1.10 5.90 

0.00175 0.0201 0.75 4.55 



Binding Curve #3 - pH 6.0 

E s 8w D ,L -split 
0 0 

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 5.82 

0.00175 0.0210 0.10 3. 66 

0.00175 0.0226 o.oo 3.35 

Binding Curve #20 - pH = 6.0 

E s CW D,L split 
0 0 

0.00175 0.0058 1.40 12.60 

0.00175 0.0123 o. so 6.80 

0.0017 5 0.0155 0.55 5.10 

0.00175 0.0198 0.45 4.00 

Binding Curve ii 23 - pH = 6.2 ,, 

Eo s 8w D,L split 
0 

0.00175 0.0060 13.35 

0.00175 0.0088 1.70 9.35 

0.00175 0.0123 1.30 7.40 

0.00175 0.0156 1.10 6.35 

0.00175 0.01 8 5 1.05 4. 8 5 



Binding Curve #15 - pH = 6.5 

E s 8w D, L split 
0 0 

0.00175 0.0058 2.25 1 5.05 

0. 00175 0.0090 1.75 10. 50 

0.00175 0.0115 1.95 8.30 

0. 0017 5 0.0153 1.4-5 6.4-0 

0.00175 0. 01 93 1.10 4.80 

Binding Curve #2 5 - pH = 6.5 

E so ow D, L split 
0 

0.00175 0.0058 2.00 1 3 . 2 5 

0.00175 0.0086 2.00 10.00 

0.00175 0.0116 1. 85 8,30 

0. 00175 0.014-6 1.20 6 .35 

0.00175 0.0191 0.75 4-.60 

Binding Cur ve #9 - pH = 6.8 

E s ow D,L split 
0 0 

0.00175 0.0058 1.40 12.55 

0.00175 0.0083 1.30 1 2 . 30 

0.00175 0.0113 1.30 9 .4-5 

0.00175 0.0148 0.90 5.85 

0.00175 0.0183 0. 8 0 4-. 65 



Bi ndin g Curve #13 - pH = 6.8 

E s 8w D, L split 
0 0 

0.00175 0.0050 1.95 14.35 

0. 0017 5 0. 0078 1. 85 10. 1+5 

0.00175 0.01 28 0. 8 5 7.40 

0.00175 0.0148 0 . 80 6.15 

0.00175 0.0181 0. 80 5.15 

Bind ing Curve #24 - pH = 7 .0 

E s ow D,L split 
0 0 

0.00175 0.0051 2.00 14 .35 

0.00175 0.0091 1 .80 9. 6 5 

0.00175 0.0128 1.50 7. 2 5 

0.0017 5 0.0151 1 . 10 6 .20 

0. 00175 0. 0200 0.90 4.95 

Binding Curve #4 - pH = 7. 2 

E r, 8w D, L s plit u 
0 0 

0.00175 0 .0033 1.30 19 .28 

0.00175 0.0066 1.30 10.98 

0.00175 o.oroo 0. 6 5 8 .03 

0.0017 5 0. 0130 0. 60 6. 4 3 

0.0017 5 0. 01 55 0.4 5 '+. 73 



Binding Curve #12 - pH = 7.2 

E so 8w 0 
D L 
' 

split 

0.00175 0.0055 1.40 11.40 

0.00175 0.008 5 1.30 8.15 

0.00175 0. 0105 1.15 6.95 

0.00175 0.0160 0.75 4.75 

0.00175 0.0208 0.40 4.00 

Binding Curve #10 - pH ::: 7.5 

E s o ow D L split 
0 ' 

0.00175 0.0050 9.50 

0.00175 0.0086 0.95 7. 4 5 

0.00175 0.0125 o.so 5.80 

0 .. 00175 0.0158 0.,55 4.85 

0.00175 0.0205 0.50 3.85 

Binding Curve #19 - pH = 7.5 

E s o ow D,L split 
0 

0.00175 0.0088 1.10 9.20 

0.00175 0.0116 1.30 7.30 

0.00175 0.0153 1.10 5.50 

0.00175 0.0196 0.95 4-.90 



Binding Curve ;~{11 - p H = 8.0 

E s 8w D,L split 
0 0 

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 o. 0156 0.50 4.75 

0.00175 0.018 5 0.50 4.05 



DATA TABLE 1;/--2 

l/T2 slope values 

Binding Curve !I slope intercept pH "if 

3 9.54 Hz 0.5 Hz 6.0 

4 6.41 0.1 7.2 

6 4.46 0. 3 5.5 

7 1.49 0.5 5.0 

9 5.01 0.4 6.8 

10 6. 56 o.o 7.5 

11 3.70 0.2 8.0 

12 8 .67 0.1 7.2 

13 12 .00 0.3 6.8 

15 9.9? 0.5 6.5 

16 12.90 o.o 6.4 

18 6.10 0.4 5.7 

19 2.70 0. 8 7. 5 

20 9.10 0.2 6 .0 

22 12.90 0 .1 6.2 

23 11. 1 0 0.1 6. 2 

24- 9.25 0. 3 7.0 

25 11. 9 0.1 6.5 



DATA TABLE 43 

D,L s plitting Parameter Values 

Binding Curve # slope intercept p H 

3 87.6 Hz 3.1 Hz 6.0 

4 88.7 L~ • 5 7.2 

5 45.9 o.o 8 .0 

6 82.0 2. 2 5.5 

7 70.2 1.5 5.0 

8 78.0 2.0 6.5 

9 85.0 1.6 6 .8 

10 45.9 0. '7 7.5 

11 46.3 0.2 8.0 

12 64.4 Oi 8 7.2 

13 79.3 1.3 6.8 

15 97.8 2.8 6.5 

H3 83.7 1. 9 5.7 

19 69.1 0.6 7.5 

20 82.3 2.3 6.0 

23 82. 1+ 1.6 6.2 

24 78.9 1.1 7,.0 

25 82.3 1.6 6.5 
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