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SUMMARY: A new dynamic lH nmr method has been developed and applied to the binding
of 3'- and 5'-cytidine monophosphate (CMP) to Ribonuclease A. The study has provided
information on the rates of chemical exchange and the degree of inhibitor immobili-
zation at the active site. Evidence is presented which indicates that exchange-
broadening effects on the line widths result from a slow pH-dependent conformational
change of the enzyme+inhibitor complex. At pH 4.5-5.5 and 240 1/1.150-250 sec~1 for
the CMP inhibitors with the exchange rate increasing with increasing pH. The rota-
tional correlation time for the pyrimidine ring of ghe complex is L. x 1079 sec

and for the ribose ring of the complex is 1.2 x 107° sec. These results indicate
that the ribose ring is rigidly bound to the enzyme while there remains some residual
degree of rotational freedom about the glycosidic bond.

lH nmr chemical exchange studiesl’2 how

We have previously shown in 3lp and
information on the structure of the cytidine monophosphatesribonuclease A complex
may be obtained from chemical shift titration data. In the present communication
we wish to describe the perturbations of the line widths at half height that were
observed in the lH nmr experiment. In contrast to spectral line positions,
line-width data provides information not only on the structures of molecules but
also on the molecular motions and the rates of chemical exchange3-6.

Jardetzky has already noted that the lH mmr signals of CMP inhibitors are
broadened upon binding to RNase A.7 Other workers have observed similar effects as
welle; however, no attempt has been made in these studies to gquantitatively analyze
these line broadening effects which can provide much significant information on the
nature of the enzyme-inhibitor complex.

In addition, with this study we provide the first demonstration that a direct
separation of exchange broadening from other line broadening effects is possible.

A1l solutions of the Bovine pancreatic ribonuclease A (RNase A) and the CMP
inhibitors were prepared as previously described.2 18 omr spectra were recorded
either on a Bruker HFX-90 high resolution spectrometer or on a Bruker B-KR 3228
pulsed spectrometer as described in that paper.2 Care was taken to insure that
the radio frequency power was below the saturation level, so that no distortion of
the signals was observed when the same spectra were taken either in the cw or pulsed
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mode operation of the nmr spectrometers. The temperature of the nmr sample in
the probe was read directly from the thermocouple meter on a Bruker B-ST 100/700
temperature regulator which was standardized just prior to a run against methanol
chemical shifts. Unless otherwise noted, spectra were taken at 2L+2°.

The line width in Hertz at half height, Av%, of an nmr signal is related to the

transverse relaxation time, Ty, by eq 1:

vy, = 7t (1)

In the binding of an inhibitor to the active site of an enzyme, it may be shown that
the observed line width represents a weighted average of the line width of the in-~

hibitor in solution, I, and of the enzyme+inhibitor complex, E*I, assuming that

chemical exchange of the inhibitor between these two sites is sufficiently rapid:9
1 (E-I)
(v, ) . = = Qv ) o+
5’ obs H(TQjobs 5 BT Io
(1) |
(Av%)I- I + (A»l/z)eX (2)

In addition to this weighted average relaxation time contribution to the observed
line width (the first two terms of eq 2), a third term, (Av%)ex, the chemical
exchange broadening term, appears. The line broadening observed upon addition of
enzyme to the inhibitor can thus result from a decrease in the transverse relaxation
time of the E<I complex relative to the T2 of the inhibitor in solution as well as
from the dynamics of thé exchange process.

Under the experimental conditions in this study,

(E-TI) ~Eo, (1) éIO—EO

and substituting into eq 2 and rearranging

(v, )

ops = (B9)p # BV )BT+ (bw)_ (3)

where A(Av%) = (Av%)EI - (AV%)I-

The chemical exchange term follows from the solution of the Bloch equation39 for

exchange between two sites:

2 2
(l—EO/IO) 'EO/IO°hWA6

(Av%)ex = X (L)
-1
where
Ad = SEI - GI ( the chemical shift difference between the tw

sites in Hz) and k—l is the rate of dissociation of the E+<I complex. This assumes

that the exchange rate is in the fast exchange region

k_ 2 (2WAG).
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The form of eq 3 provides an unambiguous method for separating the weighted
average term from the chemical exchange term. Thus, a plot of (A\)l/)obs vs. EO/Io
2
will be non-linear if the exchange term makes a significant contribution to the line
broadening and high enough enzyme-inhibitor ratios are achieved (the cubic function
2
B /I (1-E /1)

line in Fig. 1). Both non-linear and linear plots of the line widths are observed

curves significantly only at Eo/Io 2 .2. BSee the curved dashed

in the binding of 3'-~ and 5'-CMP to RNase A and representative plots are shown in

Figs. 1,2 and 3. We believe this represents the first time such non-linear behavior

(AYy2) " By, hz

Figure 1. Plot of the line broadening in Hz as a function of EO/Io at pH 5.5,

.2 M NaCl in D,0 (24°) for the H,(0) and Hs(x) resonances of 3'~CMP. Dashed/dotted
line (.-.-.) represents the exchange broadening contribution to the line width of
the H5 signal calculated from eq 4 with the assumption of two-site exchange, k_l =
200 seec . Linear dashed line (---) represents the non-exchange broadening contri-
bution to the line width of the H_ signal calculated from eq 3. (RNase A) = .009 -

5
.018 M; (3'-CMP) = .03 - .10 M.

has been observed in studies of this type. While the method serves as a useful

alternative to the traditional relaxation times approach,5 it may only be applicable
in the case of low molecular weight, soluble proteins such as RNase where it is
possible to attain sufficiently high Eo/Io ratios at reasonable inhibitor con-
centrations. With the increased application of pulsed, Fourier transform (FT) nmr,
however, this limitation may in the future be overcome.

Since AS is indepgndently obtained from a study of the chemical shift effects
produced by the enzyme , k

may be determined. A best fit estimate of k_ . was

-1 1
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Figure 2. Plot of line width as a function of EO/IO at pH 5.0, .2M NaCl in DZO (240

for the H6(O), HS(.)’ and Hl'(x) resonances of 5'-CMP. Solid lines represent a

best fit of the data to eq 3 assuming the two-site exchange model and k—l = 200 sec_l.

The dashed lines (including overlap with the solid curves) represent a fit to the

line widths calculated from a three-site exchange model.

(5'-CMP) = .026 ~.18 M.

AV, ,hz

(RNase A) = .0087 M;

o

EO/IO

ol

Figure 3. Plot of line width as a function of Eo/Io at pH 6.5, .2M NaCl in D20
(24°) for the H6(O), Hs(x), and Hl'(o) protons of 5'-CMP. Both two-site and three-

site models give a similar fit to the data with 1/T > 300 sec_l.

.00kk — _o10M; (5'-CMP)

.03 -.08M.

(Rnase A) =

selected which minimized the sum of the squares of the residuals in the two

parameter equation 3, using the combined line-width data for the H5’ H6’ and Hl'

protons of the CMP inhibitors.

In the pH region 4.5~5.5 where sufficient curvature

to the plots allows separation of the exchange term, analysis of the 3'- and 5'-CMP
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line-width data gives a "best fit" k

-1
sec .

1 = 150-250 sec-l. At other pH's k_l > 250

Up to now we have only been assuming that the exchange rate falls within the
fast exchange region. The temperature dependence of l/T2 provides a test of this
increases with temperature according to the Arrhenius activation

1
energy expression k_l = Ae-Ea/RT, where A is the preexponential factor, R is the

hypothesis since k_

gas constant, T is temperature, and Ea is the activation energy. If chemical
exchange contributes significantly to the line broadening then an increase in
temperature should decrease the transverse relaxation rate and hence decrease the

line width of the signal (see Figure 4). One must be careful to not mistake normal

80
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Figure 4. Temperature dependence of the line widths for the H6(0), H5(A), and

H.' (O ) resonances of free 3'-CMP and the H6(0), H_(A), and Hl' (W8 ) rescnances

1 5
of 3'-CMP in a .19 EO/Io solution of Rnase A, pH 5.5 (DEO)' (Rnase A) = .0165M.

sharpening of non-exchanging proton signals with increasing temperature which is
associated with a decrease in the correlation time,9 Too of the molecule.

(Note that in Figure L4 the line widths for the inhibitor do in fact decrease with
increasing temperature.) Most importantly, however, the line widths of the

enzyme*inhibitor complex decrease with increasing temperature even more rapidly

than the line widths for the free inhibitor. This would support our interpretation
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that curvature in the line width plots results from a significant contribution of
exchange broadening to the line widths.

The exchange rates calculated assuming a simple two-site exchange model are
smaller by a factor of ca 10 than the rate constants measured for dissociation of
the 3'- CMP*RNase A complex as determined by Cathou and Hammeslo in a temperature-
Jump fast kinetics experiment. Thus, at pH 5.5, k_l~250 sec—l for the 3'-CMP
complex. Hammes reports k-l = 6500 sec—l for dissociation of the 3'-CMP*RNase
complex. On the other hand, the nmr exchange rate is quite comparable to a second
slower relaxation process which Hammes has ascribed to an isomerization of the E°I
complex with 1/1~350 sec_l, at pH 5.6 in D20 at 250. This indicates that the
exchange broadening we do observe must originate from the much slower conformational
isomerization of the enzyme<inhibitor complex. We therefore prefer to analyze the
line-broadening effects in terms of a three-site exchange model shown in Scheme I.

k k K
Scheme I. HE + T 1 N HE.T 2 NTEeT EyNprer 4 H+
k--l R—E

The inhibitor first binds to the protonated enzyme (HE) to give an initial

complex HEeI. This first complex isomerizes to HE'+I which can lose a proton to give
E'+I, On the nmr time scale protonation of E'+I must be fast so that a three-site
chemical exchange model may be used to describe the line-width and chemical shift
changes observed in this system. A three-site analysis gives comparable best fits to t
data and exchange rates at lower pH similar to those obtained by a two-site analysis.
Most importantly though, the line-broadening effects may now be associated with a
slow pl-dependent conformational change of the enzyme*inhibitor complex, consistent
with the fast kinetiecs analysis of Hammes.lO
Dynamic nmr studies can provide information not only on the chemical enviromment
and rates of chemical exchange of a small molecular probe, but also on the overall
motion of the molecule in solution. A correlation time, Ta» associated with the
rotational motion of the molecule can be obtained from the relaxation times of
nuclei in the molecule. An advantage to the non-linear line width approach of the

present study is that the correlation time is a single valued function of the line

width in the absence of exchange broadening. On the other hand in the alternative
relaxation time method, the spin-lattice relaxation time defines two different possible
values for l/Tc,onegreater and one smaller than the Larmor frequency. Thus in the
absence of other data, there can be some ambiguity in the correlation times derived
from direct relaxation times studies. Intramolecular dipole-dipcle interactions as
modulated by rotational diffusion are often assumed3 to be largely responsible for
proton relaxation. The line width of a proton signal in the absence of exchange

broadening will then be approximately given by
1 CT 1.6
= —— Cc —_—
() = 2—=Se 5 () (7)
2 i i
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where ry is the internuclear distance between the observed nucleus and all other
proximate nuclei, i, measured in Angstroms and C is a constant equal to 8.85 x
10ll for the assumed dipole-dipole relaxation mechanism between protons only.3

The line widths in the absence of exchange broadening do not in general follow
any apparent pH dependency. Therefore, the line widths were averaged over all

pH's, giving (Avl/) = 9.3 * 2.9 Hz, (A\)l/) = 10.6 + 2.1 Hz and (Avl/)H, =11.6 + 2.9
He S )

Hz for the 3'-CMP complex and (A\)l) = 10.5 + 3.8 Hz and (Av, )H = 10.1 + 3.2 Hz
for the 5'-CMP complex. Using the 1ntramolecular distances in CﬁP molecules having
an agg;;conformation,ll analysis of these line widths yields a rotational correla-
tion time for the pyrimidine ring of the complexes of U.l x 1079 sec and for the
ribose ring of the complex of 1.2 x lO'-8 sec (comparable to the correlation time
for the backbone carbons of the enzyme l2). These results indicate that the ribose
ring is rigidly bound to the enzyme while there remains some residual degree of
rotational freedom about the glycosidic bond.
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