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ABSTRACT: An nmr chemical exchange method has been used 
to determine the pH dependence of the Hs. Hg, and H I ’  chemi- 
cal shifts of the 3’- and 5’-cytidine monophosphate4bonucle- 
ase A complexes (CMPSRNase A) .  The H6 and H I ’  protons of 
the S’-CMP.Rhase A complex follow similar bell shaped pH- 
chemical shift profiles with pK, - 3.9 and pK2 - 4.8. Only a 
single titration curve was observed for the H5 resonance of the 
5’-CMP complex with pK = 4.9. Evidence is presented which 
suggests that the lower arm of the bell profiles is associated 
uith protonation of the dianionic phosphate while the pK - 4.9 

N m r  has been shown to be a n  extremely effective technique 
for probing the solution structure of the active site of an en- 
zyme. For small proteins i t  is sometimes possible to directly ob- 
serve individual resonances of groups on the protein and under 
favorable conditions assignment of these signals to specific 
amino acid residues can be made (Jardetzky and Wade-Jar- 
detzky, 197 1 : Meadows, 1972; McDonald and Phillips, 1968: 
Meadows er al., 1967). A second, potentially more broadly ap- 
plicable nmr method is to observe the resonances of a small 
molecule as it rapidly exchanges between the solution and the 
active site of the enzyme. This dynamic chemical exchange 
technique has yielded both structural and kinetic information 
on a number of enzymes (Fischer and Jardetzky, 1965; Sykes. 
1969; Gerig, 1968; Schmidt et al., 1969). We have previously 
shown in a 3 ’ P  nmr chemical exchange study on the binding of 
3 ’ q t i d i n e  monophosphate (3’-CMP) to bovine pancreatic ri- 
bonuclease A (RNase A) how this method has made possible 
the elucidation of the ionization states and chemical environ- 
ment about the phosphate i n  the enzymeqinhibitor complex 
(Gorenstein and Wyrwicz, 1973). In  this paper we wish to de- 
scribe a companion ‘ H  nmr study on the binding of 3’- and 5’- 
C M P  to RNase A. This work extends and modifies earlier re- 
sults of Jardetzky and cow’orkers (Meadows and Jardetzky, 
1968: Meadows et a/ . .  1969). By correlating these results with 
the known three-dimensional structure of RlVase (Richards 
and Wyckoff, 1971), i t  has become possible to achieve a de- 
tailed molecular understanding of the mode of inhibitor bind- 
ing. I n  particular, we show how it is possible to use the chemi- 
cal shift information to define the conformation of the cytosine 
base about the glycosidic bond in the enzyme complex. The 
ability to determine the nucleotide base conformation in the 
enzyme complex is potentially significant in light of the recent 
realization that certain enzymes involved i n  polynucleotide 
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found for all three proton-chemical shift profiles apparently 
results from a pH-dependent conformational change of the 
complex. Simple titration curves with pK - 6.0 are observed 
for the H5, Hg, and HI ’  resonances of the 3’-CMP.RNase A 
complex. The chemical shift differences between the inhibitors 
in solution and when bound to the enzyme suggest very differ- 
ent glycosidic conformations for the cytosine base i n  the 3’- 
and 5’-CMP complexes. The results are analyzed in terms of a 
syn conformation for the 3’-CMP complex. Implications for 
the mode of catalysis i n  RNase A are considered. 

synthesis will function with nucleotides having only an anti 
conformation (Kapuler et al., 1970; lkehara et al.. 197 1 ) .  

Experimental Section 

Materials. The bovine pancreatic RNase A and the C M P  
inhibitors used in this work were obtained from Sigma. The 
type XII-A enzyme was generally used without further purifi- 
cation although in several runs heavy-metal ion impurities were 
removed by passing the enzyme solution through a Chelex- 100 
ion-exchange resin (see Gorenstein and Wyrwicz, 1973 for a 
discussion of these impurities and the possible problems they 
can pose). The 3’- and 5’-CMP were routinely purified by the 
resin treatment. Solutions were generally lyophilized in H2O 
although D20  was employed for several runs. All nmr solutions 
were prepared with M or greater EDTA and 0.2 M NaCl 
in 99.9% D2O. The “pH” (uncorrected pH meter reading) was 
adjusted with 1 M NaOD or DCI and measured on a Radiome- 
ter P H M  26 pH meter fitted with a Type G2222C glass semi- 
microelectrode and Type K41 12 calomel electrode. Smaller ali- 
quots were measured on a Radiometer G222 I C/K 1301 micro 
electrode assembly. All solution pH’s were measured before 
and after the nmr run and both agreed within 0.02 pH unit. 

,Ymr Methods. The ‘ H  nmr spectra were recorded either on 
a Bruker HFX-90 high resolution nmr spectrometer operated 
i n  the continuous wave (cw) mode a t  90 MHz or on a Bruker 
B-KR 3223 pulsed spectrometer/HFX-90 spectrometer. Ei- 
ther a specially constructed, Pivan Engineering, data acquisi- 
tion system (4K data points) or a Nicolet 1080 Fourier trans- 
form data system was used for signal averaging i n  the cw or 
pulsed mode operation of the respective spectrometers. I n  the 
pulsed, Fourier transform experiment 8K data points *ere ac- 
quired with a sweep width of 1000 Hz and resolution therefore 
of 0.4 Hz. A fluorine (C,Fh) external lock waa used with 
frequencies measured on either Hewlett-Packard 56 12A 12.5- 
MHz of 5248M 100-MHz counters. In  order to selectively re- 
duce the intensity of the H D O  peak a partially relaxed Fourier 
transform (PRFT) (Freeman and Hill, 1970; Vold et u / . ,  1968) 
pulse sequence with an additional “homo spoiler” pulse was 
employed. All spectra were taken a t  24 f 1 ’. 

Computer Analysis of Data. A generalized non-linear least- 
squares program (Dye and Nicely, 1971) which was modified 
for use on a chemistry department PDP 1 1 /45 computer (32K 

3828 B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O .  1 8 ,  1 9 7 4  



‘ H  N M R  C H E M I C A L  S H I F T S  O F  C M P . R N a s e  A C O M P L E X E S  

words) was used to obtain “best fits” for the nmr spectra and 
the chemical shift and titration curves. The recorded spectra or 
titration curves were digitized onto punch tape (100-200 data 
points) by manually retracing the curves on a modified Varian 
G-2500 recorder with a full scale off-setting potentiometer. 
The analog output of the recorder was fed into an analog to 
digital converter (4’/2 digits). The digital output as well as a 
digital time signal were then sent to an ASR-33 teletype and a 
permanent punch tape, digitized record of the original curve 
was created. The doublet region for the H6 proton and the dou- 
blet of doublets for H5 and H I ’  were separately digitized and 
the data were fit to either the sum of two or four Lorentzian 
line shapes for the respective spectral regions. In  order to keep 
to a minimum the number of adjustable parameters in the Lo- 
rentzian line-shape equation, the coupling constants, J 1 , , 2 ~  = 
2.8-3.4 Hz and J5.6 = 7.2-7.6 Hz, were generally assumed to 
be constant for all spectra in  a given run. These values were de- 
rived from spectra taken a t  low enzyme to inhibitor ratios 
where the peaks were well resolved. In addition the individual 
Lorentzian lines were constrained to equal integrated areas so 
that only the overall integrated area of the nmr curve was ad- 
justed along with the chemical shifts and line widths for each 
doublet. Although the equal area constraint for both reso- 
nances of the doublet is not strictly justified for an AB coupling 
pattern (Pople et al., 1959), in our case AAB >> J A B  and correc- 
tion for the proper spectral intensities would make little differ- 
ence in the computed spectra. 

Ionization Constants. Titrations of the nucleotides in H 2 0  
and D2O were performed on a Radiometer SBRZc/Titrator 1 1  
automatic titrator a t  24.0’. The nucleotides in 0.2 M NaCl 
were titrated with standardized NaOH (NaOD) solutions. The 
titration curve was digitized and converted into a punch tape 
record. A titration curve of a blank solution containing only 0.2 
M NaCl was subtracted from the titration data of the nucleo- 
tides and the two ionization constants for the nucleotides in the 
pH region studied were obtained from the corrected curve by a 
non-linear least-squares fit to eq I .  This equation describes the 

- 1 1 1 + - $HA + - $A - Qotad = - $H2A 
fHA fA fH2A 

a B d H 2 ~  + P ~ H A  + $A 

1 + p + a g  
(1) 

general behavior of any observable parameter, 4, which is de- 
pendent upon the ionization state of a dibasic acid where thefs  
are the Michaelis pH functions (Dixon and Webb, 1964) for 
the diprotonated, H2A, the monoprotonated, HA, or the unpro- 
tonated species, A, and a = (H+)/Kl .  p = (H+)/K2. K I  and 
K2 are the first and second ionization constants of the dibasic 
acid. Ionization constants from the chemical shift vs. pH data 
were evaluated as well by an unweighted least-squares fit to 
this equation. 

Results and Discussion 

The chemical shift study described in this paper has utilized 
the nmr chemical exchange method for obtaining information 
on the enzymeainhibitor (E-I) complex. It is assumed that the 
small molecule inhibitor exchanges between two sites, the free 
solution and the enzyme active site. If the chemical shift of the 
E-I complex, SEI. is different from that of the inhibitor in solu- 
tion, 61 ,  and i f  the inhibitor exchanges between the two sites 
sufficiently rapidly (Sykes, 1969) 

E i I == E.1 

then the observed chemical shift, Sobsd, will represent a weight- 

I 
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FIGURE 1: Digitized ‘H nmr spectra (0) for the H6, H5, and HI’ pro- 
tons of 5’-CMP at  various Eo/Io ratios, pH 6.5.  Solid curves represent 
computer-calculated spectra assuming Lorentzian line shapes. 

ed average of chemical shifts for the two different environ- 
ments 

Rearranging, and since under most of our conditions the en- 
zyme is saturated with the inhibitor, (E.1) - Eo, and 

gobd - 6I = A*E,/I, (3 ) 

where A = SEI - SI.  Thus the chemical shift of the E.1 complex 
may be obtained from the slopes of plots of &bsd vs. Eo/Io. 

In these chemical exchange studies we have monitored the 
cystosine base H6 and H5 protons and the ribose ring H I ’  pro- 
ton of 3’- and 5’-CMP. Other resonances of the inhibitors are 
obscured by the enzyme signals. The six-line spectra (resulting 
from coupling between the H5 and H6 protons and between the 
H I ’  and H2’ protons) were computer simulated by assuming 
simple Lorentzian line shapes. The chemical shifts and line 
widths a t  half-height1 were either found by an iterative non- 
linear least-squares computer fit (see Experimental Section) or 
alternatively the shifts and line widths were varied until a visu- 
al best fit of the computed and original spectrum was obtained. 
This more laborious “human iteration method” was especially 
necessary for those spectra where the H5 and H I ’  peaks were so 

‘This paper describes only the chemical shift effects. The line width 
changes are presented in  Gorenstein and Wyrwicz ( 1  974). 
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FIGURE 2: Observed chemical shift, bobsd. vs.  E o / h  ratio for the 
H6(0), H*(A), and Hl’(0) protons of 5’-CMP at pH 4.0 in 0.2 M 
NaCI/ DzO. 
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FIGURE 4: Chemical shift, 6, vs. pH (uncorrected pH meter reading) 
for the H6(O), H,(A), and Hl’(0) protons of 5’-CMP in 0.2 II 
NaCI/DzO. Filled symbols represent 61, the chemical shift of the inhib- 
itor, free in solution. Unfilled symbols represent SEI,  the chemical sh i f t  
of the enzyme-inhibitor complex. Curves were generated from eq 1 and 
the “best fit” parameters given in Tables I and 111. 
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FIGURE 3: Observed chemical shift, 6&d, vs.  &/Io ratio for the 
Hs(O), Hs(a),  and Hl’(0) protons of 3’-CMP at pH 4.5 in 0.2 M 
NaCI/D20. 

broad and overlapping that a unique computer fit became im- 
possible. A typical example of the observed and computer sim- 
ulated spectra a t  various Eo/Io ratios is shown in Figure 1. 
Generally the enzyme concentration was kept constant a t  ca. 
0.009 M, although in several runs both enzyme and inhibitor 
concentrations were varied (only small errors were introduced 
by this alternative method; see Gorenstein and Wyrwicz, 
1973). Several of the d&sd vs. Eo/Io plots are shown in Figures 
2 and 3. The chemical shifts were fitted to eq 2 with a least- 
squares computer program and the 61 and 6 ~ 1  obtained from 
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these plots a t  different pH’s are  presented in Figures 4 and 5.’ 
It  should be noted that 61 obtained from eq 2 may be differ- 

ent from 61 obtained in the absence of protein. The difference 
arises from the change in the bulk susceptibility of the solution. 
However, the pH-dependent shifts of 61 in the two solutions are  
quite comparable. 

It has previously been noted that the nucleotide proton 
chemical shifts (Jardetzky and Wade-Jardetzky, 1960) are in-  
fluenced by such factors as ring-current and keto group mag- 
netic anisotropy (Schweizer et al., 1965, 1968; Chan et 01.. 
1964; Prestegard and Chan, 1969), proximate ionizable groups 
(Danyluk and Hruska, 1968), and conformations of the rings 
(Fujiwara and Vetsuki, 1968; Smith and Jardetzky, 1968). I n  
the C M P  nucleotides both the N-3 and phosphate groups have 
pKs i n  the pH range here studied. Schweizer et al. (1968) 
have previously noted that protonation of the phosphate group 
has no effect on the Hs  and H6 protons of 3’-CMP but has a 
substantial shielding effect on the H6 proton (shifted upfield by 

-~ 

ZUnfortunately,  the error bars (representing standard deviations) 
are quite substantial in these plots, particularly in Figure 5. Becauhe 
only a limited range of Eo/lo ratios was studied, the standard devin- 
tions in the slopes of plots such as shown in Figures 2 and 3 were i n  cer- 
tain cases quite large. reflecting the large error brackets in Figure 5,  
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FIGURE 5: Chemical shift, 6, vs.  pH (uncorrected pH meter reading) 
for the H6(O), H5(A), and Hl’(0) protons of 3’-CMP in 0.2 M NaCI/ 
D20.  Filled symbols represent 61, the chemical shift of the inhibitor, 
free in  solution. Unfilled symbols represent 6 ~ 1 ,  the chemical shift of 
the enzyme-inhibitor complex. Curves were generated from eq 1 and 
the “best fit” parameters given in Tables I and 111. 

0.080 ppm) and a much smaller effect (0.012 ppm upfield 
shift) on the H S  proton of 5’-CMP. This has been interpreted 
to indicate that the dianionic phosphate deshields only the 
proximate H6 proton of 5’-CMP in the predominantly anti3 
conformation of the base (see Figure 6). Any change in the 
conformation of the base about the glycosidic bond in the E.1 
complex would be expected to alter the deshielding magnetic 
anisotropy of the phosphate group. In addition N-3 ring pro- 
tonation in the pH region 4-5 is known to shift (Lee et al., 
1972) downfield the HS and Hg resonances of both 5’- and 3’- 
C M P  by 0.2-0.3 ppm. Our own results (see Figures 4 and 5 )  
for the pH dependence of the Hs, Hg, and H I ’  resonances of 
the free nucleotides are in general agreement with the earlier 
work. A computer fit of the chemical shift titration data for the 
free inhibitor H5 and H6 protons to eq 1 gives PITS which agree 
within the experimental error to the ionization constants de- 
rived from the potentiometric titrations (Table I). The agree- 
ment confirms the general utility of these chemical shift effects 
as sensitive probes of local magnetic environments. 

CMP-RNase A Chemical Shifts. As shown by Figures 4 and 
5 the chemical shift titration curves for the Hs, H6, and HI’ 
resonances of the CMP-RNase A complexes are  quite different 

3Donohue and Trueblood (1960) first noted that the purine or py- 
rimidine bases could exist in either of two preferred conformations, 
anti or syn .  Pyrimidine bases normally are in the anti conformation 
with Hg over the ribose ring. 

FIGURE 6: Structure of the 2’-endo-, anti conformation for the cyti- 
dine nucleotide. 

from the curves for the free-solution inhibitors. Before dis- 
cussing these E-I complex titration curves, it should be noted 
that our results differ from those previously reported by Mead- 
ows and Jardetzky (1968) a t  a single pH.  A comparison of our 
own chemical shift differences, A, and those of the earlier 
workers is shown in Table 11. 

While there is general agreement between the 3’-CMP re- 
sults of Meadows and Jardetzky and the present study, there is 
a dramatic discrepancy between the 5’-CMP results. We find a 
large upfield shift for the H5 resonance of 5’-CMP while 
Meadows et al. (1969) report only a small downfield change 
for the same signal. In addition we observe a much larger 
downfield shift for the H I ’  signal of 5’-CMP. Jardetzky re- 
ported that each of the three resonances of the 5’-, 3’-, and 2‘- 
C M P  complexes gave similar chemical shift differences. On 
this basis, they concluded that the cytosine ring in all three 
complexes was similarly bound. This conclusion is no longer 
tenable if, in fact, their A values for 5‘-CMP are incorrect. The 
source of the discrepancy is made apparent by studying the 
original spectra. At concentrations of 5’-CMP - 0.02-0.03 M 

and RNase - 0.009 M, the HS and H I ’  signals are broad and 
overlapping so that a t  even lower 5’-CMP concentrations (ef- 
fectively, higher Eo/Io ratios) it is quite understandable that 
the peak assignments were reversed in the crossover. This 
would explain why, as noted by Jardetzky, their HS plot (Fig- 
ure 7, p 499, Meadows et a/., 1969) shows first a downfield 
shift, then with increasing inhibitor concentration, an upfield 
shift. If correction is made for this reversed assignment, then 
similar values for the chemical shift differences for the H j  and 
H I ’  signals of 5’-CMP are obtained. 

5’-CMP-RNuse A. The Hg and HI’  resonances of the com- 
plex follow bell-shaped chemical shift-pH profiles (Figure 4), 
while only a single titration curve is observed for the H5 reso- 
nance. Assuming that only one ionizable group of the complex 
is responsible for each of the arms of the profiles a least- 
squares fit of the data of these plots to eq 1 yields the apparent 
p R s  and chemical shifts given in Table 111. 

The 5’-ChP*RNase A chemical shifts and the pH depen- 
dence of the shifts are shown to be quite different from those of 
the inhibitor free in solution. Thus, the H6  resonance of the 
free inhibitor first shifts upfield then downfield with increasing 
pH while the H6 resonance of the complex shifts exactly the 
opposite. However, there are important similarities and they 
provide clues as to the interpretation of these effects. The H j  
resonance does not show an upfield shift with increasing acidity 
in the pH region where the H6 peak is markedly shifted. This is 
the behavior expected for 5’-CMP protons which are perturbed 
by protonation of the anisotropic phosphate. The magnitude 
and direction of the shift for the low pH arm of the H6 titration 
curve would be explained then by ionization of a proximate 
phosphate group with pK - 3.9. It is significant that we have 
observed in a 31P nmr study a pK N 4.4 for ionization of the 
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 ABL LE I :  Apparent pK's and Chemical Shifts of 5'- and 3'-CMP in 0.2 M NaCI/D20 Solution, 24". 
____ .~ ______. .. 

Ionization Constants' Chemical Shifts'mb (Hz) 
.- __ ______ ~ .__-____-______ 

6 A 
.~___ 

Inhibitor (Proton) P K  P K.r 6H,A 6IIh ~____ ~- 

5'-CMP (He) 4 42 T; 0 . 2  6 .17  I 0 . 2  777 i 1 755 i 2 764 i 5 
(Hd 4 . 5 2  i 0 . 1  6 .30  =k 0 . 2  601 + 1 586 i 1 582 i 10 
W1') 576 f 1 576 i 1 576 rt 1 
(Pot en tio- 

metric 4 .46  i 0 . 0 2  6 .17  i 0 . 0 4  
Titration) 4 .32 i O.0lc  6 .06  i O.0lc 

3'-CMP (Hb) 4 . 4 5  i 0.15 772 i 3 747 i 1 
( H J  4 44 i 0 . 1 5  600 i 2 584 i 0 . 5  
(HI ') 575 i 1 575 i 1 
(Potentio- 

metric 4 . 1 5  i 0 .04  5 .65  =t 0 . 0 3  
Titration) 4 . 0 6  + O . O l d  5 . 6 9  i 0.01' 

~~~ - ~ _ _ . _ ~ _ ~ _ _ _ _ _ _ _ _ _  

Errors represent either linear estimates of the standard deviation derived from the computer analysis (see Dye and Nicely 
(1971), references) or simply best estimates when not enough data points were available to  achieve convergence t o  realistic values 
for the chemical shifts. ' Chemical shifts in H z  from Me4Si a t  90 M H z  for the different protonic species. Chemical shifts, 61, 
derived from intercepts of 60~,iii cs. Eo'Io plots. (RNase A) = 0.009 M. I n  H?O. 30.0'. 

TABLE 11: Inhibitor Chemical Shift Differences, A,  for the 
Binding of Inhibitors to  RNase A (pH 5.5, 0.2 M NaCl in 
D@>. 

A(Hz)' 

Inhibitor H5 HE Hi ' 
-? 3 '-CMPb,d - 6  - 22 -J 

3 '-CMPCme -11 5 - 24 -11 
5 '-CMPb,d -5 - 17 -3 
5'-CMPc,e +17 - 12 - 13 

Both the H6 and Hs resonances are perturbed by an ioniza- 
ble group with a pK - 4.8. The sign of the chemical shift dif- 
ference is the same as that produced by protonation of N-3 on 
the cytosine ring in the free 5'-CMP, and the pK is in good 
agreement for assignment to this group, again considering the 
positive environment of the enzyme. In addition, Anderson et 
a / .  ( 1  968) have concluded on the basis of inhibitor binding 
curves and uv spectral difference curves that the N-3  proton- 
ated C M P  inhibitors are bound equally as well as the unproto- 
nated species. 

Our results would indicate that N-protonation could be a 
reasonable explanation for the chemical shift changes, but con- - _____~_______~____ 
sidering the normally highly specific binding behavior of en- 
zymes, it would certainly seem remarkable. Protonation of N-3 
would disrupt any binding of the cytosine ring a t  N-3 to the en- 
zynie, and, i n  fact, Richards and Wyckoff ( 1  97 1 ) on the basis 
of their X-ray diffraction study have indicated that an enzyme- 

' Negative A's refer to downfield shifts of the resonances 
of the inhibitor complex relative to  the inhibitor alone. 

100 MHz,  32". ' 90 MHz,  24". d Meadows et d. (1969). 
e This work. 

secondary phosphate in the 3'-CMP-RNase A complex (Go- 
renstein and Wyrwicz, 1973).-' Further support for this hypoth- 
esis is derived from the absence of any chemical shift titration 
effect in this pH region for the H h  resonance of 3'-CMP. 
RNase A (see Figure 5). A s  discussed earlier for free 3'-CMP, 
the phosphate is not near the cytosine ring i n  any conforma- 
tion, and no perturbation of the H S  and Hh resonances is there- 
fore to be expected. 

The specific perturbation of the H g  resonance by the titrable 
5'-phosphate indicates that the cytosine ring is in the anti con- 
formation in both the complex and free solution. The lowering 
of' the pK for the secondary phosphate by 2.5 pK units is not 
unreabonable considering the highly positive local environment 
of the enzyme (Richards and Wyckoff, 1971). 

IRuterjans rr ai. (1971) have reported a pK - 5,6 for the 5'-CMP. 
RNase complex. Houever.  the) obtained this value by titrating a 1:1 
mixture o f  5'-CMP and RNase A and monitoring the 3 ' P  chemical 
shift of this solution. This method cannot be used {o obtain accurate 
"P chemical shifts of the complex since the enzyme will not be com- 
pletelq saturated throughout the pH range of the titration. The chemi- 
cal exchange method circumvents this difficulty and a "P nmr stud) of 
5'-CMP in progress should provide an accurate pK for the secondar) 
phosphate of the complex. 

ring hydrogen bond exists a t  this site. In addition, the differ- 
ence between the H5 and Hh chemical shifts of the N-3 proton- 
ated and unprotonated forms in the free solution 5'-CMP is 
15-20 Hz. Yet the chemical shift difference for these reso- 
nances in the 5'-CMPeRNase A complex for titration of the pK 
4.8 group is larger, 30-35 Hz. Finally, this hypothesis fails to 
explain the 13-Hz upfield shift of the HS resonance of the com- 
plex a t  pH 6.5. Since both the complex and free inhibitor N-3  
would be unprotonated a t  this pH this upfield shift must be at- 
tributed to some other proximate group or groups a t  the active 
site. For these reasons we feel that protonation of N-3  is proba- 
bly not responsible for the titration curve of H-5 and the high 
pH a rm of the bell profile for H-6. 

Instead, we propose that these upfield shifts of the H i  and 
Hh resonances with increasing pH are due to the magnetic an- 
isotropy of the Phelzo residue. The X-ray studies of RNase A 
and RNase S complexes (Kartha et a/ . .  1967; Richards and 
Wyckoff, 1971) show that the HS and Hg protons of pyrimi- 
dine inhibitors are in close proximity to the aromatic ring of 
Phello. As noted by Jardetzky (Meadows et al. ,  1969) the ring 
current magnetic anisotropy of this group should shift the Hs 
and H6 pyrimidine ring resonances of the complex upfield from 
the resonances of the inhibitor in solution. This hypothesis 
would require that some titrable group with pK - 4.8 is re- 
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TABLE III: Apparent pK’s and Chemical Shifts for  the 1nhibitor.RNase A Complexes in 0.2 M NaCI/DyO Solutions, 24“. 

Inhibitor. Complex (Proton) 

5’-CMP.RNase A (H6) 
(H5) 
(HI ‘1 

3I-CMP.RNase A (He) 
(H5) 
(H1’) 

Ionization Constantsa Chemical Shifts (Hz)”mh 

P K  

- < 3 . 9  i 0.3‘md 4 . 7  + 0 . 2  
4 . 9  i 0 . 2  
4 . 9  f 0 . 1  - < 3 . 9 5  * 0 . 3 ’ ~ ~  

6 . 5  i 0 . 4  
5 . 7  k 0 . 3  
6 .0  i 0 . 3  (7 .  I ) d  

754 i 20Q 

552 i 20C,d 

6HA 

805 f 10 
602 i 3 
608 i 3 
773 i 2 
602 + 3 
586 i 4 

-- 
BA 

770 i 1 
570 i 2 
585 f 0 . 5  
757 * 5 
584 =t 0 . 4  
556 i 3 

(580 i 5)c,d 

a , b  See footnotes to  Table I. Since only 1 data point was used to  fit this arm of the profile, the chemical shifts and pX are only 
poorly defined. The existence of this a rm of the profile is questionable. 

sponsible for juxtaposing the aromatic ring of the Phel2o and 
the pyrimidine ring. This group need not be at the active site. 
Instead, it may merely be responsible for causing a conforma- 
tional change of the complex which moves these two groups 
into closer proximity. Hammes has previously noted that a 
group with a pK of 5.8 is responsible for a pH-dependent con- 
formational change of the 3’-CMP.RNase A complex 
(Hammes and Walz, 1969). This group is thought to be His48 
which is affected by inhibitor binding in this pH region (Mead- 
ows and Jardetzky, 1968; Meadows et al., 1969). This residue 
is believed to be responsible for a conformational change of the 
complex which serves to “close the cleft” (Hammes, 1968; Me- 
dows et al., 1969) on the substrate or inhibitor and bring into 
play key catalytic and binding groups a t  the active site. 

Interpretation of the HI’ chemical shift titration curve is 
made difficult by the multiplicity of factors which might be as- 
sociated with such shifts (Prestegard and Chan, 1969). What- 
ever factors are responsible, they must be much more effica- 
cious in the complex than in the free solution, where only minor 
perturbations of the H I ‘  resonance are found with a change in 
pH. I n  contrast, the complex follows a well-defined bell-shaped 
profile with phns of 4 and 4.9 and large chemical shift differ- 
ences of >20 Hz for each arm of the profile. Since the high pH 
arm of the H I ’  profile follows the same pH dependency as the 
H5 and H6 resonances, it is probably simplest to group the phe- 
nomena together, i.e., associate i t  with the conformational 
change of the complex. ( In  fact this pH perturbation of the H I ’  
chemical shift of the complex, which is not found in the free so- 
lution inhibitor, is perhaps one of the best arguments against 
the assignment of the pK - 4.8 in the H5 and H6 plots to the 
protonation of N-3.) The 20-Hz upfield chemical shift result- 
ing from deprotonating His48 or some other group could be due 
to the juxtaposition of H I ’  and a magnetically anisotropic 
group such as the aromatic ring of Phelzo, the imidazolium 
ring of Hisrl9, the keto group of the cytosine ring, or virtually 
any of a number of other groups a t  the active site. All are pos- 
sible candidates for effectors of this shift, though a t  present we 
prefer an explanation based upon the deshielding anisotropy of 
the 2-keto group. A proton is maximally deshielded by a car- 
bonyl group when it lies in  the plane of the carbonyl group 
(Jackman, 1959). Thus, in the two o$-unsaturated ketones the 
vinyl hydrogens cis to the keto group are both shifted downfield 
relative to the trans vinyl hydrogens. Most importantly, how- 
ever, the difference in chemical shift between the two vinyl hy- 
drogens is much larger in compound 1 than in the acyclic ke- 
tone 2, where free rotation about the 2,3 single bond is allowed. 

Apparently only in the planar s-cis conformation is the keto 
group maximally deshielding. Schweizer et al. (1973) attribute 

H H 

1 2 

to the keto group anisotropy the 0.25 ppm downfield shift of 
the H I ’  proton in 5-methylcytidine relative to 6-methylcyti- 
dine. They argue that for steric reasons, the 5-methylcytidine 
must exist in the anti conformation while the 6-methylcytidine 
must exist in the syn conformation (2-keto group over the ri- 
bose ring). Again, the 2-keto group will cause maximum de- 
shielding of the H I ’  proton only when the base is in the anti 
conformation. There must still be considerable rotational free- 
dom about the glycosidic bond in the free nucleotide (Sundara- 
lingam, 1969; Haschemeyer and Rich, 1967). In  fact, Lavalle 
and Coulter (1973) argue that 3’- and 5’-CMP exist as syn- 
anti mixtures with the anti conformer predominating. The H I ’  
nucleus will therefore only experience a fraction of the maxi- 
mal possible deshielding field of the keto group. It is relevant 
then that a t  all pH’s studied, the chemical shift of the H1’pro- 
ton of the E 4  complex is shifted downfield relative to  the in- 
hibitor in solution. This would indicate that the cytosine base 
is more restricted to the anti conformation in the E-I complex. 
The foregoing examples indicate that constraining a proton to 
the plane of a carbonyl group rather than allowing i t  to freely 
rotate through the plane will lead to an additional 0.4 ppm up- 
field shift for this proton. The 0.3 ppm difference between the 
chemical shifts of the H I ’  resonance in the free 5’-CMP and 
the monoprotonated state of the complex (the “acid stable” 
HA, isomer) provides some support then for this keto group an- 
isotropy explanation. In addition i f  we assume that the keto 
group anisotropy is responsible for the pH dependent chemical 
shift changes of the H I ’  proton as well, then it  would follow 
that the conformational change of the complex induces a 
change in the cytosine base conformation. The upfield shift 
with increasing pH could result from rotation of the glycosidic 
bond so that the base moves into less of an anti conformation. 

3’-CMP.RNase A Chemical Shifts. Meadows et ai. ( 1  969) 
have argued on the basis of the similarity of the chemical shift 
differences for the H5, Hg, and H I ’  protons in 5’-CMP and 3’- 
C M P  (as well as 2’-CMP) that the cytosine ring of the nucleo- 
tides binds in all cases in  essentially the same fashion. We have 
already noted that at the single pH of Jardetzky’s study this is 
not evident from the corrected data (Table 11). In  addition, as 
shown by Figures 4 and 5. there are several important differ- 
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FIGURE 7: Model for the “base stable” conformational isomer of the 
3’-CMP-Rtiase A complex showing some of the nearest neighbor 
amino acid residues of the protein and a syn conformation for the cy- 
tosine base. In contrast to Richards and Wyckoffs (1971) X-ray struc- 
ture from which this model was derived, the Lys41 e-amino group is as- 
sumed to be juxtaposed to the dianionic phosphate. 

ences between the pH-chemical shift curves for the nucleotide. 
enzyme complexes. A major difference between the sets of 
curves is the number of ionizable groups responsible for the pH 
dependence of the chemical shifts. In the 5’-CMP complex only 
the H s  proton follows a simple titration curve whereas in the 
3’-CMP complex all three protons follow simple titration 
curves (neglecting the high pH point for the HI’ chemical shift 
of the complex). In addition the pK derived from the Hg, H5, 
and Hi’ curves of the 3’-CMP complex is ca. 1 pK unit larger 
than the corresponding pK of the 5’-CMP complex. 

Lastly, the absolute chemical shifts of the three resonances 
differ in the two complexes. In this regard it is significant that 
the chemical shifts of these protons are nearly the same for 3’- 
CMP and 5’-CMP free in solution (this ignores the specific 
perturbation of Hg and to some extent H5 caused by ionization 
of the 5’-phosphate.) On the other hand, the whole curve for 
the Hs proton in the 3’-CMP complex is shifted 12  Hz down- 
field relative to the j’-CMP.RNase A curve. The H I ’  curve in 
$’-CMP.RNase A is shifted 10-20 Hz upfield from the curve 
of the 5’-CMP complex. Because of the complicating specific 
effects of the phosphate on the Hg resonance in the 5’-CMP 
complex, it  is difficult to state whether the Hg proton curves in 
the two nucleotide complexes would be shifted in the absence 
of this effect. I t  appears as though the shift in the H h  curves 
would be small. 

These pK and chemical shift changes indicate that there 
must be substantial differences in the geometry of the two nu-  
cleotide complexes. However, the phosphate and ribose and cy- 
tosine rings are probably still bound in essentially the same 
sites for the two nucleotides since a main feature of the profiles 
remain unchanged: an upfield shift for all resonances in borh 
complexes reflecting ionization of a group with a pK between 5 
and 6. We believe then, that the same interpretations that we 
havc applied to understanding this pH-dependent chemical 
shift i n  the 5’-CMP complex applies as well to the 3’-CMP 
complex. We again propose that the titration curve profiles re- 
su l t  from a pH-dependent conformational change of the com- 
plex. Although protonation of N-3 in the complex would pro- 
vide a n  alternative explanation for the downfield shifts of the 
1 1 5  and Hh protons, i t  cannot explain the changein the H I ’  res- 
onance in the same pH region. 

Stritctirre of the Enzyme.Inhibitor Complexes. The magni- 
tude of the chemical shift changes and the absolute values of 
the chemical shifts provide a basis for defining the structures of 

-\*, 

% 
F I G U R E  8: Model for the “base stable” conformational isomer of the 
5’-CMP-RNase A complex showing some of the nearest neighbor 
amino acid residues of the protein and an anti conformation for the cy- 
t osi ne base. 

the nucleotide-enzyme complexes. I t  is necessary, however, to 
make the following postulates in order to assess the chemical 
shift effects: ( 1 )  the phosphate in both nucleotides is bound in 
essentially the same location in the active site cleft; (2) Phel*o 
is largely responsible for the perturbation of the H5 and H6 
magnetic environment; (3) the 2-keto group is largely responsi- 
ble for the perturbation of the H I ’  magnetic environment; (4) 
deprotonation of a group with pK = 5-6 induces a conforma- 
tional change of the complex which moves Phelzo and other 
residues a t  the active site closer to the inhibitor. 

We have already discussed some of the experimental evi- 
dence supporting postulates 2 and 3. In addition, Jardetzky has 
reached similar conclusions about the phosphate binding site 
and the effect of Phelzo. Thus, it has become apparent from ‘ H  
and 31P nmr studies that the protonated His, 1 9  and the phos- 
phate dianion of 3’-CMP interact strongly, possible v ia  a hy- 
drogen bond. In drawing a model (shown in Figure 7) for the 
3’-CMP complex we have chosen to use Richards and Wyck- 
off‘s ( 1  97 1)  crystallographic structure of a dinucleotide phos- 
phate-RNase S complex as a guide. The model is intended to 
represent the structure of the unprotonated, tightly bound state 
of the complex (the “base stable” conformational isomer). 

Essentially, the 3’-CMP phosphate is shown bound to the 
highly positive site created by the protonated side groups of 
Hisll9, His12, and Lys41. For reasons we will present shortly, 
the cytosine base is drawn in the unusual syn conformation. 
However, we do not wish to imply that the specific syn torsion- 
al angle for the glycosidic bond shown in this model is any bet- 
ter than many other spn angles. The aromatic ring of Phe120 
lies a t  an angle with the cytosine ring, bringing the Hs and Hh 
protons close to the shielding anisotropic field of the Pher21,. 
Protonation of His4* probably is responsible for a conforma- 
tional change which opens the cleft and swings Lys41 and 
Phelzo away from the inhibitor. I n  this monoprotonated 
(“HA”) “acid stable” isomer the 3’-CMP is bound only loose- 
ly ,  This allows the cytosine ring to rotate more freely than i n  
the tightly bound, unprotonated “A” state of the complex, thus 
allowing the cytosine base to assume a more normal, anti con- 
formation. 

Figure 8 shows a model of the 5’-CMP complex in the tight- 
ly bound “base stable” state. In  order to bring the 5’-phosphate 
into approximately the same location as the 3’-phosphate, the 
ribose ring must be rotated by at least 50’ about an axis that 
runs through the center of the sugar ring and perpendicular to 
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it. This would force the cytosine base against Phejzo, which 
would probably result in some rotation about the glycosidic 
bond. It would also disrupt some of the hydrogen bonds to the 
cytosine base and this inaccurate fit of the S’-nucIeotide to the 
active site shows up in the diminished binding constant for this 
nucleotide. Pushing together of the cytosine base and the aro- 
matic ring results in an upfield shift of the H5 proton in the 
“base stable” “A” state of the 5’-CMP complex relative to the 
3’-CMP complex. Thus in this tightly bound state 6~ = 570 H z  
for the 5‘-CMP complex whereas 6~ = 584 H z  for the 3’ com- 
plex. I n  the more loosely bound (HA) state of the complex, 
 HA = 602 Hz for the H5 proton in both nucleotides. If the 30 
Hz or larger downfield shift caused by the S’-phosphate is sub- 
tracted from the chemical shift of the H6 proton, then it can be 
seen that the H6 resonance of the 5’-CMP complex is also 
shifted upfield from the H6 resonance in the 3’-CMP complex 
(again discussing only the “base stable” isomer). Thus, 6~ 
<740 Hz in the 5’-CMP complex but 6~ = 757 Hz in the 3’- 
C M P  complex. If correction for the phosphate ionization is 
made,   HA -773 Hz for both nucleotide complexes in the 
loosely bound conformation. 

The H I ’  chemical shifts provide a means of defining the base 
conformation, assuming that the 2-keto group is largely re- 
sponsible for any changes in these shifts. In the “base stable” 
conformer of the 5’-CMP complex and the “acid stable” con- 
former of the 3’-CMP complex, 6 = 585-586 Hz. This indi- 
cates that both nucleotides have similar anti conformations in 
these states of the complex. In the “base stable” isomer of the 
3’-CMP complex the H I ’  resonance is upfield (ra. 30 Hz) from 
the resonance of the 5‘-CMP complex and most significantly, it 
is upfield (ra.  20 Hz) from even the HI’ signals o f t h e  inhibi- 
tors in the solution. The direction and magnitude of the chemi- 
cal shift differences suggest that the cytosine base is rotated 
into the syn conformational range in the “base stable” isomer 
of the 3’-CMP complex. 

Ribose Conformations and Mode of Catalysis in RNase A .  
X-Ray diffraction (Haschemeyer and Rich, 1967) and nmr 
studies (Prestegard and Chan, 1969) have shown that nearly 
all pyrimidine nucleotides and nucleosides exist in the “puck- 
ered” 2’-endo and/or 3’-endo ribose conformations (the 2’- or 
3’- carbon atom and the base are on the same side of the plane 
defined by the other four atoms of the ribose ring; see Figure 
6). An important exception to this general rule is 2’,3’-cyclic 
C M P  which is shown by crystallographic (Coulter, 1973) and 
nmr studies (Lavalle and Coulter, 1973; Lapper and Smith, 
1973) to have a much more planar ribose conformation. Espe- 
cially surprising and intriguing is the unusual syn conformation 
found by Coulter (1973) and Lavalle and Coulter (1973) for 
the cytosine base of this cyclic nucleotide. As noted by Preste- 
gard and Chan ( 1  969), the range of torsional angles which the 
base can assume is limited by the nonbonded interactions be- 
tween the H6 proton (or the 2-keto group) and the ribose ring 
atoms. Apparently the more planar conformation of the ribose 
ring in the cyclic nucleotide allows the cytosine ring to adopt 
this unusual syn conformation. However, this interaction can 
probably work both ways so that the extent of ring puckering 
could in turn largely determine the conformational preference 
of the base ring. Whether the syn conformation is a conse- 
quence of or an effector of ribose ring distortion is not to be ar- 
gued here. Our proposal that the cytosine base in the “base sta- 
ble” state of the 3’-CMP complex is bound in the syn confor- 
mation would, however, suggest that the ribose ring is bound in 
a distorted planar conformation. This could be significant since 
constraining the ribose ring to a planar conformation could be 
one important catalytic function of the enzyme. 

An important question yet to be fully resolved regarding the 
mechanism of action of RNase A is why the enzyme forms a 
highly strained cyclic diester intermediate in the hydrolysis of 
unstrained acyclic diester substrates. Model studies by West- 
heimer and coworkers (1968) have shown that most of the ca. 
1 06-fold rate acceleration of strained cyclic phosphate esters 
results from the release of this ring strain in forming an un- 
strained cyclic pentacovalent intermediate. For the enzyme, 
however, not much would seem to be gained5 by this pathway 
since it must first provide this strain energy and then ultimate- 
ly release it. The strain energy involved is considerable: 8.1 
kcal/mol in  the hydrolysis of 2’,3’-cyclic C M P  (Rudolph et a/., 
1971). Speculations on the mode of catalysis in RNase A have 
largely focused on the role of the histidine and lysine residues 
a t  the active site. These groups presumably serve to lower the 
energy of the transition state by functioning as general acid/ 
base catalysts. Possibly an equally important function of the 
enzyme is to raise the energy of the substrate, utilizing a form 
of strain catalysis (Jencks, 1969). An effective way for RNase 
A to induce strain in  the acyclic diesters would be to distort the 
ribose ring and base into a geometry similar to that of 2’,3’- 
cyclic CMP. Our finding of a syn conformation for the base in 
the 3’-CMP complex, would support this suggestion. 

Conclusions 

Including Jardetzky’s earlier work, all previous studies on 
the binding of cytidine nucleotides to RNase A have concluded 
that the cytosine rings in the nucleotides bind in essentially the 
same manner. Thus, the uv-difference spectra (Hummel et ai., 
1961; Anderson ef  a/., 1968) and optical rotatory dispersion 
spectra (Deavin et al., 1966) of the 3’-, 5’-, and 2’-CMP nu- 
cleotides bound to RNase A are quite similar, in spite of the 
fact that the uv-difference spectra of the complexes apparently 
result from changes in the absorption of the cytosine ring and 
not from any group on the enzyme ( h i e  and Sawada, 1967). It 
would therefore appear that only nmr, in contrast to other 
spectroscopic methods, is sensitive enough to observe the dif- 
ference in binding of the nucleotides. 

It is significant that the ’ H  nmr spectra of the 3’-CMP com- 
plex is not perturbed in the pH region where the phosphate is 
protonated (pK - 4.4 derived from the 3 1 P  nmr study). This in- 
dicates that the dianionic and monoanionic states of the 3’- 
C M P  inhibitor are bound in essentially the same site with simi- 
lar environments for the pyrimidine and ribose rings. There- 
fore, the conclusions that we have reached regarding the struc- 
ture of the dianionic inhibitor complexes are likely directed as 
well to the monoanionic diester substrates. 
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CORRECTION 

“Variability in the Tertiary Structure of a-Chymotrypsin a t  2.8-A Resolution,” by Alexander Tulinsky,* Richard L. Vandlen, 
Carl N .  Morimoto, N .  Venkit Mani, and Lynn H .  Wright, Volume 12, Number 21, October 9, 1973, page 4185. 

“Changes in the Tertiary Structure of a-Chymotrypsin with Change in pH; 4.2-6.7,” by Richard L. Vandlen and Alexander 
Tulinsky,* Volume 12, Number 21, October 9, 1973, page 4193. 

Due to a defective pH electrode, the pH values reported in these communications are high by about 0.7 pH unit. The conclusions 
drawn are not thereby affected since they were made independent of absolute pH values and were generally confined to pH regions. 
For further details, see page 3661 of this issue (August 27, 1974). 

3836 B I O C H E M I S T R Y ,  v O L .  1 3 ,  N O .  1 8 ,  1 9 7 4  


