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Summary.  The associa t ion between r ibonuclease  A and its product  inhibitor 
uridine-3"-monophosphate has been studied by Sip nmr  spec t roscopy.  Anal- 
ys is  of the chemical  shifts and the linewidths of the 31p resonance  of the 
inhibitor over  a wide range of enzyme concentrat ions yielded the apparent  
dissociat ion ra te  constant of 3200 + 300 sec -1 at 32°C for the enzyme- inhib i tor  
complex and an activation energy of 3.5 + 1.0 kca l /mole  for  this p rocess .  
The chemical  shift data suggest  that the phosphate group of this inhibitor is 
s imultaneously bound to two posit ively charged amino acid res idues  at the 
active si te  of the enzyme. 

Nuclear  magnetic resonance  spec t roscopy  (nmr) is now extensively 

used to probe the active si tes  of enzymes in solution. 1, 2 Most of these 

studies have been concerned with enzyme- inhib i tor  in teract ions  3-7 and 

information about the active si te  is often in fe r red  f rom the effects  which the 

enzyme has on the chemical  shifts, 8, 9 linewidths, 10 as well as the re laxat ion 

t i m e s l l ,  12 of specif ic  resonances  of the inhibitor.  Of the var ious  types of 

nmr  exper iments ,  high resolut ion proton magnetic resonance  spec t roscopy  

(pmr) has been the most  widely employed. While it is often possible to infer  

s t ruc tu ra l  informat ion f rom these  studies,  it is in genera l  difficult to obtain 

kinetic information because  of smal l  chemical  shifts and the resu l tan t  long 

t ime sca les  of observat ion.  
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In this communication, we wish to report a P nmr study of the 

association of ribonuclease A (RNase A) with its product inhibitor uridine- 
31 

3'-monophosphate (3'-UMP). Because P chemical shifts are usually large, 

the nmr observation time is in general comparable to the time scales of the 

enzyme,inhibitor interactions, even at relatively low enzyme concentrations. 

Moreover, the solvent in these experiments can be H20 instead of D20 , so 

one is no longer faced with questions often raised in connection with the pmr 

studies regarding the isotopic effect of the solvent on the protein conforma- 

tion and the enzyme-inhibitor interactions under consideration. 

The RNase A used in this work was isolated from bovine pancreas 

and was obtained from Calbiochem, Los Angeles, California, as an A grade 

reagent. Its biological activity was shown to be 65 Kunitz units/rag. 13 A 

grade 3'-UMP was purchased from Calbiochem in the acid form, and was 

converted to the sodium salt on a Dowex 50W-X8 cation exchanger. 

Solutions containing 0.1 M of the inhibitor and various concentrations 

of the e n z y m e  (1 × 10 -4 M to 2 × 10 -3 M) w e r e  p r e p a r e d  in H20 , and t h e i r  pH 

was  m a i n t a i n e d  a t  7.5 + 0 .01  us ing  0 .1  M t r i s  bu f fe r  and 0 .05  M NaC1. The  
31 

P n m r  e x p e r i m e n t s  w e r e  p e r f o r m e d  at  a m a g n e t i c  f i e ld  of 53 k g a u s s  and the 

r e s o n a n c e  f r e q u e n c y  of 89 MHz on a m od i f i ed  V a r i a n  HR-220  s u p e r c o n d u c t i n g  

n m r  s p e c t r o m e t e r  equipped  with f r e q u e n c y  s w e e p  and m u l t i n u c l e i  c a p a b i l i -  

t i e s .  P r o t o n  no i se  decoup l ing  was  used  to r e m o v e  a l l  p h o s p h o r o u s  and p r o -  

ton s p i n - s p i n  coup l ings  and a C-1024  t i m e  a v e r a g i n g  c o m p u t e r  was  u s e d  to 

enhance  the  s i gna l  to no i se  r a t io .  The  31p c h e m i c a l  sh i f t s  w e r e  m e a s u r e d  

r e l a t i v e  to an e x t e r n a l  r e f e r e n c e  of t r i m e t h y l p h o s p h i t e  s e a l e d  in a c a p i l l a r y .  

Un les s  s p e c i f i e d  o the rwi se ,  a l l  the  e x p e r i m e n t s  w e r e  done at  the  n o r m a l  

p r o b e  t e m p e r a t u r e  of 32 + 2°C.  5 m m  O.D.  s a m p l e  tubes  w e r e  employed .  
31 

The  e f fec t  of R N a s e  A at  v a r i o u s  e n z y m e  c o n c e n t r a t i o n s  on the  P 

r e s o n a n c e  of 0 .1  M 3 ' - U M P  is  shown in Fig.  1. The  ~lp r e s o n a n c e  was  

o b s e r v e d  to sh i f t  p r o g r e s s i v e l y  to h i ghe r  f i e ld  and to  b e c o m e  b r o a d e r  with 

i n c r e a s i n g  e n z y m e  concen t r a t i on .  T h e s e  c h e m i c a l  sh i f t s  and l inewidths  a r e  
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Fig. I. 
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P nmr spectra of 0.1 M 3'-UMP in the presence of Ribonuelease 
A at various enzyme/inhibitor concentration ratios. (a) [Ea]/~[Io ] 
= 0:5 scans; (b) [Eo]/[Io] = 0.009:I0 scans; (c) [Eoj/[Ioj = 
0.016:25 scans. 

summarized in Fig. 2 as a function of the enzyme/inhibitor concentration 

ratio. The observed monotomic variation of the chemical shift and linewidth 

with enzyme concentration suggests that the kinetics of the enzyme-inhibitor 

31 
binding is either intermediate or rapid compared to the reciprocal of the P 

chemical shift difference of the inhibitor between the complexed and the un- 

bound states. Although the observed broadening may reflect the shorter 

transverse relaxation time of phosphorous nucleus when it is bound to the 

enzyme, an estimation of this transverse relaxation (N 0.02 sec) reveals that 

it is too long to account for the observed linewidth at the low concentrations 

of the enzyme used. We therefore surmised that the observed line broaden- 

ing arises predominantly from the intermediate chemical exchange of the 

inhibitor between the free and the bound states. In order to substantiate this 
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Fig. 2. 
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T h e . c h e m i c a l  sh i f t s  (~) and the l inewidths  (~) of the ~lp r e s o n a n c e  
of 3"-UMP at va r i ous  ~ n z y m e / i n h i b i t o r  conc-~ntration r a t i o s .  Au b ' 
Au o denote  the l inewidths  in the p r e s e n c e  and the absence  of the o s 
e n z y m e  r e s p e c t i v e l y ;  mid 6 is the o b s e r v e d  c h e m i c a l  sh i f t  of the 
inh ib i to r  in the p r e s e n c e  of the e n z y m e  r e l a t i v e  to that  fo r  the f r e e  
inhib i tor .  Solid c u r v e s  w e r e  ca l cu la t ed  fo r  A= 800 Hz and k_l = 
3200 sec  -i  ( see  text) .  

31 
point, we have simulated the P spectrum on the digital computer for differ- 

ent enzyme/inhibitor concentration ratios over a range of chemical shifts of 

the inhibitor between the free and bound states (A) and as a function of the 

kinetic parameters for the overall enzyme-inhibitor reaction: 

kl 

E + I ~-- E I  
k_ z 

E, I and EI denote  the enzyme ,  inh ib i to r  and e n z y m e - i n h i b i t o r  complex ,  r e -  

spec t i ve ly ,  and kl, k_l a r e  the a s s o c i a t i o n  and d i s soc i a t i on  r a t e  cons tan t s .  

Although i t  is  known that  the i n t e r a c t i o n  be tween  RNase  A and i ts  inh ib i to rs  

involves  a m u l t i s t e p  equ i l ib r ium,  our  n m r  m e a s u r e m e n t s  a r e  unfor tuna te ly  

only s e n s i t i v e  to those  s t eps  with r a t e s  c o m p a r a b l e  to  the n m r  t im e  sca le .  
3 1  3 1  

Computer simulation of P spectrum clearly indicated that the P 

broadening of the inhibitor arises from the intermediate chemical exchange 

of the inhibitor between its free and complexed states. In our analysis we 

have a s s u m e d  that  [ E I ] / [ I ]  ~-- [E o ] / [ I o  ], so  that  k l [E  ] = k _ l [ E I ] / [ I  ] --- 

k_ 1 [Eo ] / [ I o  ]. This  should be an e x t r e m e l y  good a p p r o x i m a t i o n  at  high 
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Fig.  3. 
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Var ia t ions  in c h e m i c a l  shi f t  of the 9 r e s o n a n c e  of 3 ' -UMP with 
the d i s soc i a t ion  r a t e  cons tan t  (k_z) fo r  v a r i o u s  e n z y m e / i n h i b i t o r  
concen t r a t i on  r a t i o s  and an a s s u m e d  c h e m i c a l  shi f t  d i f f e r e n c e  
(4) of 800 Hz be tween  the f r e e  and the bound s t a t e s .  

Fig.  4. 
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3 1  

Var ia t ions  in the l inewidth of the P r e s o n a n c e  of 3 ' -UMP with 
k_l f o r  va r ious  e n z y m e / i n h i b i t o r  co n cen t r a t i o n  r a t i o s  and an 
a s s u m e d  A of 800 Hz. 

inh ib i tor  concen t r a t i ons  and at low [E o ] / [ I o  ] r a t io s .  The  equ i l i b r ium con-  

s tan t  f o r  the a s soc i a t i on  p r o c e s s  is >/103 M -1 ~. Hence  at  an inh ib i tor  con-  

c e n t r a t i on  of 0 .1  M, [E ] / [EI ] --< 10 -2, and the e n z y m e  should  be to ta l ly  

c omp le xe d  f o r  leo  ] / [ I 0  ] r a t i o s  of 10 -3 to 2 x 10 -2. 
3 1  

Plots  of the ca lcu la ted  c h e m i c a l  sh i f t s  and l inewidths  of the P r e s o -  

nance  v e r s u s  k_l fo r  ~ ~ 800 Hz a r e  p r e s e n t e d  in F igs .  3 and 4. Since  the 
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f i r s t  o rde r  dissocia t ion ra te  constant is independent of the enzyme or the 

enzyme/ inh ib i to r  concentra t ion ra t io  at a given t empera tu re ,  the Z~ which 

c h a r a c t e r i z e s  the sys tem must  be that which yields the observed  linewidths 

and the observed  chemical  shifts for  the same  value of k_l. The best  fit to 

our data was obtained f o r A Y +  8 0 0 ± 5 0 H z a n d k  ~ 3 2 0 0 i 3 0 0 s e c  - 1 a t  
- 1  

32°C. The ag reemen t  between the observed  and the calculated chemical  

shifts and the linewidths for  var ious  enzyme/ inh ib i to r  ra t ios  is depicted in 

Fig. 2 and can be seen to be excellent .  

The act ivat ion energy for the  dissocia t ion p rocess  can be de te rmined  
31 

f rom a t e m p e r a t u r e  study of P resonance  widths at fixed enzyme/ inh ib i to r  

ra t ios .  Examinat ion of the linewidth changes for  th ree  enzyme/ inh ib i to r  

ra t ios  over  the t empe ra t u r e  range of 10 ° to 30°C yielded an energy of ac t i -  

vation of 3.5 + 1.0 kca l /mole .  
31 

The kinetic p a r a m e t e r s  which we have deduced f rom the p resen t  P 

nmr  study of the associa t ion of 3'-UMP to RNase A a re  in general  agreement  

14 with the t e m p e r a t u r e  jump m e a s u r e m e n t s  of G. Hammes et a l . ,  who suc-  

ceeded in reso lv ing  the kinetics of each s tep of the enzyme- inhib i tor  a ssoc i -  

ation. Ja rde tzky  et al. 7 have suggested, on the basis  of the i r  pmr  studies 

of RNase A-nucleot ide complexes  and the x - r a y  s t ruc tu re  of RNase S 15' 16 

completed  by the Wyckoff group at Yale, that the phosphate group of 

cyt idine-3 ' -monophosphate  is s imultaneously bound in the dianionic fo rm to 

the posi t ively charged s ide-chains  of two amino acid res idues ,  lysine 41 and 

histidine 119, at the act ive si te  of the enzyme. Although s imi l a r  pmr  work 

on 3 '-UMP has not been repor ted ,  one would never the less  expect  s imi l a r  

bonding of the phosphate group at the active si te  for  this inhibitor.  If this 
3 t  

were  the case,  we would expect  the P resonance  of the inhibitor to shift 

upfield by "~ 800 Hz at 89 MHz upon binding to the enzyme at a solution pH of 

N 7.5, where the phosphate exists  as the dianion p r io r  to associa t ion  to the 
31 

enzyme.  P r e l i m i na ry  P studies of nucleotides under taken in this labora-  

to ry  have shown that protonation of a p r i m a r y  phosphate in general  shifts 
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31 
the P resonance upfield by N400 Hz (at 89 MHz) per protonation step. 

31 
Thus, the P chemical shift of the inhibitor upon association can help to 

elucidate the involvement of the phosphate group in the enzyme-inhibitor 

interaction. 
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