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~,UMMARY 

Nuclear  magnet ic  resonance spec t roscopy has been used to follow the enz 3 matw 
tl 3drolysIs  of N-Ac DL-Phe ~.-Tyr b y  pepsin  The ra te  of  react ion and the stereo- 
speclfiClt 3 of the enz\  me were de te rmined  with an accuracy  of ± 3°o 

IN IRODULTION 

Once the >peclficlty of a t)lologlcal agent  t oward  amino acid der iva t ives  of 
knm~n opt ica l  configurat ion has been establ ished,  i ts ac t ion towardb amino acld~ . f  
unknmx n s te reochemls t rv  can be p red ic ted  with tome confdence  One of  the impor-  
t an t  l inn ta t lons  in the use of ~uch bmlogical  procedures  ix t ha t  the  homogene i ty  and 
the >peelficlty of borne enzyme prepara t ions  are in doub t  In order  to eva lua te  the 
p u n t  3 of  a biological  agent  before use, it  ix often necessary to check its performance 
with a model  aubs t ra te  

The suscept ib i l i ty  of racemlc subs t ra tes  to enzymat ic  a t t a c k  has been %llowed 
by  a sequence of absorbance ,  co lor imet rv  or o ther  sui table  technlque~ to measure  the 
ra te  of  tIydrolyals,  followed by  an opt ica l  pu r i ty  de te rnuna t ion  of the producO, 2 We 
have recent ly  demons t r a t ed  tha t  the chromatograph ic  separa tmn of d las tereoisomers  
can be u.bed to de te rmine  the ra te  and the .~tereospemfic ac t ion of leuclne ammopep t l -  
dase ~ and acylase 4 in one exper imen ta l  run,  bu t  even here s o n i e  t l m e - c o n . u n n n g  

heroical man ipu la t ions  were required We have now u.~ed nuclear  magnet ic  resonance 
>pectroscopy (NMR) t~ v e r i f y  the  stereospecific ac tmn of  pepsin on a model  ~ub~trate 
Since no physmal  ~eparat lon of the diabtereolsolnerlc mix ture  is required for ana lys>  
b y  NMR, the kinet ic  cons tants  and the opt ica l  pu r i ty  of the producta  can be deter-  
mined wi thout  any  chemical  modif icat ions being reqmred  before ana lva>  

MATERIALS AND METHODS 

3[ater2als 
N - A c - L - P h e - L - T y r  and N - A c - D - P h e - L - T v r  were ob ta ined  from the Mann 
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Research Lab ,  N Y Fresh substrate solutions were prepared according to BAKER 5,6 
and used immediately 3-times crystalhzed pepsin, (EC 3 4 4 I) derived from hog 
stomach 7, was supplied by Mann Research Lab ,  N Y Dlmethyl sulfoxlde-d 6 (99 5°0) 
and 2H20 (99 8%) were obtained from Dmaprep, Incorporated, Atlanta and trlfluoro- 
acetic acid was supplied by Eastman Organic Chemical% Rochester 

Eqmpment 
Varlan A-6o nuclear magnetic resonance spectrometer, Vlrtls lyophfilzer and 

Chmcal centrifuge (International Equipment Co ) 

Method 
The incubation mixtures were made up by dissolving N-Ac-L-Phe-L-Tyr 

(212 rag, 5#M) or N-Ac-L-Phe-L-Tyr (ITomg, 4/xM) and N-Ac-D-Phe-L-Tyr 
(I7O rag, 4/~M) in turn in o 5 M NaOH, o 5 M HC1, and o 5 M NaC1 and adding 
pepsin (75 mg = o IOO mg pepsin N per ml and 60 mg -= o 080 nag pepsin N per ml, 
respectively) The total reaction volume was 12o nil and the pH of the solution was 3 
The hydrolysis wa~ followed by removing ahquots (20 ml) with a pipette every 15 mln 
and by transferring them to a Vlrtls lyophlhzlng flask (5 ° ml) The flasks were im- 
mediately cooled in dry ice to stop the reaction, and the water was then removed b 5 
freeze-drying The residue was triturated with dimethyl sulfoxlde-d b (I ml) and the 
suspension transferred to a centrifuge tube After centrlfugatlon, the bupernatant 
was plpetted into an NMR tube (pressure-cap seal) ready for NMR analysl~ The 
spectra were obtained on a \ 'arian A-6o spectrometer, and for quantitative analysis 
peak areas were calculated from "half-height measurements" (height × width at 
1/2 height) or "vertex measurements" The latter method involves dropping a perpen- 
dicular line from the intersecting point of the two peakb onto the integration curve 
and measuring the heights corresponding to the two peak areas on the integration 
c u r v e  (F ig  I) 

RESULTS 

Assignment of NMR resonance peaks 
The determination of the degree of enzymatic hydrolysis depends on an accu- 

rate peak area measurement of the signals due to the methyl resonances of the sub- 
strate at lO 4 4 Hz and the hydrolysis product (N-Ac-L-Phe) at lO8 o Hz The ratio 
of peak area (N-Ac-L-Phe) peak area (N-Ac-L-Phe-L-Tyr + N-Ac-L-Phe) corre- 
sponds to the percent hydrolysis of the substrate NMR analysis of a synthetic 
mixture of substrate and product corresponding to a 53~o hydrolysis value, yielded 
a figure of 56°,o by the half-height method and a value of 54% by the vertex proce- 
dure (Fig IA) The signal due to the protons of the phenyl ring at 433 7 Hz (N-Ac- 
L-Phe-L-Tyr) and 434 9 Hz (N-Ac L-Phe) mav also be used to determine the degree 
of hydrolysis, but since the degree of resolution of the two peaks is less, an accurate 
area measurement is much more difficult 

A stereochenucal analysis of the substrate in ~olutlon is possible because the 
proton resonances of the phenyq ring for N-Ac-L-Phe-L-Tyr is at 433 7 Hz and that 
for N-Ac-D-Phe-L-Tyr as at 430 9 Hz Since the signal for the product, N-Ac-L-Phe, 
is at 434 9 Hz, the phenyl resonance peaks can be u~ed to deternnne the optical 

thoch~m Bzophys Acta, 198 (197 ° ) 88-92 
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l ' lg ] & N M R  ~ p e c t r u m  of  a ~ v n t h e h c  n n x t u r c  oi ~ u b s t r a t e  ( A - A c  L-Phc- -L- l , , r )  a n d  p r o d u c t  
( N - ~ c - L - P h e )  c o n e ~ p o n d l n g  to  a 5~ ' ( )  h}dro l}~l~  xa lu e  l h c  ~olut lon c o n t a i n e d  N - ~ c - L - P h e  
L - ' l v r  (2 7 m g  o 12 7 raM) a n d  N - ~ c  L-Phe  ( i8  m g ,  o [4 z raM) d]sso lxed  m d l m e t h \ l  ~ulloxldc-d(,  
(o 4 ml) a n d  2HaO (o 2 nq) a n d  ac]df l led  w ] t h  t n f l u o r o a c e t m  ac id  to  p H  3 B N M R  ~ p e c t r u m  ol ,t 
s } n t h e t l c  m i x t u r e  ol rd.cemlc s u b s t r a t c  (.\:-Xc DL-Phe L - ' l \ r )  a n d  p r o d u c t  ( N - k c  L-Phe)  l h e  
~o lu t m n  c o n t a i n e d  N - \ C - L - i ) h e  (3 8 mR 3 ° id~I), . \ ' - A t  L-Phe  I-Tx, r (1 :; 3 l]]g Oo I~M), a n d  5"- 
Ac D-Phe  L - T \ r  (2o o n lg ,  9o/~M) (h~ s o l \ e d  m d n n e t h v l  ~ulfoxMe-d~, (o 5 ml) a n d  2H2() (o i ml) 
a n d  acl (hf ied  x~ th  t n f l u o r o a c e t m  ac id  (l /d) to  p l [  ¢) 

purity of the sub.~trate during enzymatic hydrolysl~ An NMR analysl~ of a syntheht 
mixture of racenuc ~ub~trate and product corresponding to 33 3°0 product showed 
the ratio of the (X-Ac-k-Phe-L-Tyr + N-Ac-L-Phe) (N-Ac-D-Phe L-T?r) peak 
areas to be I oq8 (i i LL DL predicted) using the vertex inethod of area determina- 
tion (F]g IB) 

H.)ck;m t~wphv9 4eta, Ic), ~, (1()7o) 8,~ 02 
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1 a~BLE 1 

PEPbIN-C~_TAL'~ ZED HYDROLYSIS OF N - A c - L - P h e - L - T y r  

~ p e c t r a  ~ ere  r u n  u n d e r  t h e  fo l lowing  cond l t lon~  on a V a r l a n  A-0o  p r o b e  t e m p e r a t u r e  30~ , lnlter 
b a n d w i d t h  --  I H z ,  R F he ld  o 2 mgaus~ ,  bweep  t i m e  ~- 5oo sec, s ~ e e p  ~ l d t h  5oo Hz ,  
s w e e p  offset  o o Hz ,  ~pec t r a l  a m p l i t u d e  65, i n t e g r a l  a m p h t u d e  -- 8o ( ~ l t h  ~pec t ra l  a m p h -  
t u d e  a t t e n u a t e d  to  i o) Cur~ a t u r e  a n d  Y he ld  g r a d i e n t s  ~ ere  a d j u s t e d  un t i l  a r e s o l u t i o n  of  o 3 I I z 
or  b e t t e r  ~ a s  o b t a i n e d ,  ~ l t h  a n n n l m u m  s]gnal- to-no~se r a t i o  of  IO 06 T e t r a m e t h v l s f l a n e  x~as 
ubed as a n  i n t e r n a l  s t a n d a r d  P e a k  a r e a  d e t e r m i n a t i o n s  ~ e r e  m a d e  on e x p a n d e d  s p e c t r a  ~ t h  
m e t h y l  r e s o n a n c e s  a t  i o  4 o, i o  4 4 a n d  io8  o Hz ,  t h e  d i m c t h y l  ~ulfoxlde-d~ r e s o n a n c e s  a t  x5o 5 Hz,  
a n d  t h e  phens1  r e sonance~  a t  43 ° 9, 433 7, 4 3 4 9  H z  I n s t r u m e n t  s e t t i n g s  w e r e  h l t e r  t l and-  
w i d t h  o 4 Hz ,  s ~ e e p  t i m e  -- 25o ~ec, s ~ e e p  ~ l d t h  i o o  Hz ,  s p e c t r a l  a m p h t u d e  ~o, In te -  
g ra l  a m p h t u d e  --  4 ° ( ~ l t h  ~pec t ra l  a m p h t u d e  a t t e n u a t e d  to  io),  m m n n u n ~  s lgna l - t o -nm~e  r a t i o  
14 5, s w e e p  offset  a d j u s t e d  a p p r o p r i a t e l y  All o t h e r  i n s t r u m e n t  s e t t i n g s  x~ ere  as be fo re  I n  a d d l t , o n  
p a r t i c u l a r  a t t e n t i o n  ~;as prod to  p r o p e r  d e t e c t o r  p h a s e  a n d  d e t e c t o r  zero a d j u s t m e n t ,  s ince it  
was  f l iund to  be  e~sent la l  to  ha~ e p rec lbe lv  s~ m m e t r l c a l  p e a k s  a n d  p r o p e r l y  a d j u s t e d  m t e ~ r a t l ,  n 
e u r x e s  to  a t t a i n  r e p r o d u c i b l e  re~ult~ 

Samph T~me ° o Hyd*olys~ (%~bsttate + prodltct a,ca) 
(.too 

i I5 
2 3 ° 

45 
4 60 

5 75 
O qO 

Half-hezght Ier ter  [nh~nal +tandard area* 
m~lhod method 

15 3 23 7 o 659 
3 z 2 3 o 4 o 652 
38 5 4 ° 3 o 649 
45 I 4 ~ o o 591 
47 3 53 4 o 542 
5 ° o 56 q o 6oo 

Mean  o 616 
S I 2  -- OOIIb~ 
( o e f f i c i e n t  ot x a r l a t l o n  7 4 9 %  

* Since  t h e  d n n e t h y l  su l fox lde -d  6 is onl,, 9(~ 5 ° .  pu re ,  t h e  r e s idua l  p r o t o n s ,  a ~ e r a g l n g  one 
pe r  m e t h s 1  g r o u p ,  i n t e r a c t  ~ l t h  t h e  t ~ o  d e u t e r m m  a t o m s  on e a c h  m e t h y l  g r o u p  p r o d u c i n g  
i 3 5 3 i q u i n t e t  a t  15o 5 H z  T h i s  c a n  t h e n  be  used as a n  i n t e r n a l  ~ t a n d a r d  Since  thlb c o l u m n  
is ~ ta t lb t l ca l ly  c o n s t a n t  i t  to l lo~ s t h a t  t h e  m o l a r  ( o n c e n t r a t l o n  of  s u b ~ t r a t e  plus  p r o d u c t  r e m a i n s  
c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n  ~ h ich  i n d i c a t e s  the  rel lal) iht~ of  the  N M R  p r o c e d u r e  

2 Pepszn-catalywd hydrolyszs 
The results  of  a peps in -ca ta lyzed  hydrolys is  run using N-Ac L-Phe-L-Tvr  as 

the subs t ra te  are summar ized  m Table  I I t  is wor th  not ing tha t  the  ra te  of hydro lys i s  
as de te rmined  by  the NMR method is in excellent  agreement  with the results  ob- 
ta ined  b y  BAKER 5 (5O% hydrolys i s  of  the sub~trate  af ter  6o mln) I t  is also significant 
t ha t  N - A c - D - P h e - L - T v r  does not  inhibi t  the  react ion,  since N - A c - L - P h e - L - T y r  m 
the racemlc mix ture  is hydro lyzed  at  the  same ra te  (Table I I )  Tins exper iment  also 
demons t ra tes  the stereospeclfiC act ion of pepsin,  ~lnce the concent ra t ion  of  N - A c -  
D-Phe-L-Tyr  remama the same during the course of the enzyma tw  hydrolyqls  (Ta- 
ble I I )  

I ) I ~ , C U S S I O N  

These experiments show the utility of NMR for .~tudymg enzymatic hydrolysL~ 
On the basas of data obtained from synthetic mixtures, an accuracy of ± 3°0 1.~ 
po.~slble by peak area measurement determined by the vertex method By selection 
of appropriate enzyme-substrate systems (Igm ~ lO-1), the Mmhaehs-Menten con- 

Bmchzm Bzophvs.  Acta IO~ (197o) 8~-92  
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T & B L E  11 

PI*.PSIN-c kTALYZED HYDROLYSIS OF . \r- . \e--DL-Phe--L-1 yr 

qain/vh "1 line ° o H y d * o l _ v h z s  ° o Hydro- DE a l t a  
(l l l t l l)  (LL) [ysIs (DL) 

( l'e~ h r m t  t h o d )  In terna l  ~tanda~ d a~ ca* 

t I5 35 7 
2 3 ° 3 8 7 ± 0 7  
3 45 4 8 6 ±  2 7 o o  
4 60 49 6 % o 9  o o  
5 75 5 5 9  # 0 4  o o  
0 9 ° 5 8 5 " I 0 0 0 

o 439 
o 426 
o 43 ° 
o 420 

Mean o 43 ° 
q E o 0o 3 
Coe l f icmnt  of  ~ a r ~ a t m n  =- ~ 4 % 

*'1 he p r o p o r t m n  of  the  DL d l a s t e r e o l s o m e r  w a s  d e t e r n l m e d  b v  (hx ld lng  the  area  u n d e r  
t h e  DL p e a k  (x cr tex  de ternunat lon)  at 43 ° 9 H z  b y  the  in terna l  s t a n d a r d  (x er tex  d e t e r m u I a t l o n ,  
d u n e t h y l  su l fox lde -d  6 q u i n t e t  at  I5O 5 Hz)  I f  th is  rat io  is c o n s t a n t  o x e r  the  course  o f  h v d r o l w ~ s  
a~ t h e s e  resul t s  ~h(m, then  h y d r o l ?  sis o f  the  d m s t e r e o l s o m e r  is o % 

stant, ( K i n ) ,  other kinetic parameters, and the stereospeclficity can be determined 
While the abox e enzymatic hydrolyses xx ere carried out x~ tth 4-5 #M substrate solu- 
tions in the buffer systems descubed above, we had to concentrate the .solutions by 
freeze-drying before the NMR measurements, to Improve the blgnal-to-nolse ratio 
However, the use of a time averaging computer in conjunction with the A-6o .~pectro- 
meter, obviates the need for such a concentrated bolutlon 

By choosing buitable reaction conditions such a~ (I) a 2H20-soluble sub~trate, 
(21 a characten>tIc NMR signal for both substrate and product which can be followed 
during the reaction, (3) a rate of hydrolysis not to exceed 5O°o per h with Km ~ Io 1, 
it will be possible to obtain the kinetic parameters while the reaction is actually in 
progress Furthermore, by using a varmble temperature probe the MNR techmque 
could also be employed to study the effect of teniperature on the reaction rate 
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