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I. The phenylalanyl circular dichroism (CI)) bands of peptides were used t~} 
assay peptidase activity of carboxypeptidase A (Anson) and -k~,~# (7o% A, Le" and 
3o% A#Vai). Gly Gly-L-Phe and (ilv-L-Phe have a sharp, negative ('I) band at 
267 nm, whereas Dphenylalanine (the optically active product) has p{}sitivc ('I). 
Thus the hydrolysis of these substrates may be measured from the ('I) change at 
267 nin (change in AeM of about o.o 4 1~I , . cm '). 

2. The addition of fi-phenylprot)ionate t(} either carb{~xypeptidase A , ~  ~}r A 
(al~lSOl]) makes the CD more positive in the region from 270 t() 285 rim. Apparently 
this alteration results from the tvrosvl ('D bands of carboxypeptidase A (peptidyl- 
L-amino acid hydrolase, EC 3.4.2.I). Evidence is presented that this change arises 
primarily from the interaction offl-phenylpropi{}nate with Tvr I{18 (binding {'<}nstant. 
o.5 mbl). 

3- (ily-L-Phe does not produce any major alterati{m {}f the tvros\l  CI) bands 
~}f carb{}xypeptidase Aa~# or A (Anson}. Apparently the movement of Tvr 248 int,, 
the active site does not cause any readily' measurable ('I) alterati{m, exen \~hen 
extensive signal averaging is carried {}ut to achieve low noise records (peak-t{>peak 
noise less than 5"Io  ~ ,IA). 

4. The binding of Gly L--Phe, Gly D-Phe, L-phenylalanine, or D-phenylahmiu{' 
shifts the wavelength positions of the tryptophanyl ('I) fine structure ~}bservv(l in 
carboxypeptidase A (Anson) cooled to - i q 0 .  This effect may result lron/ binding 
outside the active site pocket, possibly in the groove near Arg 7 I. 

1NTROI)UCTI{}N 

Circular dichr(}ism (CD) seems to be an excellent method fi}r detecting certain 

.'kl~breviations: CI), circular dichroism ; le~l, molar extinction coeificient for left c ircu lar ly  
polarized light minus tha t  tYr right circularly polarized li,.,ht;. 14, absorbance for h'ft circularly 
polarized light minus tha t  for r ight circularly polarized light; carboxypcpt idase  :\,~, jj, prcparnti~}{~ 
containing 7 ° ",, carboxypept idase  Aa Leu an(1 3 {) "f, Alyval. 
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interactions between bit)l~gical molecule>, l{ecenth' tile interactions betwecl~ sevvr ti 
enzymes and their substrates or inhibitors have been found to cause readily n|easu, 
able changes in the near ultraviolet CI) bands L a. Since the CD spectra of nmcr,, 
molecules are determined by their conformations, CD may permit identifying confo~ 
marion changes induced in an enzyme by subs(rate binding, such as would be ex- 
pected from the induced fit hypothesis of enzymic catalysis 6. Relatin< CD spectra 
to changes in protein conformation is difticult, however, because one must distinguish 
aniong four possible explanations for the altered CD: (a) the protein c(mformation 
may be altered when the substrate is bound: (b) the substrate contbrmation may bc 
different in the bound state ; (c) local interactions at the binding site may induce new 
CD bands or alter existing CD bands in either the protein or the substrate even though 
no conformation change ()<'curs; and (d) long range interactions between chlomo- 
phores of the protein and those of the subs(rate (dipole dipole  coupling): may alter 
the CD intensities of b~)th the subs(rate and the protein even in the absenee of 
conforniation changes. 

I t  seems to us that  several steps can be taken to minimize the difficulties of 
distinguishing among the four interpretations. First, select enzymes whose structures 
are known in the crystalline state. This facilitates differentiating between local and 
long range interactions. Secondly choose enzymes having substrates whose CD bands 
do not overlap the relevant bands of the enzyme. Thirdly use the tyrosyl and trypto- 
phanyl side chain CD bands (275--30o nm) to detect changes in the enzyme, because 
these bands are relatively easy to identify and can be studied at high resolution by 
cooling to - - i96  ~' (refs. 8 IO).  To determine the usefulness of these procedures, we 
have studied the CD spectra of carboxypeptidase A (peptidyl-L-amino acid hydrolase, 
EC 3.4.2.I), an enzyme known to undergo a local conformation change upon substrate 
binding. X-ray diffraction studies of crystalline carboxypeptidase Aa have revealed 
that  the hydroxyl group of Tyr 248 moves I2 ~ upon binding of Gly-1.-Tyr n,12. This 
conformation change may alter the CD spectrum of carboxypeptidase A in tile region 
where the tyrosyl bands occur. 

The present article describes the near ultraviolet CD spectra of carboxy- 
peptidase A (Anson) and Aa+¢ after adding various substrates and inhibitors. Speeial 
attention is given to the CD fine structure of carboxypeptidase A in the region where 
the tyrosyl and t ryptophanyl  side chains have their bands (see preceding article) Ja. 
These measurements are made at 24, - -4  o, and --I96°.  The following substrates and 
inhibitors are used in these studies: Gly-Gly-L-Phe, Gly-L-Phe, L-phenylalanine, 
Gly-L-Val, Gly-r.-Leu, (;ly-D-Phe, r>phenylalanine, Gly-Gly-~-Ala, L-Phe-Gly 
Gly, and fl-phenylpropionate. The absorption bands of these compounds do not 
overlap the tyrosyl and t ryptophanyl  bands of the enzyme in the region 275 to 30o 
nm. For some substrates, the extent of hydrolysis can be determined from alterations 
in their phenylalanyl CD bands, which occur between 25o and 27o nm ~4. 

MATERIALS AND METHODS 

The procedures and enzymes used in this s tudy are described in tile preceding 
article 13. Carboxypeptidase Aa+~ was kindly provided by Prof. Philip P~tra and 
Prof. Hans Neurath. Gly-Gly-L-Phe, Gly-L-Phe, Gly-L-Val, Gly-L-Leu, Gly--Gly 
L-Ala, Gly-D-Phe, J.-Phe-Gly--Gly, i)-phenylalanine, Gly-Gly and N-benzoylglycine 

Biochim. Biophys. Acta, 235 (I971) 489--5oz 



( ' l )  ()1" C . ' d . ~ I { ( ) X X . ' I ' 1 ; . I ' T I I ) : \ S F .  SUI~;.<,TRATI,: INTI,:ICACTI()N.'4 4 ( ) I  

\veYe obtained tr()nl Cyclo Chemical Corp., Los Angeh, s. l.-1)henvlalanil)e and glycme 
wet-e from Sigma Chemical Corp., St. l~ouis, M(). /]-Phenylpropionic acid (hydr()- 
cimmmic acid) was obtained from KasUnan Organic ('hemicals, Rochester, N.Y. 
,\' benz,wl (,lx'-L-Phe was from Mann Research l~ab()ratories, New York. 

1.;nless otherwise indicated, the experimental  uncer ta inty  in the ( I )  measure- 
ments is determined 173: the peak-to-peak noise, which may he visualized in the fiat 
portions of each trace and whi(:h is als() s tated in the legends of most figures. 

R I.:~4 U l,T,q 

l 's,' of (7)  to measure p@tidasc activity of carho.x3'p@hdasc A (.,tlzso@ 
Our investigation of enzvnaatic act ivi ty and the accompanying ('hanges in thc 

C1) of carboxypept idase A is confined to peptide substrates and inhil)itors. ('arl~¢>x\ 
peptidase A has a high affinity for peptides with an (I.) aromatic residm, at their 
(" terminus~5,'L \Ve chose phenylalanine to occupy this position, because its hands 
do not overlap the CD bands arising from the tvrosvl and t ryp tophanyl  side chains 
()f cart)oxyt)eptidase A. In addition, peptides containing t)henylalanine have intense 
( 'I) fine structure 14, which can 1)e distinguished from the broader ( 'I) 1)an(ls (>I 
carl~oxyt)eptidase A in the region from 25o to 270 11111 la. Previous CD studi(,s ()l .\'- 
acetyl-I.-phenylalanine and L-phenylalanine la suggest tha t  cleavage of a ( '-terminal 
phenylalanine residue frolll a t)eptide may cause a measurable change ili the (1) 
spe(-trum. 

The CI) spectrum of Glv (;Iv l.q)he is compared with tha t  of its hv (hohs i s  
products  (I.-phenylalanine plus (;Ix' (;ly) in Fi X. I. This tripeptide, whose ( 'I) spcc 
trum is similar to tha t  of N-acetyl  ].-phenylalanine 14, has strong negative ( 'I) lmmls 
at 267 and 26o.5 nm and positive bands at 257 and e5z nm. in contrast,  the (11 
spectrum of L-phenylalanine plus Glv (;lv has only positive ( 'I) fine structure (e(>5*, 

f \ - ~ L P h ; +  Gly-G*y  

\ 

t' 
260,5 267 24 ° 

L ~ I _ _  
250  2 O 270 

~k ( n m )  

l:i~ [. I n s t r u m e n t  t r a c e s  o f  ( ' l )  s p e c t r a  o f  4 m M  (;Ix" ( ; h "  i . - l ' h c  a n d  o f  4 m M  L t ) h c n v l a l a n i n c  
( L - l ' h c )  i 4 m M  G l y  G l y  d i s s o l v e d  in a q u e o u s  o. 4 M N a ( l  ! 25 m M  t r i s - ] l ( ' l  ( p H  7.51 a t  2. t . 
B I .  d e s i g n a t e s  t h e  s o l v e n t  b a s e  l ine .  l . o - c m  p a t h ,  L.5-ma~ s p e c t r a l  h a l f  i n t e n s i t y  b a n d  \~i( I th ,  
o . ( > s c c  t i m e  COllStalIt .  l ' : ach  t r a c e  is t h e  a v e r a g e  o f  2o NCi/l]a;. l ' ( , ak  t o - p e a k  ll()i>;(' \'ill-ioN [-F(II/] 
5 " [ o  " . 1.4 a t  2 7 o  n m  t o  9 " 1o 6.21.4 a t  245 r im.  

* T h e  ( ' I )  s p e c t r a  o f  l : ig.  ] w e r e  r e c o r d e d  u s i n g  t h e  s a m e  s p e c t r a l  h a l f  b a n d  xxi(lth a s  xxas 
u s e d  t o  r e c o r d  c a r b o x y p e p t i d a s c  s p e c t r a  : a t  s m a l l e r  b a n d  w i d t h s ,  t h e  p()s i t ix  (, ( '11 b a n d  a t  _,t) 5 n m  
c a n  b c  r c s o h - c d  i n t o  t w o  s e p a r a t e  b a n d s  u .  

] ' l o t / l i r a .  l¢io[~]lys, Ic la,  235 ( I q  7 [ )  l ~q  5o-' 
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258. 5, and 252 nm), arising fioin the i.-phenylalanine. The CD spectrutn of th, ~ 
products obtained upon complete hvdroh:sis of Gly Gly-L-Phe by carboxypeptidasv 
A was identical to that  shown in trig+ I. for Gly-Gly plus I.-phenylalanine. The 
difference in CD intensity between substrate and products is greatest at 267 nm; at 
room temperature .~l*'m changes from -o .o33  M-l-era ~ to 4-O.Oli .~I I 'CII /  

(spectral half band width of 1.5 nm). Thus the CD intensity at 267 nm can be used t .  
assay peptidase activity of carboxypeptidase A. 

' ,  i ! 

8 7 . M  I C Y  o39.M cPA 

28 NM L-Phe/min 24 ° 
I I , I 

Time (rain) 

Fig. 2. I n s t r u m e n t  t races  showing  CD a s say  of  the  hydro lys i s  of  4.0 mM G l y - G l y - L - P h e  ca ta lyzed  
by  (CPA) c a r b o x y p e p t i d a s e  A (Anson) dissolved in aqueous  25 mM Tris-HC1 + 0.4 M NaC1 
(pH 7.5). The  init ial  ra te  ( - -- ) was 3 t imes  larger a t  0.39/*M ca rboxypep t i da se  A (top trace) 
t h a n  a t  o.13 juM c a r b o x y p e p t i d a s e  A (bo t tom trace).  Change  in zJA was recorded a t  267 n m  
us ing  a Io-sec t ime  cons tan t ,  i - c m  pa t h  length,  and  a 2 .o-nm spectra l  ha l f  i n t ens i ty  band  width.  
In  t he  absence  of  c a r b o x y p e p t i d a s e  A no change  occurred in ZIA. 

Fig. 2 illustrates the application of CD to measure peptidase activity, using 
two concentrations of carboxypeptidase A (Anson). The enzyme concentration was 
kept below 0. 4 / ,M (i-cm path) so that  it did not contribute significantly to the CD. 
At 24 ° the turnover number was 220 rain 1 at 4 mM Gly-Gly-L-Phe and 320 min-t  
at 7.8 mM Gly-Gly-L-Phe. 

The hydrolysis of Gly--L-Phe by carboxypeptidase A (Anson) was also measured 
under the same conditions as described for Gly-Gly-L-Phe. Gly-L-Phe (ZJeM, --0.033 
M -~.cm -1 at 267 nm) has tile same near ultraviolet CD spectrum as does Gly-Gly-L- 
Phe, but is hydrolyzed much more slowly. The turnover number at 24 ° using Gly- 
L-Phe (4 mM) as substrate was only about I rain-l, in agreement with the value 
reported by COLEMAN AND VALLEY 17+ 

The reliability of the CD assay procedure was verified by comparing the rate 
of hydrolysis of N-benzoyl-Gly-L-Phe measured using both CD and the standard 
absorption assayla, is. The CD spectrum of N-benzoyl-Gly-L-Phe (N-hippuryl-L-Phe) 
arises from the hippuryl and the phenylalanyl chromophores. The hippuryl moiety 
of N-benzoyl-Gly-L-Phe has a broad negative CD band starting at 29 ° nm and 
dropping sharply at wavelengths below 260 nm. At 245 nm, zJeM is - - I . I  M -1 -cm -1. 
The phenylalanyl moiety of N-benzoyl-Gly-L-Phe contributes only weak fine struc- 
ture between 27 ° and 255 nm. The products of hydrolysis (hippuric acid and L- 
phenylalanine) have the CD spectrum of L-phenylalanine (zlem, + 0.0o6 M -1.cm -1 
at 245 nm). The CD assay was made at 245 nm in a 2-ram path length cuvette con- 
taining the same concentrations of carboxypeptidase A (Anson) and N-benzoyl- 

Biochim. Biophys. Acla, 235 (1971) 489+-502 
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Gly L-Phe as used in the s tandard  absorption assay. The peptidase act ivi ty  measured 
using CD gave values similar to those obta ined from the absorption assay la. 

Effect of fi-phenylpropio~,ate upon the CD spectra of carboa),peptidase A 
/#Phenylpropionate  binds  to carboxypept idase A at several tvrosine .sites 

( Iq-3I) ,  including the one which causes the large movement  of Tyr  248 (ref. 12). 
Thus/~-phenylpropionate  seems well suited to test whether  CD can be used to detect 
interact ions inw~lving the tvrosvl side chains of carboxypept idase A. The inhibi tor  
itself is not  optically active, but  may acquire CI) bands  if bound asymmetr ica l ly  to 
carboxypept idase  Aa~, ~a. If this were to happen, then the near ul traviolet  ( 'I) bands  
of /J-phenylpropionate  would arise from its phenyl  chromophore and should resemblc 
the bands observed in phenyla lanine  derivatives 14. Bound /#pheny lp rop iona te  cannot  
lmve any CD bands  at wavelengths greater than  27o nm since it does not absorb in 
this region. 

i ~ i i i i 

2 4  ° 

< 

.5  ~ - 

I I I I I I 

1 . 5  . . . . .  " ' , 
<~ - - .  
<1 " ,  
<1 0 . . ~  . . . .  

- 1 . 5  I I I 1 I I 
2 5 (  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0  3 1 0  3 2 0  

~ , ( n m )  

Fig. 3. Top: CI) instrument trace of I2 pM carboxypeptidase -'\a+~ in the presence and absence 
of r.O mM /~-phenylpropionate (flq)PI. Bottom: the difference spectrmn obtained by subtractin~ 
tile ('l) spectrum of carboxypeptidase :Xa-# from the C1) spectrum of the enzyme treated with 
/J-phenylpropionate. The solvent was aqueous 2.5 mM Tris ttCI ] o. 4 51 NaCI (pH 7.4). l{l. 
designates soh'cnt base line. 1.o cm path, l-sec time constant. Each trace is the average of it) scans. 
Peak to-peak iloise in these records varies fronl i " IO 6 . 1A (295 nm) to 3 " Ion .1.4 (25o nm) 

l;ig. 3 (Top) shows tile CD spectra of carboxypeptidase Aa+# in tile presence 
and  absence of 1. 9 mM fl-phenylt)ropionate. The difference between these two ( 'I) 
spectra can be used to ident ify which moieties are affected by the interact ion between 
f l-phenylpropionate and carboxypept idase Aa+#. This difference CD spectrum (bottom 
of Irig. 3) has an intense, broad band  at about  277 nm (IAsM, 2.5 M 1-cm 1) and two 
weak bands at 29o and 297 nm. The most intense part  of this difference spectrum 
(285 265 nm) has the characteristics ant ic ipated for an altered CD cont r ibut ion  from 
the tyrosyl  side chains of carboxypept idase A9,% The minor CD alterat ions located 
above 29o nm probably involve a shift in the wavelength positions of t ryp tophany l  

l~iochim. Biophys. A cta, 235 (~7 i) 4"% 5 °2 
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('1) bands (see section on GIy Phe). Apparent ly  the binding o["/f-plmnylpropional:~, 
does not induce any, readily measurable CI) in its phenyl  chromophore, since i1¢~ 
major bands are observed in the diflerence spectrum between 27o and 25 ° nm. 

The effect of /%pheny]propionate  concentrat ion upon CD intensification was 
examined using carboxypeptidase A (Anson). Fig. 4 shows the famih.' of differem'v 
CD spectra produced by various concentrat ions of/3-phenylpropionate.  The shapes 
of these curves are similar for all concentrat ions of f i-phenylpropionate,  but the CI) 
in tens i ty  at 277 nm increases as the concentrat ion is raised from o.o(~ to 5.0 raM. 
The difference CD spectrum for 2.2 mM fl-phenylpropionate added to ca rbox \ -  
peptidase A (Anson) (Fig. 4) is essentially identical to tha t  obtained k)r ~.O mM 
/3-phenylpropionate added to carboxypeptidase A a ~  (Vig. 3). In all these difference 
spectra, the major  CD intensification (285 265 nm) appears to result from the tyrosyl 
side chains of carboxypeptidase A. The concentrat ion dependence of the interaction(s) 
with a tyrosyl side chain(s) is presented in Fig. 5, using the change in ]#'1~i at 277 nm 
to measure al terat ion of the tyrosyl ( 'D in tens i ty  of carboxypeptidase A. The curve 
is approximately  hyperbolic with half maximal  effect at about  o. 5 mM /¢-phenyl- 
propionate.  

Effect of Gly-Phe on the CD spectra of carboxypeptidase A 
G]y-L-Phe was used as a substrate  because its hydrolysis is slow enough to 

permit  accurate CD measurements .  In  addit ion,  G]y-L-Phe should bind in the same 
way as Gly-L-Tyr  and cause movement  of Tyr  248 (ref. I2). Fig. 6 shows the CD 
spectra of carboxypeptidase Aa,a at different times after adding G]y-L-Phe. The 
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Fig. 4- Change in ZI~'M values of 60 #M carboxypeptidase A (Anson) upon adding fl-phenylpro- 
pionate (I, 5.6 mM; 2, 2.2 raM; 3, 0.86 raM; 4, o.42 raM; 5, 0.06 mM final concentration). Solvent 
contained 25 mM Tris-HC1 (pH 7.7) + °-4M NaCI dissolved in water-glycerol ( i : i ,  by vol.). 
The water-glycerol solvent permitted using a 2-ram path so that the CD changes between 250 
and 270 nm could be measured even at high concentrations of/~-phenylpropionate. Vertical bars 
indicate approximate uncertainty in the ~JdeM values. AIeM is based on the molar concentration 
of carboxypeptidase A . 

Fig, 5. Change in z/eM at 277 nm as a function of fl-phenylpropionate concentration. ©, 60 lzM 
carboxypeptidase A (Anson) dissolved in water-glycerol containing 25 mM Tris-HC1 (pH 7.7) 
o. 4 M NaC1; ×, i5/zM carboxypeptidase A (Anson) dissolved in aqueous 25 mM Tris-HCl 
(pH 7.5) -,~- I.o M NaC1; Z~, 12 llM carboxypeptidase Aa+~ in aqueous 25 mM Tris-HCl (pH 7.4) k 
o. 4 5I NaC1. 

Biochim. Biophys. Acta, 235 (1971) 489-5 oz 
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t:ig. 6. ( '1)  i n s t r u m e n t  t r a c e s  o f  t2 / i ,~ l  c a r l ~ o x y p e p t i d a s e  A,~:/~ b e f o r e  a n d  d u r i n £  t h e  h v d r o h ' s i s  ~fl- 
4 .8  mM ( ; lv  L -Phc .  ( l )  b c f o r e ;  (2) o to  [. 5 h a f t e r  a d d i n g  ( ; l y  L-lq~e; (3) a b o u t  to  h ( a t  5 ) 
a f t e r w a r d ;  (4) a b o u t  24 h (a t  5':) a f t e r w a r d ;  (5) s o l v e n t  b a s e  l ine.  ( ' u r v c  4 r e p r e s e n t s  c o m p l e t e  
h \ x h o l v s i s  o f  t h e  ( ; l y  t. Phe .  T h e  s o l v e n t  w a s  a q u e o u s  25 m M  Tr i s  H( ' I  ( p H  7.4) i o. 4 ?q N a f ' l .  
~ .o-cm p a t h ,  S s c a n s ,  I sec t in )e  c o n s t a n t .  P e a k - t o  p e a k  no i se  in t h e s e  r e c o r d s  v a r i v s  f r o m  _, • i~, '; 
1.4 (295t)m) t(>.l.lO 6 1.4 (25Ohm). 

ex ten t  of hydr()lysis of tile subs t ra te  was fifth)wed fr(m~ the a l te red  in tens i ty  of its 
( ' I)  fine s t ructure .  Glv L-Phe has negat ive  CI) bands  at  267 and 26o.5 nm, which 
become more posi t ive an the pn)ducts  ( l : pheny la l an ine  and gl.w:ine) bui ld  up, c.;~. 
see Fig. I. 

Sim'e mgther  Gly I.-Phe nor L-phenylalanine has any ( ' I)  above 273 ran, the 
hmg wavelength  region was used to search \or possible changes in the conformat ion 
of car t~oxypeptidase A~+~. Addi t i (m of 4.8 mM (i lv L-Phe to ca rboxypep t idase  .%,. ~ 
caused a minor  a l te ra t ion  in the t ry t ) tophany l  ('1) band  la at  204 mn (Fig. 6). As the 
hvdndvs i s  of ( ; ly  L-Phe proceeded,  the Cl) became sl ightly more posi t ive in the 
region from 273 to 284 nm (,l~b'~l, o.6 }I ~.cm ~ at  281 nm). 

M~)re extens ive  exper iments  wcre carr ied out  using ca rboxypep t idase  :\ (Anson). 
Addi t ion {)f4 mM (;Iv L-Phe to ea rboxypep t ida se  . \  (At>on) at 2 4  a l tered the ('1) 
spec t rum in the same wax: as descr ibed above  for carboxypet ) t idase  :\,,,/3, except  
t ha t  the t)ositive intensif icat ion ex tended  from 273 to 2()o nm (1 I~'~1, o.q 31 ~-cm 
at 281 nm). : \  5-fold higher concent ra t ion  of (;Iv L-Phe (2o raM) at  5 did  not furt lwr 
enhance the ('1) changes observed for earbox.vl)et~tidase A (Anson) from 2£o t~ 
3oo nm. Aptmrent ly  the lack of a major  ('1) alterati~m in not due to poor binding of 
l i l y  L-Phe by ca rboxypep t idase  A. This conclusion in suppor ted  by  the findings ~fl 
('OI.I¢MAN AND VAI_LI,;F) 7 tha t  ( i ly  L-Phe binds readi ly  even though the hydrolys is  
ra te  is slow. 

To obta in  be t t e r  resolut ion of the  tvrosvl  and t r y p t o p h a n y l  ( ' I)  bands  of 
earboxypet ) t idase  A, fur ther  s tudies  using ( d \  I_ Phe were carried ~ut at h)wer 
tempera tures .  At 4 °` the effects of G h  I.-Phe upon carboxypet~t idase A (/\nson) 

l~:.ch:m, l::o/'hv:...It/a, 235 {tc~Tll I ~ 5 ~2 
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25o 2~o 240 2go 2;0 365~15 32o 
?', ( n m )  

Kig. 7. CD i n s t r u m e n t  t r aces  o f  Iz .6  #M  ca rboxypep t i da se  A (Anson) (CPA) in t he  presence a n d  
absence  o f  4 mM Gl y -L -P he  a t  - -4  o°. The  wa te r -g lyce ro l  so lven t  con ta ined  25 m M  Tr i s -HCl  
(pH 7.5) + o.4 M NaCI. B L  des igna tes  the  so lven t  base line. I .o -cm pa th ,  20 scans.  Peak- to -peak  
noise in these  records  var ies  f rom 2 • lO -6 Z]3 (293 nm) to 4 '  1°-6 ~ A  (250 nm).  

w e r e  m o r e  p r o n o u n c e d  t h a n  t h o s e  o b s e r v e d  a t  24  ° (F ig .  7) :  t h e  2 9 4 - n m  b a n d  w a s  

s l i g h t l y  i n t e n s i f i e d  a n d  r e d - s h i f t e d  b y  o. 3 n m ,  a n d  t h e  C D  b e c a m e  m o r e  p o s i t i v e  

b e t w e e n  2 7 0  a n d  2 8 7  n m  (AAeM, 1.5 M ~ . c m  -1 a t  277  n m ) .  C o o l i n g  t o  - - 1 9 6 0  p e r -  

m i t t e d  a m o r e  d e t a i l e d  e x a m i n a t i o n  o f  t h e  e f f e c t s  o f  G l y - L - P h e  u p o n  t h e  t r y p t o -  

j•.•.•, . , - -  , -~ ~- T - 1 9 6 "  

~A ~ , C P A  
I ~ / ~ ,,z 299 
F V / ~ "  B,- 1 

~ K, ,"/:\ ,'/. 
,:1 ! 

±o-, \/,I F 
t 286 

250 2~o 2">0 2~o 2--~-36o 31o ~2o 
'~ ( n m )  

Fig. 8. - - - - - - - ,  CD i n s t r u m e n t  t race  o f  80 m M  Gt y -L-Phe  + i .o mM ca rboxypep t i da se  A (Anson) 
a t  --  196 °. , CD s p e c t r u m  of  i .o m M  c a r b o x y p e p t i d a s e  A (Anson) (CPA) a t  -- 196°. The  
wa te r -g lyce ro l  so lven t  con ta ined  25 m M  t r i s -HCl  (pH 7.4) + 0.4 M NaC1. B L  des igna tes  so lven t  
base  line. o. 12 m m  pa{h, 20 scans.  The  peak - to -peak  noise in the~e records  var ies  f rom 2 • lO -6 ±|A 
(295 nm) to 5 • IO-e AA (250 nm).  The  wave l eng t h  sh i f t s  in the  l~ands a t  293 and  299 n m  grea t ly  
exceed t he  e x p e r i m e n t a l  u n c e r t a i n t y  in peak  pos i t ions  for each record (about  -t- o. 5 n m  in ex- 
pe r imen t s  on 18 different  frozen so lu t ions  of  ca rboxypep t idase ) .  The  i n t ens i t y  of  t he  nega t ive  
CD b a n d  a t  267 n m  indica tes  t h a t  less t h a n  15 % of  t he  G]y-L-Phe  was hydro lyzed  prior  to these  
m e a s u r e m e n t s .  

Biochim. Biophys. Acta, 235 (1971) 489-502 
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phany l  CD bands  of c a rboxypep t ida se  A (Anson). Gly-L-Phe  shif ted one t r yp to -  
phanyl  CD band  ~a from 293 to 295 nm and  caused another  t r y p t o p h a n y l  ( ' I )  at  
299 nm to d i sappea r  or shift  to shor ter  wavelengths  (Irig. 8). These a l te ra t ions  in the 
t r y p t o p h a n y l  CD bands  are consis tent  with the  observa t ions  at  higher  t empera tu re s  
(l"igs. 6 and 7). In  the  27(> to 20o nm region, however,  the  effect of Gly-L-Phe  upon 
ca rboxypep t ida se  A (Anson) at  - -~96 ° differed from tha t  descr ibed above.  Addi t ion  
of Gly L-Phe to ca rboxypep t ida se  A (Anson) at  - -106 C: made  the CD sl ight ly more 
negat ive  between 27o and 29o nm (l:ig. 8). This difference in results  between 24 
and --1(t6 ° m a y  be due to the  grea t  intensif icat ion of the t r y p t o p h a n y l  CI) bands  'a 
at  10 6 , which m a y  mask the CD a l te ra t ions  involving other  prote in  moieties,  

The absorp t ion  spec t ra  of ca rboxypep t idase  A (Anson) at - - I 9 6  was also 
a l tered bv adding  Gly-L-Phe .  The t r y p t o p h a n y l  absorpt ion  band  at  3o2 nm was 
s l ight ly  be t t e r  resolved and the t r y p t o p h a n y l  band  at  20o. 5 nm was less well-resolved 
for the  Gly L - P h e - e a r b o x y p e p t i d a s e  A complex than  for the  free enzyme**. 

The effects of the  enan t iomorphic  compound  ( i lv D-Phe were also examined .  
At  24 ° Glv b-Phe  (i0 raM) caused the same a l te ra t ions  in the CI) spec t rum of car- 
boxypep t i da se  A (Anson) as did  G l v - k - P h e  in the  region above  273 nm. At - - I 0 0  
the addi t ion  of 5 ° mM Gly-D-Phe  to I. 4 mM ca rboxypep t ida se  A (Anson) gave the 
same changes in the  t r y p t o p h a n y l  CI) bands  (20o to 3oo nm) as shown fi~r ( ; lv L-Phe 
in l:ig. 8. 

E/:ji'cts of phenylalanine on the CI) spectra of carbo.vy,peptidase A (:t nson) 
l:ig. 0 shows the CD spec t ra  of ea rboxypep t idase  A (Anson) at 24 ~' af ter  adding 

~ - T ~ -  ~ T  - 1 % 

PA +L-Phe 

< 
.'4 

~ 10-5 

J I _  I l 

250 260 270 280 290 300 310 320 
X(nm) 

Fig.  9. E f f ec t  o f  4 m M  L- o r  I ) - p h e n y l a l a n i n e  (- , l ' he)  u p o n  t h e  E l )  s p e c t r m n  o f  9.2 ffM c a r -  
b o x y p e p t i d a s e  A ( A n s o n )  ( - - - ,  C P A ) .  So l id  l ines  a r t '  a c t u a l  i n s t r u n ~ e n t  t r a c e s .  T h e  a q u e o u s  
s o l v e n t  c o n t a i n e d  o. 4 M NaC1 ~ 25 m M  T r i s  HC1 ( p H  7.5).  B L  d e s i g n a t e s  t h e  s o l v e n t  b a s e  l ine.  
l . o - c m  p a t h ,  2o s c a n s .  T h e  p e a k - t o - p e a k  no i se  in  t h e  r e c o r d s  v a r i e s  f r o m  ~ . t o  -G 1.q (295 n m )  to  
3"Io-"~iA (-5 onm). 

** T h e  a b s o r p t i o n  s p e c t r u m  o f  c a r b o x y p e p t i d a s e  A (Anson )  a t  tO(/) is s h o w n  in Fi~. -t o f  
t h e  p r e c e d i n g  a r t i c l e  l'~. 

f ¢ i . c h i m .  B i o p h y s . . 4 e t a ,  235 (I(~71) 4 s~) 5 °2  
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either L- or J>phenylalanine. The plmnylalanine CD hands have mirror inmg~. 
symmetry  about the spectrum of carhoxypeptidase A between 25 ° and 27o m~t 
Either of these compounds causes the same alterations in the CD spectrum of cal- 
boxypeptidase in the region above 275 nm. The t ryptophanyl  CD band at 294 nm 
is slightly intensified, and the ( 'I) between 27 ° and 29o nm is more positive (, I,:l~'~l, 
1. 3 M-1 .cm ~ at 282 and 277 nm). At I(#) the CD spectrum of carboxypeptidase ,\ 
(Anson) is altered by either D- or L-phenylalanine in the same manner as described 
above fi)r Gly I,-Phe, i.e., a 2-nnl red shift of the peak to 295 nm and loss of the 
2()()-Iltn CI) t)and of the t ryptophanyl  side chains. 

L~ffects of other compounds on the CD spectra of carboxypeptidase A (Anson) 
Owing to the rapid hydrolysis of Gly-Gly-L-Phe, it was not possible to obtain 

a low noise CD spectrum of tile Gly Gly-L-Phe-carboxypeptidase A complex 
throughout the entire near ultraviolet region. However, by examining only a 3o-nm 
wavelength interval (31o-28o nm) the Gly-Gly-L-Phe-carboxypeptidase A complex 
could be examined. The addition of 20 mM Gly-Gly-L-Phe to 12/zM carboxypeptidase 
A (Anson) at 5: caused some intensification along the red edge of the t ryptophanyl  
CD band at 294 nm, iust as flmnd fl)r the addition nf Gly-L-Phe at 5 and 24 ~. Meaning- 
ful CD measurements were not possible at ..... I960 using Gly-Gly-L-Phe with carboxy- 
peptidase A. Owing to the low solubility of ( i ly -Gly  L-Phe, the extent of its hydrolysis 
prior to freezing was indeterminable. 

CI) spectra were recorded at - 1 9 0 '  using L-Phe-Gly Gly. This peptide altered 
the t ryptophanyl  CD bands of carboxypeptidase A (Anson) in different ways thai: 
did the compounds having a ('-termiiml phenylalanine. L-Phe-Gly-Gly (8o mM) 
caused the 299-nm CI) band of carboxypeptidase A (Anson) to intensify slightly 
instead of disappear. In addition, the red shift of the 293-nm CD band was only half 
that  observed with Gly x.-t~lae; and its intensity decreased by 3o°~/o. 

The effects of compounds lacking an aromatic group were also examined. Gly 
L-Leu is another substrate whose hydrolysis rate is slow even though it binds readily 
to carboxypeptidase A ~v. At 2 4  the addition of 24 mM Gly-L-Leu did not alter the 
CD spectrum of carboxypeptidase A (Anson) above 27o nm. Likewise, at - I 9 6 "  
adding Gly-L-Leu (1io raM) did not affect the tyrosyl and t ryptophanyl  CI) bands 
of carboxypeptidase A (Anson). Most of the substrate should have remained un.- 
hydrolyzed in these ext)eriments, because the turnover number for Gly-L-Leu 
(0. 7 ra in  1) is less than that  for ( i ly  I.-PhOL 

In addition, the CD spectrum of carboxypeptidase A (Anson) was recorded 
at - - I96° after adding glycine (6o raM), Gly-L-Val (14o mM) or Gly Gly-1~-Ala 
(6o mM). None of these compounds altered the CD spectrum above 27o nm. 

DISCUSSION 

The CD bands of substrates may be used to measure the peptidase activity of 
carboxypeptidase A. A peptide containing a C-terminal phenylalanine residue has a 
much different CD spectrum from that  of L-phenylalanine, which is liberated during 
hydrolysis (Fig. x). Thus the sharp phenylalanyl CD band at 267 nm permits assaying 
the rate of hydrolysis of substrates, such as Gly-L-Phe and Gly-Gly--L-Phe, whose 
absorption of unpolarized light is not much affected by hydrolysis. Changes in the 

Biochim. Biophys. Acta, 235 0~)71) 4S9 5o2 
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near ultraviolet CD bands of peptides having tvrosine or t ryp tophan  as tile ( '-ter- 
minal residue may permit measuring their hydrolysis also. For other peptides their 
( 'I)  bands at shorter wavelengths may be altered during hydrolysis. 

CI) also permits s tudying the interactions between carboxypeptidase A and 
wtrious substrates and inhibitors. The substrates and inhibitors used in this s tudy 
d~) not have absorption or CD bands which ow'r lap the tvrosvl and t ryp tophanyl  
( 'I) bands (275 30o nm) of carl)oxypeptidase A la. Therefore, any alterati()ns of ( 'I)  
intensity between 275 and 30o nm nmst arise fr~m~ the protein (tl) bands bein< 
affected 1)\' the interaction. 

Adding /4 phenylpropionate to earboxypeptidase A produces a major ('1) 
intensification centered about 277 nm (l:igs. 3 and 4), just as would be expected from 
an altered tvrosvl ('1) band",HL This obserwttion can be related to specitie tvrosinc 
residues ~f earboxyt)eptidase A. Much chemical evidence indicates that  the binding 
1)v carboxyt)eptidase A of the competi t ive inhibit(w //-phenylpropionate pr~tects 
two functional tyrosine residues v',u' al. ()n the basis ~f their X-ray data,  Lll'S(OMll 
cl al. 1" prot~sed that  two fi-phenyltm)pionate binding sites are h)eated at the active 
site. At one site, binding induces a large m(~w'ment of the side chain ~H l'x'r 24,~; 
the second site is near Tvr  i!)8 (ref. TeL in crystalline earboxypel)tidase A either ~f 
these sites may  be occupied when the surrounding medium contains I<~ mM/%phcnyl- 
t)ropionate '-':'. 

This eoncentrati(m of/-l-phenylpropi(mate is not necessarily required fi ~r binding 
to earboxypet)tidase :k in solution. : \  comparison of the inhibition of pet~ti(lase 
activi ty in crystals and solutions indicates tha t  fi-phenylpropionate binds much more 
effectively to carboxypeptidase A in solution than in the crystal. The inhibition 
constant  for /~-phenylpropionate decreases from io illM flit crystals to o.i mM l~r 
dissolved earboxyt)eptidase A aa. Apparent ly  the inhibition of peptidase activi ty 
represents the interaction of /4-phenylpropionate  with the site involving Tyr  24 H, 
because only this tvrosine residue is essential for peptidase activi ty TM. \\:hen car- 
boxypeptidase A is dissolved in a s(dution containing I 2 mM/4-phenylpr<q~iomtte, 
probal)ly both the site inwflving Tyr 248 and the site' near "Fvr I()8 may be occupied. 
l'~videntl\" the fl-phenylpropionate binding previously measured for carboxypept idase 
A solutions e'; may  involve both these sites, since no distinction between them was 
made until more recently ','a. Additional fi-t)henylpropionate binding sites have been 
~H~served e'', having binding constants  of about Io mM for the dissolved enzvme:"L 
These weaker binding sites also involve tvrosine residues TM. 

In our CI) experiments with both earboxypeptidase A~,~# and A (Anson), [l- 
phenylpropionate  produced CD alterations having the wavelength posit i ,n (277 nm) 
and shape expected for an interact i ,n  with a tvrosvl side chain (lgigs. 3 and 4)- This 
enhanced ('I) was readily observed only at inhibitor concentrat ions ab~ve o.2 mM 
and was half maximal  at o.5 mM (Fig. 5). These concentrations are appreciably abow~ 
those required to inhibit peptidase act ivi ty in solution~<aL Apparent ly the ('1) 
intensification caused bv fi-phenyltwopionate at 277 n m  does not result primarily 
from the rearrangement  of Tyr  248. Instead, the ('1) enhancement  seems to arise 
from the binding of/-]-phenylpropionate near Tvr  ~q8. Thus the binding constant  fl~r 
this sit(: nlav be est imated to be about  o. 5 mM (Fig. 5)- 

Next we shall examine the binding of phenylalanine, i l l \  Phe, and (;Ix" l.-l.cu. 
(ilv L-Phe is an analog of (]Ix" L-Tvr. which was used as a substrate  for the X-ray 
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studiesU, 1~. ( i lv  L-Phe is expected to bind with its t)henyl ring in tim active site 
pocket, causing Tyr  248 to swing into its functional position re. Apparently (;13: -L-l.ctt 
should bind in the same way '~. Although (1.I,) dipeptides have only this single binding 
site in crystalline carboxypeptidase A 12, no experimental evidence precludes addi 
tional binding sites outside the pocket when carboxypeptidase A is dissolved in 
solution 2<as. (;ly-I)-Phe i)rol)ably does not bind within the active site pocket**', since 
a similar compound (X-acetyl-~>phenylalanine) is not bound there aa. Both l)- and 
L-phenylalanine, however, <1o bind at the pocket, although only: the L-isomer causes 
the rearrangement of Tyr 248 (refs. 12, 29). 

Apparenth," the movement of Tvr _,48 into the active site does not in itself 
cause an}' measurable alteration in the CI) spectrum of carboxypeptidase A. For 
example, the addition of (;ly-L-Leu did not affect the CD bands of carboxypeptidase 
A in the region of the tyrosyl CI) bands (27o--29 ° nm). The binding of Gly--L-t)he 
produced only a minor CD intensification between 27o and 29o nm (Figs. 6 and 7). 
The latter alteration seems more related to the binding of a phenyl ring than to the 
movement  of Tyr 248. Both ( ; ly->-Phe and l)-phenylalanine (Fig. 9) also produced 
the CD intensification (27o 2qo nm) e.ven though their binding should not reorient 
Tyr 248. 

What  is the origin of the enhanced CD (27{)-290 nm) caused by, the compounds 
containing phenylalanine? With tile exception of Tvr  248, there are no aromatic 
residues near the active site pocket in the region of (LL) dipeptide binding r'. When 
Tyr  248 swings into its functional position, tile center-to-center separation between 
this tyrosyl ring and a phenyl ring bound in the pocket decreases from I2 A to 7 -*~. 
This shorter separation tends to favor an interaction between the near-ultraviolet 
transitions of Tyr 248 and the far-ultraviolet transitions of the bound phenyl ring; 
i.e. dipole-dipole coupling may give rise to altered CD between 270 and 290 nm. 
This mechanism is much more effective for substrates having an aromatic ring than 
for peptides with aliphatic side chains ~°, ~.g. Gly-L-Leu. Although interactions at 
the active site may affect the CD upon binding of some phenylalanine compounds. 
the CD intensification (27o -2qo nm) caused by (;ly--D-Phe and D-phenytalanine may 
inw)lve a different binding site (see below). 

The question arises why tile movement  of Tyr  248 per se does not cause a 
detectable change in the 270 to 29o nm region of the CD spectrum of carboxypeptidase 
A. One difficulty is that  the t ryptophanyl  bands dominate the CD spectrum of car- 
boxypeptidase A above 275 nm ~a. In addition, there are 18 other tyrosyl side chains ~2, 
which may also have CI) bands. Thus any CD change due to Tyr 248 must be measured 
against a much larger background CD from many other aromatic residues. The 
experimental uncertainties (]/LIeMi, about 0. 3 M-~.cm -1) are comparable to tim 
~:la'~i values of many tyrosyl model compoundsg, x°. Apparently the interaction of 
fi-phenylpropionate at Tvr 198 is readily observed only because the change is es- 
pecially large (AAeM about 2.5 M 1.cm t). 

Other techniques using modified carboxypeptidases having visible CD bands 
may offer a means to detect the movement  of Tyr  248. Both cobalt carboxypeptidase a~ 
and arsanilazocarboxypeptidase a7 have visible CD bands that  are altered by binding 
of Gly-L-'l 'yr. 

*** l . ipscomb has found from model building tha t  Gly-D-Phe does not  bind in the actixe 
site pocket of crystalline carboxypept idase  A (personal commmaication). 

Biochim. Biophys. Acta, 235 (i97 l) 489--5o2 
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As our final point, we consider the pronounced wavelength shifts of the t rypto-  
phanyl  CD bands observed at --196° after the binding to carboxypeptidase of (ilv 
L-Phe and other compounds  containing a phenyl  ring (Fig. 8). Interestingly the 
alterations of the t ryp tophany l  ( 'D bands are accompanied by small changes in the 
t ryp tophany l  absorption, which we observed at - I()() and I:tJIOKA ANI) IMAHOm as 
fi)und in difference spectra at 22". These alterations d() not seem d i r ec th  related tt) 
the catalytic mechanism. One substrate, Gly- L-I.eu, (lid not give the effects, whereas 
a nt)n-substrate, (;ly l>Phe, did. The similarity of the alterations in t ryp tophanyl  
CI) fine structure caused by both optical isomers of Glv-iq/e  and of phenylalanine 
suggests that  the effects may  arise flom binding at the same site, lG, idelatlv an 
ancillary binding site may be inw)lved, since Gh ' -D-Phe  does nt)t seem to bind within 
the active site pocket of carboxypettt idase A (see above), lrurtherlnore, the active 
site p(wket is some distance from the nearest tryt)t()phan residue (IO :~ from the center 
of a phenyl  ring bound in the pocket to the center ()f the ind()h'l ring ()f Trp i47 ). 

On the basis of model building, Lu'scoM)& ') has suggested that  Arg 71 and 
Arg I27 may  function as tempt)rary binding sites for peptides passing down the 
groove into the active site pocket, Binding in the groove to Arg 71 may  explain the 
mechanism by which the t ryp tophanyl  CD bands ()f carboxypeptidase :\ are altered 
(Fig. 8). If  the carboxvl group ()f phenylalanine or ( ih , -Phe  were electrostaticallv 
bound to the guanidinium group of Arg 71, then their phenyl ring c(>uld be l<wated 
near both Trp 73 and Trp 126 (6 to 7 :~- between ring centers). The altered t rypto-  
phanyl ( 'D bands may result either from a local conformational  change around Trp 73 
and Tr t) 120 or from dipole dipole coupling z involving these indoh l  rings and the 
b()ulld (:()mt)ound. 
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