
B I O ( H I M I ( A  KT B I O P H Y S I C A  ACTA 

P;BA ()632() 

I';I:I:EC'I" ()1: T E M P E R A T I : R E  UPON T H E  ( ' ( ) N I ; O R M A T I ( ) N S  ( )F  
(?AI{BOXYPI{PTIDASIL A (ANSON), AvLeu, A:Y al, AND :\,~. 

473 

I..\RI<Y I:RICI'T() .\NI) E. HARI)IN >;'l'l~l('lil.:\Nl) 
l.ab<,rat,,l'v oj .\'ltclcar 3ledicilzc altd Radtat>m l~i,,/<~gv. (:llivc*'~ity ~,f Call/,,rlzia. I.,,s .lll~,c/,~. 
('<~lif. 9oo 21 (/ .N..I.) 

(Received llecembcr ~4th. ~97 o) 

F,17MMARY 

i. The conformat ions  of several  bovine ca rboxypep t idase  A (peptidyl-L- 
amino acid hydrolase,  EC 3.4.2.1) p repara t ions  were compared  usin K the circular  
dichroism (CI)) spec t ra  from 2oo t(, 330 nm. Carboxypep t idase  A;, val, :\v Leu and 
:\a. l~ (7°"£0 Aa Leu and 30°0 Aft va~) have near ly  ident ical  ( 'D spectra.  After  considering 
the origin of the  various CD bands,  it  is suggested tha t  these species have similar  
backbone  conformat ions  and similar  envi ronments  for thei r  t r y p t o p h a n y l  side chains. 

2. The CI) spec t rum of ca rboxypep t idase  A (Anson) differs in one respect fr~,m 
tha t  of the homogeneous species (Ay val and A:,l'eu). In the  Anson prepara t ion  tile 
br(md, posi t ive CD band  between 255 and 27o nm is about  twice as intense as t l lat  
in ei ther  ca rboxypep t idase  Av val or :\;,Le'L The intensification ~f this  ( ' I )  band in tile 
.\nsol] p repara t ion  mav  possibly  be due to an impur i ty .  A l t e rna t ive ly  the c~mf,~r- 
mar ion of the  ca rboxypep t idase  A:, molecules may  be a l tered durin!z their  isolati~m 
from the Anson prepara t ion .  

3. The effect of t empe ra tu r e  upon the confl~rmations of carb~xypel~tidasc 
A : Y  al, A., L'eu, Aa~13 and A (Anson) was examined  b \  recording ( ' l )  spect ra  bct\vc~,n 

24 and --I()(1". The far u l t rav io le t  C D bands  of these ca rboxypep t idase  p repara t ions  
are not a l tered by cooling, which suggests tha t  the pept ide  backbom'  conflwmati,  m 
is r e l a t i v e h  rigid. In contras t ,  the t ' I )  fine s t ruc ture  arising from the t rypt~I)hanyl  
side chains is greatly" intensified upon cooling the various prepara t ions .  This behavi,~r 
results  because the t ryp to t )hanyl  side chains of carb(~xyt)cptidasc A exist in mul t iph '  
( 'onformations at  24 <~. Cooling shifts more side chains into the c~,nformer having the 
lowest energy. Appa ren t l y  some side chains ,~f carboxyi~ept idasc A p~sscss ap 
prcciable mot i l i ty  at room tempera tu re .  

: \bl}re\ ' iat ions:  ('1), circular  d i c h r o i s m ; ; l s ~ ,  molar  ex t inc t ion  coefficient flw left c i rcular ly 
polarized light min t t s  t h a t  for r igh t  c ircular ly polarized li~4ht; ]A, abso rbance  for left c i r cu la r l \  
polarized li,qht m i n t t s  t h a t  for riRht c ircular ly polarized l ight;  c a rboxypep t i da se  ,\,, ,~, preparati<m 
conta in in~  7o% car l )oxypept idase  ;\(£Lt, t, i/ha 30o0 :\/~\al. 
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Circular dichroism I 4 (CD) and nuclear magnetic resonancea, ~ spectra 
varying temperatures have revealed that amino acids and dipeptides pr~ssess multiph: 
confl)ru~ers in solution. In many proteins. (m the other hand, the extensive int(,r 
actions between amino acid side chains apparently tend to stabilize a single ~,,lt 
former in tile native state. X-ray studies of crystals indicate a unique c()nfl~rnlati,)~ 
for each protein, although some motility may exist for certain side cMins v. There is 
evidence suggesting that proteins may have greater motility in solution thall in the 
crystalline state 7,8. Some confl)rmational motility is essential fl)r the catalvti( 
activity of carboxypeptidase A:', ~° and perhaps other enzymes n. Even in the absence 
of substrates, an enzyme may have several conformations that are readily inter- 
converted. When motility exists, temperature variations should alter the distributi<m 
of conformers in accordance with the Boltzmann factor v'. Such studies need to 1)e 
made at low temperatures to avoid complications arising from heat denaturation (d 
e n z y m e s .  

This article describes the confi)rmational changes induced in bovine carboxy- 
peptidase A (peptidyl-L-amino acid hydrolase, EC 3.4.2.I) by cooling. The extent 
of conformational alteration was fi)llowed by recording CD spectra in the temperature 
range of 2 4 to - - I9  6°. The near ultraviolet CD spectra of carboxypeptidase A reveal 
fine structure CD bands arising from tryptophan and possibly also tyrosine residues. 
These bands permit measuring the effect of temperature upon the orientation of the 
tryptophanyl and perhaps the tyrosyl side chains in carboxypeptidase A. Tile far 
ultraviolet CD spectra are used to examine possible alterations in the peptide back- 
bone. 

An additional objective of this investigation is to compare the CD spectra of 
several carboxypeptidase A preparations available to us. The different procedures 
used to activate procarboxypeptidase A give a variety of heterogeneous carboxy- 
peptidases la. Carboxypeptidase A (Ansonp ~ contains mainly Au va~ (40%) and Ay Leu 
(3o%) a~, whereas carboxypeptidase A (Cox) a6 is largely Aa val (420/,)) and Aa Le" 
(34%)aL We have performed variable temperature CD measurements on 4 earboxy- 
peptidase preparations: A (Anson), AvVal, Ay Leu, and a purified fraction of A (Cox). 

E X P E R I M E N T A L  S E C T I O N  

Ins t rumenta t ion  

Absorption spectra and peptidase kinetics were obtained with a Cary Model 15 
spectrophotometer. CD measurements were made with an extensively modified 2,1s 
prototype of the Beckman Far UV-CD spectrophotometer using a 75-W high pressure 
Xenon are. A computer of average transients 19 stored the signal while the spectra 
were scanned repetitively at 0. 3 nm per see. This signal averaging permitted ob- 
taining low-noise records ]laving good resolution, even for the weak CI) bands of 
carboxypeptidase A. A time constant of one second and a spectral half intensity 
band width of less than 1.6 nm were used in most cases. All the CD spectra at --I96':' 
were recorded using a o.6-sec time constant. The CD intensity was calibrated with 
an aqueous solution of (+)-Io-camphorsulfonic acid (~eM = 2.2 M-1.cm 1 at 29o 
nm (see ref. 20)). 

t~iochim. Biopkys, Acta, 235 (~97 I) 473-48,'; 



1~:1;171(("I" ( )F " I I ' :MI ' I¢I{A' I 'UI( I  ~. ( )N ( ' A I * : I ~ ( ) X Y I ' I , : I ' T I I ) A : 4 1 . . . \  475 

[ 'n less  otherwise indicated,  the exper imenta l  unce r t a in ty  in t lw ('1) mcastl le-  
mcnts  is de te rmined  by  the peak- to -peak  noise, which may  be visualized in th, '  fiat 
p()rti~ms ~,1 each trace and which is also s t a ted  ill the legends of most figurt,s. 

Lo•c' /('m/)crahtrr ffroccdm'cs 
~[('{tSIII-CIlICIItS w e r e  n~ade ()\'or tilt' tell/|)er:t(llrC rallg{t' ()[ 24 t(~ I()() . ["I-()Z('l/ 

st)lutitms (glasses) were examine( |  tit it)0 in a st)ectr~sc,)pic I)ewnr tilh,d \rill ,  
liquid ni trogen,  as has been descr ibed previ()usly i11 mort, detaiH, e.l'~. (aH~, ,x \ -  
pept idase  A was diss()lved in a water  glycerol (I : I .  b \  \'()l.) s~)luti(m c{mtaining ().4 31 
Na( ' l  and 25 mM Tris HCI at  pH 7-5. The cuvet te  (o.~_' mm path) c~mtaining thi> 
s()lutitm was |)hinged into ti le stx,ctr()s,()t,ic Dewar filled with liquid nitr(,gcu. 1'2\(.it 
this rap id  freezing (5 I i )  set') of tile solution gave good glasses f()r (7I) 111eHSllltq/lt,llt> e. 
Tests  descr ibed elsewhere z sh()wed tha t  n() a r t i fac ts  exis ted under  tlw ( ' (mditi ,m, 
used t,) rwc()rd low t empera tu r e  ( ' I )  spectra.  

Varial)lc teml)era ture  spec t ra  ()f soluti()ns (-'4 t,) -4(1) were ob ta ined  with a 
closed cuv/ ' t tc  (().I- t() IO-l'l'llll path)  p()sititmed in a st)ectr()sc()pic Dewar c(~()h'd I)\  
1)It)wing c(d(t ni trogen gas over tile cuvct te  holder 4. The water  glycer~)l buffer ((~-4 31 
Na( ' l  25 mM Tris H('I, pH 7-5) remained  a sim<le l)hasv , at t empera tu re s  (h,wn t() 
- 4 0 .  N() l l l e aS l l l e l l l e l l t s  WClC l/l{l(tc hel()w - -4  ° because ice tmrti('l('s separa ted  fr(ml 

the water ,~ly('eroi buffer upon stnnding at thest' h)wer tcml)cratures. 
Tht" ( ' [ )  spectra of carbt)xvpeptidase A in ~lasses at I(~O gave much grcal~,r 

rcs()luti(m than  the spec t ra  (if st)lutio,>, \vhicla necessari ly had t() t)e rec(,rdcd at nm(-ll 
higher t t 'mpera turcs .  The abs()lutc intensi t ies  t)f th(! ('1) spectra  of glasse~, h~,we\(,r, 
art' s()nwwhat less accura te  than th()se of s()luti()ns, l:()r ('1) signals as small  as th,,st' 
,~f carl)()xyt)t,ptidas e :x, the exact  p()siti(m of tilt '  bast'  line (fl(,zen solvent) has st,mr' 
unce r t a in ty  tit the short  wavelength  end ()f tile ( ' I)  spect rum.  The h)n{- wa\('h'n~tl~ 
side is n(~t uncer ta in  because the leading edges ,)f the  base line and ()f tilt' carl) ,)x\-  
pept idase  Sl)cctrum ('an 1)e superinq)~)sed in regi(ms where u(> ('1) bands  cxi>t, ~.,'. 
32o 33o n m . . \ n  add i t iona l  d i sadvan tage  ()f the m( 'asurements  at - I()() i', t l l a l  

sh~)rt path  lengths must  be used t() t)revvnt ('1) ar t i lnc ts  in glasses ',a. ()hi\ '  carb()x\ '-  
pt 'pti(lase A tAns(m) was sufflcieuth s()htble (soy 1)eloxv) to permi t  [)primal mvasurt '-  
I l l ( ' l ] tS  t i t  - I t ) ( )  . 

3h)st Sl)(,('tra were rec()rded (m soluti()ns c()()h'd in the \ a r i ahh ,  tt'lllt)t'1"~itlll(! 

s\ 's tcm. The spectral  changes up()ll c()()ling weft, vmifled in duplicatt ,  t.xpvrimc~/t>. 
and tilt, Sl)cctral c h a I l g e s  \ v e t o  l-ever>ed bv rc\varming s()lutions t() D ) o l l l  t'.'l//t)(q'~/{//lt'. 
The \~)lum(, c()ntracti()n ()f the water-gl.vcer()l s(,luti(ms (.l. Ht:)I,'WITZ, p~'rs()nal 
c()mmtmicati()n), which was les~ than  3"o tit - 4()  and h!ss than  *()'!,, at x()() , was 
nc~lectt 'd in calcula t ing the  ctmctmtrati()ns ()t-, 'arl)()xyt)eptidase .\  at h)w tt'mt)t'r- 
at tlI-t's. 

1'." ll -., V l l I C S  

l~ovine pancrea t ic  carboxvpet~t idase A (Anson) was purchased  fr()m \V()rthing- 
ton l{iochemical Corp. (Freehold,  N.J.) as an aqueous su.~pension of twice-crystallized 
e n z \ m e  (Lot CoA 8KA).  ]{ovine car/)()xypeptidase A., ¥;tl alld A y  Leu ala(l ~t (-hr()mat()- 
,W-aphically purified fract ion of A (Cox) were k i n d h  provided  by  Prof. Philip I)('tra 
and l)r()t . Hans Neurath .  The la t te r  sample  ( l : ract ion II in l;ig. 2 ()f ref. I7), whicll 
( '(retained 7()",, c a rboxypep t idase  .\,l,<~ and 3()",, carb(~xypeptidase .\/~val will hv 

l~i,,c4:m, l¢i,,phv,,. IHa, -'.~5 (1<)711 t7~ t '~'~ 
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designated here as Aa.3. Aliquots drawn from these stock suspension were washe~i 
with triple-distilled water and centrifuged at 5" t~ sediment the crystals. Igor tl,. 
Anson preparation this procedure was repeated 3 or 4 times for each aliquot to ensuro 
reinoval of the toluene preservative. "I'llc crystals were then dissolved in the ap 
propriate solvent (see below). These solutions were stored at 5 '~ and were never used 
for longer than three days. 

Three solvent systems were used for the carboxypeptidase A preparations. 
For studies at room temperature 25 mM Tris-HC1 (pH 7.5) and either o. 4 or I M 
NaC1 were dissolved in triple-distilled water; for measurements below o ° the medium 
contained 25 mM Tris HC1 (pH 7-5) and 0.4 M NaCI dissolved in water glycerol 
( I : I ,  by vol.). The low temperature experiments were made using the o. 4 M NaC1 
to minimize the possibility of polymer formation 21. 

Both carboxypeptidase A (Anson) and Aa~  dissolved readily (up to 12 #M) 
in the aqueous o. 4 M NaCl-25 mM Tris-HCl buffer. These preparations were even 
more soluble in water glycerol (I : I ,  t> 3' vol.) containing o. 4 M NaC1-25 mM Tris 
(up to 2 mM for carboxypeptidase A (Anson) and up to o.5 mM for Aa~t~). In contrast 
to carboxypeptidase A (Anson) and Aa-l*, carboxypeptidase Av wl and AvLeu dis- 
solved poorly (up to 4 ¢,M) in o. 4 M NaC1-25 mM Tris (pH 7.5). By raising the NaCI 
concentration to I M, the solubility of carboxypeptidase Av val and ArLeu was 
increased sufficiently (7-fold) to permit CI) measurements under optimal conditions. 

The concentrations of all carboxypeptidase solutions were calculated from the 
absorbance at 278 nm (~'~i, 6.42" lO 4 (see refs. 22 and 23)). 

Assay of peptidase activity 
The hydrolysis of N-benzoyl-gtycyl-L-phenylalanine by carboxypeptidase A 

was determined from tile change in absorbance at 254 nm, using a minor modification 
of the procedures described by other workers "a~-'~. The assay was initiated by adding 
0.02/~M carboxypeptidase A (Anson) to I mM substrate dissolved in one of the three 
solvent systems described above. N-Benzoyl-glycyl-L-phenylalanine has eM of 26oo 
at 254 nm; and, under the conditions used, eM at 254 nm increases bv 360 upon 
complete hydrolysis. The turnover number was calculated from the initial velocities 
during the first 5 min of hydrolysis (-- 15'!, of substrate consumed). 

Malerials 
N-Benzoyl-glycyl-L-phenylalanine was obtained from Mann Research Labora- 

tories, N.Y. Glycerol was spectroquality from Matheson, Coleman and Bell, Los 
Angeles. Guanidine -HC1 was prepared from guanidine carbonate (Eastman) by the 
Kawahara Tanford procedure 2v. 

R E S U L T S  

CD spectra of carboxypeptidase A (A nson) at 2 4  ° 

The various bands in the CD spectra of carboxypeptidase A give information 
about different aspects of conformation. The far ultraviolet CD bands at 209 and 
230 nm in the native enzyme (Fig. I) reflect primarily the conformation of the 
peptide backbone 28. For example, 8 M guanidine-HC1 abolishes these CD bands 
(Fig. I). Thus the CD bands at 209 and 230 nm provide a measure of whether cooling 

Biochim. Biophys. Acta, 2 3 5  ( 1 9 7 1 )  4 7 3 - 4 8 8  
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l"i~. I. Comparison of ('11 spectra of carl)oxypcptidasc :\ (Anson), :\,/val, "and :\.e L~''' at 24 . .\:,~, 
. \v I', and :\nso]l arc used to identify car/>oxvpcptidasc :\;,v~t AVI.,',I. and : \  (Anson). respectively. 
• (; (@QO) designates enzymes dissol\'cd m ,'g 5I guanidine 11('1 (pH 6.5). -. or 

indicates nativu enzymes dissolved in aqueous '5 mM Tris II('l z M Na('l (ptl 7.5). "l'hc ('1) 
st~cctrum of thc \ns(m material was ullchangcd when the NaCI concentration was decrc~lscd to 
o. 4 5I.. l#,',i is based on the molar conccntratior~ of carboxypct)tidasc : \ .  

alters tile degree of organization in the peptide backbone of carboxypept idase  A. 
In the near ul t raviole t  region the nat ive  enzyme possesses a broad p . s i t ive  

band at 262 nm and negat ive CI) bands at 287 and 294 nm. The intensities ol: these 

near ul t raviole t  CI) bands also depend upon a highly ordered protein e~mfl)rmation, 

since 8 M guanidine- HC1 great ly  diminishes the intensities of these ban(Is (Fig. I). 
The 204- and 287-nm ( 'I)  bands of nat ive  carboxypept idase  A reflect mainly 

the or ientat ion of t ryp tophany l  side chains. The negatiw~ CD fine s t rueture  at 294 11111 

must arise from t ryp tophany l  side chains, because none of the other  m~Heties have 

line s t ructure  bands at this wavelength  2 The negat ive ( 'I)  fine s t ructure  ;it 287 nlu 

is l<~cated in a region where ei ther t \ ' rosvl  or t ryp tophanyl  bands max (~ccur. At z 4 , 

however, tyrosyl  CI) bands are not  as sharp as the 287-nm ('I) band alld d() ilot h; l \e  

this shape :£4. Apparen t ly  the e87-m~ ( 'I)  band also results mainh" from trypt~q4mnyl 

side chains. 
The source of the broad posit ive ( 'I)  band at 20z nm in the nat ive  ea rbox \ -  

peptidase A (Anson) is uncertain.  The single disulfide bond of carboxypept idase  
:\:,,',:~,a0 may be a major  contr ibutor ,  since cvst ine has a similar near ul t raviolet  ('1) 

});Ind al.:~'-'. The total  CI) intensi ty  of the _o62-nm band of nat ive  earboxypept idase  A 
(:\nson) is, however,  appreciably larger than the disulfide hands identified in Hther 

pI-~teins a,aa,a4. Some contr ibut ions  from t ryp tophany l  and tvrosvl  side chains :m' 

difficult to exclude2, a. The broad posit ixe CD hand centered at e62 nm cannot  arise 

fr(ml the phenylalanyl  side chains, since the phenylahmyl  CI) bands have different 
characteris t ics  l,as. The red side of the hmgest wavelength  phenyla lanyl  ('1) band 

(about e68 nm) always moves sharply away fronl the background C[) due to (>ther 

residues• The minor  wiggle at 268 nm in the nat ive  Ans(m preparat ion (Fig. z) max 
result from a v e r y  weak negat ive phenylalanyl  ('1) band superimposed on the br~md 
posit ive ( 'I)  band. T rea tmen t  with guanidine HC1 makes the negat ive fine s t ructure  

I¢~.ckim. I':m/~kVs..1eta, -'35 !1971/ 17~ I ~ 
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;tt 20,% nm more obvious and blings out additional negative lille structure at 20Z Illl~ 
Sul)erimposed upon a diminished positive C l) backgrtmnd (l;ig. I). Apparent15' t h~ 
phenylalanyl ( 'I) bands ()f carboxyl)eptidase A (Ans(m) may be slightly enhap.cc~l 
after denaturation, as Ires been ~)bscrved previously f~r another protein a';. 

(.'l) spectra of carbo,D'pcptidasc Av va~ a~zd A:, m'eu at 2. I 

Since carboxypeptidase A (Anson) is a heterogeneous mixture ~t' ca rboxy  
peptidases 15, we investigated the CI) spectra of the two major species in this prepa- 
ration (AT Val and AyLeu ). A comparison of the CI) spectra of carboxypeptidase A 
(Anson), Ay val, and ArLeu is showl/in Fig. I. Both carboxypeptidase AvVal and Av Le" 
have similar CD spectra. All 3 preparations have identical CD bands in the far 
ultraviolet and above 285 nm. In the range from 25o to 28o nm, however, carboxv-- 
peptidase ay  val and A:, Leu have nmch weaker CD than does the Anson material. 
Carboxypeptidase Avval and Ay Leu seem to have a negative CD band (268 to 26o rim) 
superimposed upon a larger positive band extending from 280 to 250 nm. "l'hi,~ 
negative CD band has the characteristics expected for phenylalanine residues in 
which all 3 progressions of bands are negative and have comparable intensities 1,aa. 
Fven after compensating for the presence of this negative CD band, the positive C1) 
band is only about half as intense in carboxypeptidase A~, vat and A:, Leu as in the 
Anson material. 

This major difference in the CD bands or" these preparations warranted further 
investigation, since carboxypeptidase Ay vat and A~ Le" comprise 7o% of the protein 
isolated from the Anson material 1~. The 3 carboxypeptidase preparations were 
treated with 8 M guanidine HC1 to eliminate the intramolecular interactions which 
stabilized the original conformation. This t reatment  altered the shape of the negative 
phenylalanyl CD bands in carboxypeptidase Av val and Av Leu, giving weak negative 
CD fine structure (268 and 262 nm) comparable to that  found in the denatured 
Anson material. The positions and intensities of these phenylalanyl CD bands 
resemble those observed for unoriented phenylalanine side chains aS. Treatment  with 
guanidine-HC1 also diminished the l)road positive CD band in all preparations, but 
the Anson material still retained a much more intense ('D between 255 and 27 ° lun 
(lqg. i/. 

Two additional experiments were pertormed to veril~ that  the difference 
between the Anson material and the homogeneous species is not an artifact resulting 
from minor differences in handling these samples. Since the Anson material originally 
contained toluene for preservation, the effect of toluene on carboxypeptidase AvI'e" 
was examined. Crystals of carboxypeptidase AvLeu were stored at 5 ° in water satu- 
rated with toluene. After 7 days, these crystals were washed to remove the toluene, 
just as described for the Anson crystals (see EXPERIMENTAL SECTION), and then 
dissolved in 2 5 mM Tris-HC1 (pH 7-5) containing I M NaC1. The spectrum of this 
solution showed that  prior exposure to toluene does not alter the CD bands of 
carboxypeptidase AvLeu. As a further control, a 12/~M pseudo carboxypeptidase A 
(Anson) was prepared by mixing o ., 57/o carboxypeptidase .,\yVal and 43 o,~o .\: Leu. This 
mixture possessed the weak, positive CI) (255-270 rim) characteristic of the homo- 
geneous species. 

CD spectrum of carboxvpeplidase A.+a at 24 
tqg. 2 shows the near and far ultraviolet CD spectrum of the native carboxy- 

Biochim. Biophys. Acta, 235 (1971 ) 47,¢-488 
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I"ig. z. ( ' 1 )  s p e c t r u m  o f  c a r l ) o x y p c p t i d a s c  :\,, :~ d i s s ~ l \ c d  in 2 5 m M  T r i s  I1('1 " - t  M X:l( ' I  
{p l l  7-5) a t  2 t  . - I t ' m  is b a s e d  o n  t h e  m ( d a r  c ~ m c c n t r a t i ( m  ( ) I t a I - 1 ) ( ) x v p c p t i ( h t s c  . \ .  

peptidase :\,~,j. This spectrum is generally similar t() the st)ectra observed for ( 'arb(,x\- 
peptidase A,y a l ,  and .A.,,LPu. The 287- :rod e()4-nm ( 'I) bands, h()wcver, arc al)()ut _.~)-" (, 
more negative in {'arb(}xypcptidase .\,,,~j than in ,'arh()xyp{'ptidase , \3:  TM ~lll(l .\. I.{'u. 

l[fji'ct of h'mpcraturc ,po ,  the ('1) .sDcctrm, of carho.D'p@tidasc .1 (.! ~zs0Ji) 
Thv initial measurements were made ~m a frozen solution of carb()xypel)tidasv 

A (Anson)cooled  to - - t ( ) 6  (big. 3). At this temperature,  the negative Cl) bamts 
previously observed at 294 and 287 nm ale great ly intensified, sharpened, and shifted 
slightly toward shorter wavelengths (293 and 286 rim). ('o(ding brings ()ut a str(mg 
negative ('1) band at 279 nm and a distinct sh(mlder :tt 299 nnl. The t)()sitivc ¢'1) 
band at 2()2 I1B1 is not lllu('h affe('ted bv cooling, cxc('pt in the rcgi()ns ()vcrlat)l)Cd I)\ 
the negative ('1) bands. 

.\n CXalninati()n ()f the individual ( 'I)  bands t)('rmits i(h'ntifyinK which si(h' 

- - -  r " ! ~ r f i - - -  

286 
250 260 270 280 290 300 310 32Q 

3. (nm) 

I"i~. 3. l n s t r u n w n t  trace o f  ( ' l )  spectra o f  i . i  mM carboxypcpt idasc A (:\nson) in water  ~lTvcvr~fl 
w i t h  25 m M  T r i s - H C 1  i o. 4 M N a ( ' l  ( p H  7.5) a t  -'4 a n d  l()~),  o. I 2 - n l m  p a t h ,  _ , o s c a n s .  P,I. 
( - ) d e s i g n a t e s  w a t e r  g l y c e r o l  b a s e l i n e .  U p o n  c o o l i n ~  t o  xc~h t h e  a r e a  u n d e r  t h e  ( ' 1 )  
c u r \ c  i n c r e a s e d  , .N fo ld  b e t w e e n  29o a n d  31o  m n  a n d  7 .3 - fo ld  b e t w e e n  , S 2  a n d  2<)o r im.  T i m  
1 ) c a k - t o q ) c a k  n o i s e  in t h e s e  i n s t r m m ' n t  t r a c e s  \ ' a r i e s  f r o m  i . l o  ~ I.'t ( z05  n m l  t~) ~ , . i ( ,  '; 1.1 
( e 5 o  r im) .  
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chains have undergone a conl}~rmati~m (:hange as a result of cooling. l h e  increa>~.,i 
in tens i ty  of tile CD bands at 293 and 2!)!) nm involves t ryp tophany l  side chains. TI,.  
negative band  at 279 nm is located in a region where either tyrosyl and t ryptophan\ ' !  
fine s t ructure  may occur '~. For example, L-valyl-L-tryptophanyl diketopiperazinc ~/1 

- ~33 ° has three fine s tructure (?1) bands t with about  t h e  same spacing as ~ ~ b s c r v e d  ill 

fF~ I RP* I r~ 
2 ?/.2 283.' !~A" k 

PI-tE 268 " 275 28(3 
264 ~ j f p  TAP 7RP 

PHE * . 290.' 
258 l 
~ f  i / 24 

- ~- 7Rt 
29{) 

i 
q 

\ fRP 
O.l ~,. 302  

• I 

_ _  I I / o . . . . .  

260 280 3 (,0 
/ \  ( N 'A) 

Fig. 4. Absorption spectra of 0.94 mM carboxypeptidase A (Anson) in water-glycerol with 
2 5  mM Tris-HC1 + o. 4 M NaCI (pH 7.5) at 24 and --196° . o. i2-mm path. Base line for 196 ° 
spectrum was offset o. i unit to separate the two spectra. Both solvent base lines were flat. 

carboxypept idase A. In  addit ion,  buried tyrosyl  residues can have CD fine s tructure 
at 279 n m  and also at 286 nm 3. At --196° the 286-nm CD band  may arise par t ly  from 
t ryp tophany l  side chains and par t ly  from tyrosyl side chains. This possible inter-  
pre ta t ion  is consistent  with tile observat ion tha t  the CD intensification upon cooling 
is greatest in the region where the buried t vrosyl CD bands can occur, i.e., between 
270 and  290 nm. 

The intensification of the near ul t raviolet  CD bands  occurs without  any  corres- 
ponding increase in absorpt ion intensi ty .  Although cooling to --196o causes some 
sharpening of absorpt ion bands, tile area under  the absorption spectrum from 250 
to 31o nm changes by  less than  lO°/0 (Fig. 4). At --196% the most p rominent  ab- 
sorption bands  occur at 29o.5 and  283.5 nm;  weak bands  occur at  302, 295, 280, 
277.2, 275,268, 264, and  258 nm. Tile aromatic side chains giving rise to these bands 
are identified in Fig. 4, using tile informat ion gained from studies of model com- 
pounds1,2, 3,36. The wavelength positions of the bands  in the absorption spectrum 
differ from those observed in tile CD spectrum. 

Although measurements  on water-glycerol  glasses at --196° indicate the 
approximate  increase in the CD intensi t ies  upon cooling, a more complete investi-  
gat ion can be made using water-glycerol  solutions kept  above their phase-transi t ion 
point.  Fig. 5 presents tile CD spectra of carboxypeptidase A (Anson) at 24, o, --25, 
and - -4  °0 , where the solutions remained in the liquid state throughout  tile measure- 
ments.  The positive CD band  at 262 n m  is unaffected by cooling. Above 275 nm the 
CD spectra show a gradual  sharpening and a major  intensification as the temperature  

Biochim. Biophys. Acta, 235 (I970 473-48S 
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\)<= 1 

. - F = - , ~ - s  2 7 9  \ ' 7  / , V ?  I 
~ - ~ ° - °  /', ,t 1,:7 / 

= -  1 
1' 293.5 / 
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250 260 270 28,0 290 3 0 0  310 320 

,% (nrn) 

Fi£. .5.  V a r i a b l e  t e m p e r a t u r e  CI )  s p e c t r a  <)f i2. 4 ffM car l>oxyt>cpt idase  :\ ( , \ I lSOI1]  in x \a tc r  
glyc 'crol  s o h l t i o n s  c o n t a i n i n g  o. 4 M NaCI  a n d  25 mM Tr i s  t t ( ' l  (pH 7 .5) . .qol id  l ines  ( 4 ° a n d  o j 
a rc  a c t u a l  i n s t r u m c l l t  t r a c e s  of  s p e c t r a .  The  p e a k  to  pcal¢ noise  in t h e s e  r eco rds  \ 'ar ic> ir<m~ 
i • l(> 0 IA (z95 nm)  to  3 • io  6 1A (25o nm).  At  25 a n d  24 ( ) t h e  i n s t r u m e n t  no ise  h~ls 
Iwcn s m o o t h e d  o u t  to  f a c i l i t a t e  d i s t i n g u i s h i n g  a m o n g  t he  4 records ,  i . o - cm p a t h ,  2o StallS. 1~1: 
d e s i g n a t e s  w a t e r  g l y c e r o l  l>aselinc, l ' p o n  c o o h l l £  f ront  24 to  4 ° , t h e  a rea  l m d c r  the  ( I )  
CtiI'VU increased ~,6- fohl  t )c twcen 2<to and 3 lo  nn l  and 3.8 fold 1)ctwccn 2S 3 and  20o r im. 

i s  l o w e r e d .  13\' - - 4  °` t h e  n e g a t i v e  C D  b a n d  a t  27<) n m  h a s  b e g u n  t<> e m e r g e .  " l 'hc  ( ' I )  

b a n d s  a t  2 8 6  a n d  z 7 9  n m  i n t e n s i f y  m o r e  u p o n  c o o l i n g  t h a n  d o e s  t h e  t r y p t o p h a i ~ y l  

r e g i o n  a b o v e  2<)<) n m .  T h e s e  C I )  c h a n g e s ,  w h i c h  a r e  f u l l y  r e v e r s e d  u p o n  r e w a r m i n £  

t h e  s<>lut i<ms t o  24 ' : ,  a r e  c o n s i s t e n t  w i t h  t h e  s p e c t r a  r e c o r d e d  a t  - I 0 6  

T h e  ( ' 1 )  i n t e n s i f i c a t i o n  o b s e r v e d  u p o n  c ( ) o l i n £  c a r l > ( > x y p c p t i d a s ( ,  . \  ( A n s ( ) n )  

T.\I~IA.; I 

. I~" M \ ' A I . U E ~  ..\~ A I"I.~NCTI()N OF C.%*RI~OXYI)FI)'FII>.'\SE .'\ ( \ N ~ O N )  C()NCI , ;NTRA[ ' I ( )N 

"['he c n z v n l e  was  d i s s o l v e d  in w a t e r  £1yct~r()l (l[T, bV vo].} c o n t r o l  ng  o. 4 .M Na( ' l  a i m  25 h im 
Tr i s  IIC1 {pl t  7.5). The  p a t h  e n ~ t h  was  v a r i e d  s~) t h a t  thu  al)s<>rbance r e m a i n e d  l>eh)w I all<l 
; l l )ox ' t '  <)'5 f ( ) r  e~ lch  c o n c e l l t r a t i o i 1 .  

( ' , , m n .  .b'.w* ( M  1.c*// 1) i~"l/** ( -l*t 1"C}]2 I) 

( ' '  .11 ) - - 

='4 3 ° 24 3 ° 

t) ~.5 5.0 -'-3 5 .0 
I -' 3.3 5 .0 2 . - '  5.<7 

()(> 3-4 5.5 2.~ 5.8 
1 4 0  3"5  - 5 . { )  2 ..~ 5.() 
25~) 3 . 3  5 -0 2. [ f).() 

5 (>o 3.4 5 .~ 2.3 6.5 
7 <)<) 3-I 5.7 I.() 0 .  3 

<)<)o 3 - )  . 5 .7  2 .  I (>.5 

i i(><> 3 . 2  - 6 . 3  2 .  ~ 7.3 
1 2 5 o  3.1) 0 . o  i .q (>.() 

* 1"<)i- n c £ a t i \ ' c  b a n d  n e a r  204 nn). 
*" I:()r nc '£a t i \ ' c  l )aml  n e a r  =,S 7 rim. 
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does m~t resul t  f rom aggreg~/t i<l .  This  ,~m,-lusi<>ll is based upon ( ] )  data It'~~l~t~'{f ;~ 
car l )oxypet ) t idase i t  clmCelltl';_iti~ms (lif]:~¢ing I>\' 2oo-fold (Table I). T l ic  I~'M \';ihl< , 
of tile two inaj~!r negati\ ' t  > ( 'I) bands (to not deviate l:roln t:leer's law :tl d th<-  2_ t ,~i 

3 o .  Thus th(~ incr<ised ( 'l) strengtl~ I)etween 275 and 3oo m~l il~(li<tos th:~! 
coolillg alters tile orit~lmitiol> ~1 flit, tryl>t(q)hallyl alld p(,rhat)s tll~, tyr<)~31 ~i&: 
chains <~1 carb¢~xypel~tidase ,\ ( A I I S ( I I I ) .  

;o, 

i T \ ' 7  i ~ ,  \ ' , , l  ~,;I 1 .5.1o--  v,Y : 

i/ _ - , - - , a -  - 7 .  - 

-2o ~" " - ' ~ ' , \  / ' ~ ,  ,t'! - , - -  o 

250 260 270 280 290 3 0 0  310 320  
Z (nm) 

Fig. 6. Variable t empera ture  CI) spectra  of 51.7t, M carboxypept idase  AvVa~ (Top) and 59/zM 
carboxypept idase  Av>u (Bottom) in water-glycerol solutions containing o. 4 M NaC1 and 25 mM 
Tris--HC1 (pH 7.5). Solid lines ( 35 ~ and o )  are ins t rument  traces of spectra having peak-to-peak 
noise of 2 • io  ~ AA (e95 nm) to 5 " io "~JA (25o nm). 2-ram path,  8 scans. BL designates water-  
glycerol baseline. Similar results were obtained using 12 FM carboxypept idase  Avi'eu in a t .o-cm 
path.  [ ;pon cooling from "4 '  to 3 [ ,  the area under these (;I) curves increased 1.0-fold betwe~m 
2 9 o  alcld 3 i o  I l ln a l l d  1 .3  f o l d  b e t w e e n  283 a l l d  2~)o 13111. 

The conformational  changes induced by cooling appear  to be confined to tile 
side chain orientations. After taking into account  the small solvent contraction, there 
is no measurable change in the ( 'D spectrum between 25o and 9.oo nm caused by 
cooling to either -4  ° or - - I 0 0  °. Apparent ly  cooling does not cause any major  change 
in the organization of the peptide backbone in carboxypeptidase A (Anson). 

Effect of temperat,ztre upot~ the spectra of carbo:Lvpeptidase AvVai a~,d Av Leu 
Fig. 6 shows tha t  the temperature  dependence of the near ultraviolet CI) 

spectra of these two species is essentially identical. Cooling to --35 ° intensifies the 
negative CD bands at 294 and 280 nm and brings out a negative shoulder at 278 ran. 
The emergence of  the latter negative band pulls down the CD curve between 260 and 
280 nln. The positive CD around 255 nm, however, is not affected by  cooling. 

In  the far ultraviolet, measurements  were made using carboxypeptidase AvLeu. 
Cooling to - - 3 Y  does not alter the CD strength between 200 and 250 nm. In this case 
also the conformation changes caused by cooling appear limited to tile side chains of 
certain aromatic  residues. 

Biochi*n. tTiopkys. A cta, 235 (r97 i) .t73-.I 8'; 
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ti[/i'ct of tcmpcraturc upon the CI) spectrum of carbo.V, pcptidase ,4~+~ 
As shown in Fig. 7, cooling earboxypeptidase , ' \ a~  to - -4  ¢. aftcots the near 

ultraviolet ( 'I)  spectrum in appr<)ximately tile same way as described for cart~(>xv- 
peptidase Av vat and ATLeu. In the region between 2o<) and 25 ° nm, cooling carb()xv 
peptidase :\a,;~ to - -4  ° '  does not alter the CD intensity. Measurements on cart)~xx'- 
peptidase : \ ,  ~;~ at --~0() ° revealed negative CI) bands at 200, e93, 285.5, and 27<1 nm. 
In addition, weak negative phenylalanyl  ('1) fine structure was evident at 2(1I :llld 
2 6 8  r i m .  

F ~----'--T 3 i 
9 4  ° 

• - " ~ J  B L  " 

• ' ; z, 

4 
V )__'-~°° 

"t 2 9 3 , 5  

2 8 6  

:50 260 270 280 290  3 0 0  310 ~20 
,~ (nm) 

l : i~.  7 - V a r i a b h ,  t e m p e r a t u r e  C1)  s p e c t r a  o f  121~M c a r l ) o x y p c p t i d a s c  -\ ,~i~ in x x a t c r  g l y c c r ~ d  
s v d u t i o n s  c < m t a i n i n ~  o. 4 M N a C I  a n d  e 5 IBM T r i s  H ( ' I  (t>tl 7 .5) .  S o l i d  l i n e s  ( 4 ° a n d  o ) ; i re  
i n s t r u n ] e u t  t r a c e s  o f  s p e c t r a  h a v i n g  p e a l ¢ - t o - p c a k  n o i s e  o f  e - i o  ~* 14 (-'<)5 r i m )  t o  5 " 1¢, ~; I,'t 

250  11111). 1.O CII) p a t h ,  8 s c a n s .  I ' p o n  co¢, l in~ f r o m  e 4 t o  4 ° . t h e  a r e a  u n d e r  t h e  ( ' l /  c u r \ ' c  
i n c r c a s < ' d  i..5 fo ld  l>ctx~cen 29 ° a n d  .a;IO Ii111 ~11111 .~. I fo ld  b c t w c v n  zS3 a n d  20o  n m .  

l'alidadon of certain cxbcrimenkd procc&lrcs 
lrradiati(m 
Since there have been reports tha t  ultraviolet irradiation causes inaetivati~m 

<)|- earboxypeptidase A and selective destruction . f  its t ryp tophanyl  and tyrosyl 
residuesa7 a.~ the effect of prolonged scanning in <mr C1) spectroph<)t<mu~ter was 
examined. :k I2 I,M solution <>f earboxypeptidase A (Anson) in (>.4 M NaC1 2 5 mM 
Tris H('I (pH 7.5) was irradiated at 24 (scanning from 32o to 245 Inn) in the C1) 
instrument using a normal slit width (0.6 rim). Even after 4 ° scans (3--' h) there was 
no significant difference between the peptidase activity <>f tile irradiated carb<~xv- 
peptidase :\ (Anson) sample and that  of the unirradiated enzyme solution. Another 
test (or possible radiation damage involved comparing the CI) spectra after averaginR 
different numbers of scans. This comparison, using the various carb<~xyt)eptidase A 
preparati<ms, confirmed that  the CI) intensities were unaltered during repeated 
seam]lug; only the noise diiuinished. Thus our ( 'I) measurements  did m~t cause anv 
measurable damage to these enzymes. 

(;lvccrol 
The p<~ssible effects of 5o'{i) glycerol on earboxypeptidase A were examined. 

The peptidase activities of carb~xyt~eptidase A (Anson), A?VaL A,/t'eu, and Aa+ ~ wen' 
unaltered when water glycerol (i : [, hy vol.) was used in place of the water solvent 
in the ::tssav procedure (Table II). lVurthermore, 5o% glycerol did not change the 
('1) spectra of the various preparations <,f carb~xypeptidase A at e 4 .  Apparent ly  the 

I;mch;m. I~h@hvs...l~ta, 235 (m71/  t7~ t ~s 
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PI~t)TII)ASE ACI ' IVIT¥  OF "lilt'; \ 'ARIt)US ( ARHOX'VI'h;PTIDASI~2 z~ PREPARATIONS AT 2 4 

A l l  a s s a y s  w e r e  d o n e  a t  p H  7.5 u s i n g  ! m.M N - b e n z o y l - ( 5 1 y - L - P h e  a n d  I : . t o  8 _ 2 . ~ o  8 M e n z w m . .  

,v,'ol~,e'atl 7 l tyn()ut 'r  IZllIJII)I'F* (Ini t~ 1) 

.q ;IStm ,4 ;,l,eu A,; Val A a-] .~ 

o. 4 M NaCI-25 mM Tris in water 1850 1{}20 183o 21oo 
I .O M N a C 1 - 2 5  m M  T r i s  i n  w a t e r  21 oo  215(} 2 2 0 o  
o. 4M NaC1 2 5 mM Trisin water 

glycerol (I : I, by vol.) [05 o I,~5 o I0OO 2 too 

* leach value is the average of at least 3 trials. 

water-glycerol solvent does not alter tile conformation of any of these carboxy- 
peptidases. 

Freezing 
The possible effects of freezing carboxypeptidase A (Anson) to --I96° in water-- 

glycerol (I :I, by vol) with 0. 4 M NaCl-o.o25 M Tris (pH 7.5) were also studied. The 
peptidase activity assayed at 24 ° was the same before and after freezing the enzyme. 
In addition, the near ultraviolet CD spectral changes caused by freezing were fully 
reversed upon rewarming the carboxypeptidase A (Anson) to room temperature. 
Apparently freezing under our experimental conditions did not damage carboxy- 
peptidase A. 

Effect of p n  
Measurements showed that the pH of the water-glycerol-25 mM Tris-o.4 M 

NaG solutions (pH 7-5) at 24 ° increased about o.3 units upon cooling to o °. An ad- 
ditional increase in pH may have occurred at lower temperatures. Consequently the 
CD spectrum of carboxypeptidase A (Anson) was also recorded at other pH's (8.6, 
&4, &2, 7.9, and 6.7). The intensities of the CD bands at 294 and 287 nm remained 
constant within this pH range. Evidently the CD intensification upon cooling cannot 
be due to pH changes which may occur in the cold tris buffer. 

D I S C U S S I O N  

The CD spectra of the various carboxypeptidase A species can be used to 
compare their conformations. The purified carboxypeptidase Av val, Av Leu, and 
Aa+~ species have nearly identical CD spectra in both the near and far ultraviolet 
region (Figs. I and 2). The CD findings in the 2o0 to 25o-nm region suggest that the 
backbone conformations of these species are similar. Although carboxypeptidase Aa 
has 7 more residues (Ala-Arg-Ser-Thr-Asn-Thr-Phe) than Av at the N-terminus la, 
the CD spectra are not sufficiently precise to detect these few additional residues in 
a protein containing 3oo residues. The similarity of the CD intensities from 28o to 
3oo nm indicates that the environments of the tryptophanyl side chains are also 
nearly identical in the different species. 

The CD spectra permit comparing carboxypeptidase A at different stages of 
purification (Fig. I). PI~TRA AND NEURATH 15,4° have reported isolating carboxy- 
peptidase Ay val (4o%), AyLeu (3o°/o), AB val (I5%), Aa Leu (IO°/o), and Aa (2%) from 

Biochim. Biophys. Acta, 235 (1971) 473-488 
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a commercia l  A (Anson) p repara t ion .  Tim>. it is no tewor thy  tha t  the Ans~m mater ia l  
has a much more intense posi t ive  CD band  (255 27o nm) than does ca rboxypep t idase  
Av val, Avueu, or Aa~_fl, the  ma jo r  components  ~/f the :\ns~m prepara t ion .  

In principle,  the  lower CI) in tens i ty  (255 27o nm) of the  purified carb~)x\ 
pept idase  Ay species might  be expla ined  by  a n \  of the following: (A) an impur i ty  
which is removed  from the Anson mater ia l  dur ing  purif icat ion,  (F;) a subt le  ('~mI~r- 
ination change occurring dur ing purif icat ion,  ~r ((') an in terac t ion  among the va r i . u s  
species of ea rboxypep t idase  A in the  Anson prepara t ion .  The la t te r  t~ossibilit5 • 
appears  rem~te because a mix ture  of ca rboxypep t idase  Avval and Ay I,eu had the h~w 
( 'D in tens i t \ '  character is t ic  of the  purified species between 255 and 270 nln. 

The only prote in  impur i ty  known t,~ occur in the ; \nson enzyme is the break-  
through peak,  which appa ren t l y  comprises  less than  5"~ ()f the t()tal pr(~tein ~;'. If this 
protein  were to account  for the loss ~t ( 'D i n t e n s i t \  during purifieati(m, its f~i  
would have to be at  least  zoo M l . c m  1 at  202 lnu. 511('11 ~t large value seen> im- 
t)robable. Another  possible impur i ty  is toluene,  which is present  in the Ans~n mater ia l  
before the  first wash. ( 'ont rol  experime.nts, however,  showed tha t  t~>lnene is not 
responsible,  since prior  exposure  to toluene did n~t affect the ('1) i n t e n s i t \  ~I carb~)x\ 
pep t idase  A:, Leu 

The poss ibi l i ty  of a conflwmation change dur ing prepara t i (m of the puril ivd 
ca rboxypep t idase  A./ species is not wi thout  precedent .  Appa ren t ly  both c a r b ~ x \ -  
pept idase  Ao and A v have ident ical  amino acid sequences and the s~/nlo lll.ll]liier (,[ 
residues la. Nevertheless ,  their  solubil i t ies differ at)preciably,  which suggests tha t  
their  conformat ions  are not  ident ical .  

I f  a conformat ion change does occur during purif icat ion of carboxyt)ept idase  .\ 
(Anson), then the CD spect ra  (Fig. I) suggest tha t  the a l te ra t ion  involves the en\ir<)n 
ments  of some pheny la lany l  side chains ~, a'~ and possibly  a l s .  of the disulfide bond a~ :~ 
The difference in the  pheny la lany l  CD bands  (2(/8 2()2 nm) was e l iminated  af ter  
t r ea t ing  the various p repara t ions  with guanid ine  hvdroehlor ide  t~ dis~wder the 
phenyla lany l  side chains. In  contrast ,  guanidine  hvdrochhwide did n~t c . m p l e t e l y  
abolish the difference in the  posi t ive ( 'D band  (255 27o nm) between the .\ns~m 
mater ia l  and  the p u r i f e d  A v species (Fig. I). This observati~m seen> consis teut  with 
ident i fy ing the large posi t ive CD band  (255 27o nm) as arising mainly  fr~ma the 
disulfide bond. This covalent  link between two par ts  of the pept ide  chain In{iv 
prevent  guanid ine  HC1 from thoroughly  d is rupt ing  the ordered side chains victual 
to the disulfide bond. The re la t ive ly  cons tant  specific a c t i x i t \  of the various t)repa ~ 
ra t ions  la d()es not preclude a difference in the  envir(>nment ()r d ihedral  angle <)f tliv 
disulfide bond, since an in tac t  disulfide bond is not re~luired l<~r enzvlnic uct iv i t \  '''~ 
of c a rboxypep t ida se  A. 

Next  we shall  consider the  effects of t empera tu re  upon the conformat ions  <ff 
ca rboxypep t idase  A. The observed CI) spect ra  represent  the popula t ion-weighted  
average from all conformers of c a rboxypep t ida se  A exis t ing in ~-quililwium at each 
t empe ra tu r e  4i,4e. MOSCOWITZ c t a / .  41 have descr ibed the effect ()f temt>eraturt '  up~,n 
the  (71) spec t ra  of a simplified system of two confoi-n~ers in which the diflereuc~' in 
( i ibbs  free energy between conformers is independent  ~)1 t empera tu re .  ('~n~linM such 
a sys tem causes a shift to the  lower energy s ta te  in accordance with the l ;o l tzmann 
factor (exp ( - -  IG/RT)) .  Unfor tuna te ly ,  in the  case (~f proteins,  re,we titan tw,, 
e~nlforlners of each amin(> acid residue may be m oqui l ibr ia; enid, furtherln, ne, the 
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energy difference [)etween any two confl)rmers probably varies with temperatur,' 
For example, tile Gibbs free energy change tot hydrophobic interactions involvin~ 
aromatic side chains becomes more positixe at lower temperatures ~a. ['t)(m cooling 
a protein the confi)rmational equilibria are shifted bv the reduction in RT and als~ 
by any changes that may occur in the (;it)bs free energies separating the various 
coifformers. Although these difficulties preclude a quantitative evaluation of the 
conformer populations in a protein, a qualitative description is possiMe. 

The variable temperature CI) spectra of the carboxypeptidase A's give mfor 
mation about the extent of motion in these proteins. Since the far ultraviolet CI) 
bands of carboxypeptidase A are not altered by cooling, the peptide I)ackbone 
conformation appears to be relatively rigid. In contrast, cooling causes a major 
increase in the rotatory strength of the CI) bands arising #ore the tryptophanyl 
and perhaps from the tyrosyl side chains (Fig. 3). For example, the area under the 
CD band at 293 nm increases at lower temperatures in much the same way as has 
been observed in the CI) spectra of tryptophanyl diketopiperazines~L This result 
suggests that at room temperature one or more tryptophanyl side chains of carboxv- 
peptidase A have multiple conformers, which interconvert by rotations about single 
bonds, i.~'. conformational equilibria 2'4j,v2` In the biological literature this condition 
has been called conformational motility 12. Cooling carboxypeptidase A reduces the 
motility of the tryptophanyl side chains and thereby increases the total rotatory 
strength of their CD bands ~. 

This qualitative description appears correct even if the relative free energies 
of the various conformers do change upon cooling. The continued increase in CI) 
strength as the temperature is lowered (lqgs. 5-7) suggests that the rearrangements 
of the tryptophanyl side chains result from noncooperation interactions 44. The 
alternative possibility, a cooperative interaction involving many amino Acid residues 
moving simultaneously, would be expected to show a sharp transition temperature 44, 
which is not observed. 

The motility of the tryptophanyl side chains observed for carboxypeptidase A 
in solution agrees qualitatively with the conclusions drawn from X-ra3 data on 
crystals. I f  a side chain has several confi)rmers in a crystalline protein, then the 
electron density of the side chain will appear somewhat diffuse. "/'he X-ray data 
obtained by LIPSCO.~B and co-workersgJ 0 were used to determine the disorder of the 
tryptophanyl side chains in crystalline carboxypeptidase Aa (Table III) .  The side 
chains of tryptophan residues Ie(), 257 and 294 have appreciable disorder in the 
crystal. These side chains may contribute to the tryptophanyl CI) bands. The 
indolyl rings of tryptophans Iz0, 257 and 294 are sufficiently close to other aromatic 
rings (Table IlI)  that strong dipole dipole coupling probably gives rise to appreciable 
CD strength in carboxypeptidase A, just as has been found in model compounds ~. 
Other interactions may also contribute to the tryptophanyl CD bands 4'~,4". In an\" 
case, the CD bands induced by these interactions would be intensified as the relative 
motion between the indolyl rings and their surroundings is reduced by cooling. Since 
it is the relative motion of groups that influences the CD intensity, the observed 
increase in tryptophanyl CD strength may also involve decreased motion in the 
moieties which interact with the indolyl ring. Finally, it should be noted that the 
other 4 or 5 tryptophan residues 47 4.~ mav also contribute to the CD bands of carboxy- 
peptidase A. 
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{ II:XRA('II,:I{[SI'ILS o1: INI)OLVL RINGS 1N CARBOX".'I,EPTIII\SI,: :\~l 

l;ascd ut,on obscr \  ations by 1.. 1". using the nlolccular model and electron density maps in l'rol. 
l . ipscomb's  Inb(~rat(~rv. 

7",t5 liJv,'ir.u~m',e! ~j i~dolvl rln¢, h'c/a/ive Ncie,,/ihori*q, ~ts'(~H~ali~ s'<'.,i(tm'~** 
. \ . .  dis<~r(l(r* 

i!~ crysto/ 
at 4 

t) 3 l~;uricd in hydrophol)ic pockoI N()llC 

73 fl-mcml)crcd ring partially exposed, 5- %liMht 
n~cmbcrcd ring in hydrophohic  pocket 

Sl t(xp(~svd to  solvent None 

12o Exp(~scd to so l ven t  Moderate 
i47 l~uricd in h y d r o p h o b i c  w~ckct Sli<ht 
257 Mostly exposed Hcavv 
2(~ t fl-mcmhcrcd ring exposed, 5-mcml)crud t Ica\ 'v 

ring in ]l\'drophotfic pocket 

I 'hc iq2 (5.2 :\),  
Phc ixq (I~.2 : \) ,  l>hc is2  (7.~ \ l  
"l'vr i2 (5.3 \ ) .  
I'Jac, J ~t> (5.q :\) 
Tvr  () (<7- \ ) .  I'hc s2 (7(~ \) 
l r p  29t (7.3 A) 
l'hc I iS  (5.3 :\) 
"l'rp 257 ((~.5-\). I'hc 1o2 (l>. 7 \) 
TI-p 147 (ft.5 \ )  
l 'hc 82 ( < 2  .\'1. I 'hc S~){t~.t, \ l .  
Phu ~1~) ((~.l, .\}. Tr 1) Si (7".{ \ 1  

* I{V ilsin~ the large Mylar electron dcn:sity iI/at)s TM t]lc relative disorder in the iu-,miatic 
Hi(h. chains xxas assessed from the extent to which rin,v c(mlours strayed from the computc(I, 
lit.st 1]1 a(Olllic positions labeled on these maps. These "Sll-aV" i'i11~4 contours  c, mld (dtcn bc 
;ice(ranted fin" by visualizing a rotation of the ring a toms about  thc (Wg ('/J (>r ('/1 C;, h(m,ls. 

** l)istnnccs between centers of rings arc ~.,ivcn in parentheses.  Values were c(nnputcd l'r(m~ 
relined coordinates supplied by I Jpscomb and I¢.cekc (pcrson;d ¢(mlulunicationl. 

Although the t r y p t o p h a n y l  side chains al)pear to have lnul t iple  c(,niornlers in 
both crysta ls  and solutions of ca rboxypep t idase  A, the ex ten t  of mot i l i ty  may  not 
1)e identical  in the two states,  lgrom a comparison nf enzymic ac t iv i ty  in various 
solid s ta tes  and  in solution, Qt'TO(:HO ANI) RICHARI)S s suggested tha t  c'arlmxyl)et> 
t idase A may  have lnore f lexibi l i ty  in s,)lution than in the crystal .  Unfl~r tunate l \  
the mt~tilitv implied by our CI) measurements  cann,)t be q u a n t i t a t i v e l y  etm/pared 
with the disorder  observed for some side chains in crys ta l l ine  ca rboxypep t idase  .\. 
Evun though side chain mot i l i ty  may  be essential  tt~ cata lys is  by  enzvnws, the 
mot i l i ty  in the t r y p t o p h a n y l  side chains of car l )oxypept idase  A does not have :/ 
direct  bearing on this quest ion,  since none of these ind(~l\'l rings are located in the 
act ive site :<t°. Fur thermore ,  subs t ra te  I)inding by ea rhoxypep t idase  :\ causes different 
changes in the CI) spect ra  than  does cooling TM. 

, \('  I.:N( )\VI.I': 1 )(i311(NT% 
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cussit)ns, for provid ing  refined or)ordinates ()1 earl)()xypeptidase A, and for pe rmi t t ing  
l.. 1:. to examine  thei r  electron dens i ty  maps  and molecular  model. \Ve are indebted 
to Miss Amelia  Adams  for pho tograph ing  por t ions  oF the ear l )oxypept idase  m(~del. 
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