
7 ~ BIOCHIMICA ET BIOPHYSICA ACTA 

~BA 39o8 

C H A R A C T E R I Z A T I O N  O F  T H E  D I F F E R E N C E  S P E C T R U M  

O F  D I I S O P R O P Y L P H O S P H O R Y L - a - C H Y M O T R Y P S I N  I ' E R S U S , "  

a - C H Y M O T R Y P S I N  

IV. T H E  E N V I R O N M E N T  OF T R Y P T O P H Y L  R E S I D U E S  

HANNAtt I,. OI'PENHEIMER*, JULIE MERCOUROFF'" AND GEOI~GE 1'. HESS"" 
Department of Biochemistry, Cornell University, Ithaca, N . Y .  ( U.S.,,I .) 

(Received August znd, x96z) 

SUMMARY 

The nature of the ul t raviolet  difference spectrum of di isopropylphosphoryl-a-chymo- 
t r y  ira versus ~-chymotrypsin is considered in this paper.  A comparison was made of 
the t, ifference spectrum of di isopropylphosphoryl-~-chymotrypsin  versus chymo- 
t rypsin  and the difference spectra  of amino acid der ivat ives  in media  of varying 
polari ty.  The difference spectrum of acetyl -L- t ryptophan amide in 20 % (v/v) glycerol 
versus this derivat ive in water  (a more polar  solvent) indicates  tha t  the spect ra  of 
t ryp tophyl  residues, modified through incorporat ion into a protein,  could easily 
account for the difference spectrum of di isopropylphosphory!-~-chymotrypsin versus 

ch3-motrypsin. These observat ions suggest t ha t  one or more t ryp tophy l  residues of 
di isopropylpbosphoryl-a-chymotrypsin  are in a less polar  medium than the analogous 
residues in chymotrypsin .  

Evidence against  chemical subst i tut ion of a chromophore by  the diisopropyl-  
phosphoryl  group is given by  the effect of urea denatura t ion  on the diisopropyl-  
phosphoryl-a-chymotrypsin  versus chymotryps in  difference spectrum. The solvent 
per turbat ion  method of HERSKOVITS AND LASKOWSKI and the specific oxidat ion of 
t ryp tophy l  re:~idues in chymotrypsin  and di isopropylphosphoryl-a-chymotrypsin  by  
N-bromosuccinimide both indicate tha t  the  di isopropylphosphoryl-a-chymotrypsin  
versus chymotrypsin  spectrum is caused by  t ryp tophy l  residues accessible neither  to  
glycerol nor to N-bromosuccinimide.  In conjunction with previous experiments ,  it  
can be concluded tha t  the difference spectrum of di isopropylphosphoryl-~-chymo- 
t ryps in  versus chymotryps in  is due to a non-ionic solvent effect and not to a charge or 
an induct ive effect. Fur thermore,  the  t ryp tophy l  residues which give rise to the  
difference spectrum appear  to be buried in both  chymotryps in  and diisopropyl-  
phosphorTl-a-chymotrypsin.  

Abbreviations : CT, ~-chymotrypsin ; DIP-CT, diisopropylphosphoryl-~-chymotrypsin ; NBS. 
N-bromosuecinimide; ATEE, N-acetyl-L-tyrosine ethyl ester; ATrA, N-acetyl-L-tryptophan 
amide. 

" A part of this work is abstracted from a thesis submitted by H. L. OPPt~NHEIMI~R to the 
Graduate School of Cornell University in partial fulfillment of the requirements for the degree of 
Master of Science. 

"" Permanent address: Laboratoire de Chimie Bielogique, Facult6 des Sciences de l'Universit6 
de Paris (France). 

"* Present address: Max Planck Institute for Physical Chemistry, G6ttingen (Germany). 
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INTRODUCTION 

Earlier  studies l-a demonstra ted tha t  the CT-catalyzed hydrolysis of p-ni t rophenyl  
acetate  is accompanied by absorbancy changes of the enzyme at  290 m/, which are 
related to the formation and dec~mposition of monoacetyl-CT. These absorbancy 
chang,'-. |,a.ve al~o been ~,bserved '--~ in the reaction of D F P  with t rypsin or CT. 
Evidence has been presented previously which indicates that  the spectral changen at  
29o roll are due to conformational changers a-s, hrought about by the interaction of the 
substrate  with the enzyme. In order to be able u l t imate ly  to identify the part  of the 
CT molecule which part icipates  in these reversible structural  changes, initial in- 
vestigations were concerned with the hydrogen ion equilibria of tyrosyl residues ~. 
Reversible spectrophotometric  t i t r a t i . n  experiments with CT and DIP-CT indicated 
tha t  these residues are equivalent.  This investigation is concerned with the environ- 
ment  of the t ryp tophyl  residues in CT and DIP-CT. 

MATERIALS AND METHODS 
Materials 

=-Chymotrypsin,  three times crystallized, salt-free, obtained from Worthington 
Biochemical Corporation, was used without further purification. Assay of tile lot, 
using the potent iometr ic  method of SCHWERT et al. 1° and ATEE as the substra te  at  
pH 8.0 and I5 ° in IO °o (v/v) acetone gave a k a value of 77/sec. The value for CT 
reported in the l i terature n using the same substrate  at 25 ° is: k a = I I5/sec at pH 7.8 
in 30 % methanol .  

DIP-CT was prepared by adding a Io-2o-fold molar  excess of o.I M D F P  to 
chymotryps in ,  3 mg/mt, a t  pH 7.o. 

Trypsin was obtained from Worthington Biochemical Corporation and pepsin 
from Nutr i t ional  Biochemical Corporation. 

Reagents 

Tris was obtained from Sigma. Calcium chloride, isopropanol, potassium chloride, 
sodium hydroxide,  hydrogen peroxide, glycerol, sodium acetate,  benzene, acetone, 
and urea, all analyt ical  reagent grade, were from Mallinckrodt. N-Bromosuccinimide, 
acetonitri le,  and maleic anhydr ide  from Eastman Organic Chemicals were used without 
further purification. DFP,  obtained from K & K Laboratories,  Jamaica,  N.Y., was 
d i lu ted  with amhvdrous isopropanol,  prepared by  refluxing and distil l ing over 
Drierite. Sulfuric, hydrochloric,  acetic, and phosphoric acids were "Baker  Analyzed" 
reagents.  ATrA and ATEE were from Mann Research Laboratories.  

Instruments 

A Cary Model 14 self-recording spectrophotometer  was used for all difference 
spectra. A Beckman Model G pH meter  was used for pH determinations,  and measure- 
ments  were made with reference to Beckman pH 4.0 and 7.o s tandard  buffers. 
For  absorbancy readings, a Beckman DU spectrophotometer  was used. 

Protein concentration 

Protein concentratio, ns were determined spectrophotometr ical ly  at  28o mtL, 
using a molar  ext inct ion coefficient of 5oooo (see ref. IZ). The molecular weight of 
CT was taken as 25ooo (see ref. x3). 

Biochim. Biophys. Acta, 71 (t963) 78-88 
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The digestion of the proteins by proteo!ytic ~mmmn~ 
5-ml aJiquots of CT solution a ' t  # .~o ( ~ u m  2= mg/ml) were added to two 

io-ml  volumetric flasks. Crystalline ~ q ~ I n  ~ adi~dJ 1:o one solution to give a final 
pepsin concentrat ion of o.oi  mg/ml. ~ t~ r~ l l aa~ t~ , .~ f l i e  solution was adjusted to pH 
0.8 with I M potass ium phosphate  b u f f ~ . , a n f l l ~ e  t rypsin  was added to give a 
final concentrat ion of o.oi  mg/rrd. The~df~e~ttii0mwa~¢onlfinued for 4 ° min at  4 o°. The 
pH of this solution was then a d j u r e d  ~o ,,to ~,zii~u l]]~lL The samples in experimental  
and control flasks were di luted to v d u m e  at~stl tltJm'dh~rence spect rum was recorded. 
Control exper iments  with t rypsin  ant i  ~ imi ta ted]  talat the contr ibut ion of the 
absorbancy of these enzymes to the  diff~r, mme altmttlmum was insignificant. 

Nitrogen determination 

The procedure described by  J o m ~ o ~ m  ~a~  fifllbwed. The digestion period was 
3 h long. 

Phosphorus determination 15 

5-ml samples containing between a.~.~ "aimlt aoo, mg of phosphoi'us were run in 
duplicate.  The samples were digested ,ox~r mnfi~mihumers with 2.2 ml perchloric acid 
and a boiling chip unti l  almost  coloxaess.~ f~'d~ol~s o~ 30% hydrogen peroxide were 
added and the samples were boiled ~umifl ,d ton ik~  and~ for an addi t ional  IO min to 
des t roy any residual peroxide. The ~'.,~m~dtnr ott tllie • procedure was tha t  followed by  
WOOTTON AND HESS 4. 

Enzyme assays 

Enzyane ac t iv i ty  was measured ~ t l~,  mmllt~.dd of ScHwv.icr ei al. 1°. 8 ml of 
0.005 M Tris-HC1 buffer, o.16 M in ~Ca(]l~ ({t~tI~o~)and] 4 ml of 0.05 M ATEE in 2o % 
(v/v) aqueous acetone were mixed b y  :a m a ~  stfii~er in a water- jacketed sample 
cup at 15 °. After  the addi t ion of ~ ml,~m~3mae, llltwl#t] was kept  constant  by  t i t ra t ing  
with 0.2 N sodium hydroxide  from a tGiilmmlt ]~au~opipet-Buret. The amount  of base 
added was noted every 30 sec for 5 :ram. 

N-Bromosuccinimide reaction 

The samples were kept  on ice. 2.2 madle~og_~qt~ axe required to oxidize one mole 
of t ryp tophan  in CT. Appropr ia te  ¢~nnxrfihii~ Mt k%q~ were weighed into volumetric  
flasks, dissolved in o. 5 ml cold ace tmi i ' ~ l e  ~ d~Ir~e~ to volume with cold 0.2 M 
aceta te  buffer (pH 4.0). The NBS ~sdlmii~a ~ ~ b ~  added  to an equal volume of 
enzyme solution (9.2 mg/ml). The amonm,d t  lm2rll~plian~ oxidized was calculated by  
the  procedure of PATCHORNIK et aL a s . . M d t o r ~ m ~ i t t ~  ~.q3S, the samples for enzyme 
&ssays were . a : ^ ~  . . . .  .1 ~... u,~,y~, . . . .  2 4 h at  4 ° ~n ,W~Ma~h--g ~ ' , ~  ~a~t-lless cellulose tubing against  
several  changes ol IO -a M HC1. 

Urea denaturation 

The procedure described by  ~ o o a ~ 0 ~  = ~ )  Iltim~* was followed. 

Difference spectra 
The procedure for obtaining the  < ~ v a ~  S l t m ~  of ATEE in benzene versus 

A T E E  in water  will i l lustrate the u s e , o f f t f l h e ~ d e m  cells of HERSKOVITS AND 
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LASKOWSK117. Four solutions were prepared: I-S, 3.6-IO -5 M ATEE in benzene; 
2-S, water; I-R, 3.6.1o .-5 M ATEE in water; 2-R, benzene. The front half of the 
tandem cell in the sample compartment of the Cary spectrophotometer is filled 
with solution I-S, the back half of the tandem cell with solution 2-S. The front half of 
the cell in the reference compartment contains solution I-R, the back half contains 
2-R. Before scanning each difference spectrum, the baseline of the instrument  is 
adjusted to zero at 34 ° mt~. 

RESULTS 

Urea denatnrat ion o f  C T  and D I P - C T  

To further clarify the interaction, if any, between tile DIP-group and aromatic 
residues in the protein, denaturat ion studies were undertaken. In the experiments of 
WOOTTON AND HESS 4, the DIP-CT versus CT difference spectrum was maintained 
after denaturat ion in 9 M urea (pH 7.0). To determine if CT autolysis might account 
for this difference spect::~m, analogous samples of CT were denatured by 9 M urea at 
pH 7.0 and 4.0 respectively. Then both solutions were adjusted to the same pH. 
No difference spectrum was observed. When CT and DIP-CT were denatured in 9 M 
urea at pH 4.0, no difference spectrum was detected, even when the solutions v;er:. 
subsequently adjusted to pH 7.0. 

Exper imen t s  wi th model compounds 

In  previous papers t-a it was stated that the difference spectrum between DIP-CT 
and CT (Fig. Ia) is probably due to a non-ionic solvent effect. The nature of the 
difference spectrum suggested that one or more tryptophyl residues of CT become 
located in a less polar environment  in DIP-CT. It  became of interest, therefore, to 
investigate the medium effect on the spectra of appropriate model compounds. The 
difference spectra between solutions of unequal composition were obtained in double- 
tandem cells described by I-{ERSKOVITS AND LASKOWSKI xT. "Ii:ese cells allow sub- 
traction of the solvent contribution to the difference spectrum. 

The difference spectra at pH z.6 of DIP-CT versus CT, ATrA in 20 °o (v/v) 
glycerol versus ATrA in water, and ATEE in 20 % (v/v) glycerol versus ATEE in 

,,'... 

'i;i ................................ - ' ' -  / ".. \ \  
o.oo ~ . ~ _ - - - - = !  

~;o ~o ~'o " 
Wovelength (m~) 

Fig. I. Ultraviolet difference spectra. Curve a, ATrA in 20% (v/v) glycerol vezszts ATrA in water 
(pll 2.6) (citric acid); curve b, ATEE in -o% (v/v) glycerol versus ATEE in water (pH z.6) (citric 
acid); curve e, DIP-CT versus CT (pH 3.81 (acetic acid-KCl) (# = o.I7). All compounds are 

3.6- Io -~ M. 

Biochim. Biophys. Acta, 71 (I963) 78-88 
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x~tter m-e shown in Fig. I. The concentration of the components is 3.6. IO -5 M in all 
c~ses. 

Solvent perturbations of t ryptophan spectra have sometimes revealed a small 
~koutder in the 27o-28o mt~ region m, 1~. The difference spectrum of DIP-CT v e r s u s  CT 
(~oes not have a clear shoulder near z75 m/z. Its similarity to the difference spectrum 
(~f~ATrA in 2o % (v/v) glycerol v e r s u s  ATrA in water is readily apparent (Fig. I). 
Ft2e difference spectrum of ATEE in 2o % (v/v) glycerol v e r s u s  ATEE in water is 
(-leartv different from the ATrA and the enzyme difference spectra. 

\~,qlen the perturbing solvent is benzene, a solvent resembling the nonpolar 
• ns-ironment of buried residues in proteins more closely than 20 % glycerol, the results 

.kown in Fig. 2 are obtained. The difference spectrum of CT v e r s u s  partially digested 
( T i s  also shown in Fig. 2. CT contains four tyrosyl groups 2a but probably only two 
:~e.exposed to solvent 9. Since the molar absorbancy of tyrosine is small as compared to 
tryptophan, the difference spectrum of CT v e r s u s  digested CT is essentially due to a 
,~:fference in absorbancy between the buried t ryptophyl  residues in CT and the 
.~:posed tD~ptophyl residues in digested CT. The similarity between this difference 
-p~ctrum (CT v e r s u s  digested CT) and the difference spectrum of the ATrA in benzene 
~'erm~s ATrA in water is striking. I t  can be seen that  the absorption maximum in the 
dff~rence spectrum of ATrA has shifted only slightly in benzene as compared to 
• _~% (v/v) glycerol, while the absorption maximum of ATEE difference spectrum 
is xt the same wavelength in benzene and in glycerol. The intensities of the maximum 
,~bsorption peaks in the difference spectra, however, are considerably larger in benzene 

' [ . .  

o o~- / ' , ,  
, 3 1  ,, / , :  "..,,. 

' ''" "'I \ '"..~I ./ A". i ", o.ooi-...>,,,,,/, \ .. 

?.80 290 300 
Wove[ength (m/~) 

F~g. 2. I:ltraviolet difference spectra. Curve a, ATEE in benzene versus ATEE in water, 3.6. Io-SM ; 
curve b, ATrA in benzene versus ATrA in water, 3.6. Io -s M; curve e, CT versus digested CT, 
o,.~-io-~ M !pH 2.o) (HCI). The digestion of CT by pepsin and trypsin is described in the experi- 

mental section. 

than they are in glycerol. The molar extinction difference coefficients (AeM) for the 
rem~rn~n absorption peaks of the difference spectra and the wavelength at which 
rh~ maximum is observed are listed in Table I. 

~ r ~  p e r l ~ t r b a i i o n  

The solvent perturbation method of HERSKOVITS AND LASKOWSKI lv w a s  u~e¢l. 

~ :  method has been applied previously with excellent results to determine the 

Biochim.  B iophys .  Acta,  71 (1963) 78-88 
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TA BLE I 
.MOLAR FXTINCTION DIFFERENCF COEFFICIENTS FOR DIFFERE.~CE SPECTRA 

Experimental conditions as descril)cd in Figs. I and 2. 

Wat'clcnztl~ c,f 
Compound t','rturbing solvent ma~ ~mum absorb~r.~ y 

d*ffcrcncc (rata) 

DIP-CT vs. CT z90 
CT vs. digested CT ° 292 
N-acetyl-L-tryptophan amidc Glycerol zo ° o (v/v) zgl 

i;t.nz,ne 2¢~2 
N-acetyl-L-tyrosine ethyl ester (;lyc~.rol zo % (v/v) z85 

t¢enzcne 2S 5 

Ar M 

600 
x x 300 

300 
I 9oo 

I3o 
700 

" This value was obtained at pH z.o. I)igt.sted CT was prepared by successive reaction of CT 
with pepsin and trypsin as described in tht' experimental section. The effect of newly formed 
ionized end groups contributes to ,  b'.~t. 

exposed  a n d  b u r i e d  a r o m a t i c  res idues  in a v a r i e t y  of p r o t e i n s l t  ~1-% I t  can  be  seen in 

Fig.  3 t h a t  t h e  d i f ference  s p e c t r u m  of D I P - C T  v e r s u s  CT is essen t ia l ly  t h e  same  in 
w a t e r  (curve  a) as  in  2o °o (v/v) glycerol  (curve b). I t  shou ld  be  n o t e d  t h a t  t h e  ab-  
s o r b a n c y  of c u r v e s  a a n d  b is t h e  s ame  at  292 m/z. T h e  d i f ference  s p e c t r u m  of D [ P - C T  
in 20 og (v/v)  g lycerol  v e r s u s  D I P - C T  in w a t e r  is also shown  in Fig. 3, c u r v e  e. A large 

a b s o r p t i o n  p e a k  a t  292 m/z a p p e a r s  due  to  p e r t u r b a t i o n  of t h e  exposed  t ~ ' p t o p h y |  

r es idues  in  D I P - C T  (see ref. 24). F u r t h e r m o r e ,  CT in 2o % (v/v) glycerol  v e r s u s  C'[  

in  w a t e r  p roduces  a d i f ference  s p e c t r u m  iden t i ca l  to  t h a t  of D I P - C T  desc r ibed  above .  

0.04 

0 . 0 3  

0 . 0 2  

OOl 

O.OC 

. ....... ..-"'"'"'"",,.,..//',,,,,.\. 
//'(c) ,.."" ", 

270 280 290 390 
Wovel~n~th (m,~.) 

Fig. 3. Ultraviolet difference spectra at  pH 3.8 (acetic acid-KCl) (/* = o.17)- Curve a, DIP-CT 
versus  CT: curve b, D!P-CT versus CT, 2O°o (v]v) glycerol in both reference and sample cell; 
curve c, DIP-CT in 20% (v/v) glycerol versus DIP-CT in water. All compounds are 3.6" Io -5 M. 

O x i d a t i o n  o f  t r y p t o p h y l  r e s i d u e s  b y  N - b r o m o s u c c i n i m i d e  

T h e  r e a c t i o n  of N B S  w i t h  t r y p t o p h a n  a n d  t o - p t o p h y i  res idues  in  t o ' p s i n  a n d  CT 
h a s  b e e n  i n v e s t i g a t e d  b y  WITKOP et  al.16,°-5, ~ .  These  a u t h o r s  foUowed t h e  r eac t ion  of 
t h i s  r e a g e n t  in  a q u e o u s  so lu t ions  of t r y p s i n o g e n  a n d  t W p s i n  b y  a m i n o  ac id  ana lys i s  
a n d  d e m o n s t r a t e d  t h a t  on ly  t r y p t o p h y l  res idues  were  ox id ized  u n d e r  t h e i r  c o n d i t i o n s %  

I n  s imi la r  e x p e r i m e n t s  w i t h  CT, VISWANATHA AND LAWSO~ m n o t e d  t h a t  in  a s ample  
of CT in  w h i c h  fi,,e t r y p t o p h y l  res idues  were  oxidized,  one  t y r o s y l  res idue  was  also 
oxidized.  T h e  o x i d a t i o n  of t y r o s y l  res idues  l eads  to  m a r k e d  a b s o r b a n c y  changes  a t  

Bioch im.  B i o p h y s .  AcCa, 7 t (I963) 78-88 



84 H. L. OPPENHEIMER, J. MERCOUROFF, G. P. HESS 

260 m F (see refs. 27, 28). In the experiments  described below, absorbancy changes 
at 260 m F were not observed. 

The experiments  of ~7OOTTOI'~ AND HESS 4 demonst ra ted  tha t  the t ryp tophy l  
res,.'dues of CT are more accessible to oxidat ion by  NBS than the t ryp tophy l  
residues of DIP-CT. The aim of the exper iments  described below was to assign the 
origin of the difference spectrum to t ryp tophy l  residues located ei ther on the surface 
or in tile inside of the molecule. A var ie ty  of group-specific reagents have been used 
previously to di i lerent ia te  between exposed and buried amino acid residues of 
proteins29, 3°. CT was reacted with appropr ia te  amounts  of NBS at pH 4.0 to oxidize 
I, 2, and 3 t ryp tophy l  residues. Each oxidized sample was then divided into equal 
par ts  and a tenfold excess of D F P  was added  to one par t  and an appropr ia te  amount  
of isopropanol was added to the  other. The difference spectra  of these oxidized CT 
solutions are shown in Fig. 4. Oxidat ion of one t ryp tophy l  residue does not seem to 
affect the difference spectrum. The oxidat ion of two t ryp tophy l  residues (curve a) 
decreases the magni tude of the difference spectrum appreciably,  while in enzyme 
samples containing three oxidized t ryp tophy l  residues (curve 2), the characteris t ic  
difference spectrum has almost disappeared.  

The extent  to which CT has become inac t iva ted  by  the oxidat ion was then in- 
vestigated. The results are t abu la ted  in Table I I .  

In  the  course of the exper iments  i t  was observed tha t  the  oxidized enzyme 
fractions were all soluble at  pH 4.0 where the  oxidat ion was carried out. Protein 
fractions which contained more than  two oxidized t ryp tophy l  residues, however, 

o o~ t 
o.O~ I \ 

o.o, i'~'22"'-Z:::7(~) . . . . .  ~::"7"7"'7"-:>'"¢,"~~"'":... ~ ~  
o.oo (o ) .~J_ . . .~  

~'o ~'o /o ~o 
Woveleng th (rap.) 

Fig. 4. Ultraviolet difference spectra. Curve a, DIP-CT versus CT. 2. 4 tryptophyt residues oxidized 
in both proteins ; curve b. DI P-CT versus CT, unoxidized ; curve c, DI P-CT versus CT, 3. I tryptophyl 

residues oxidized in both proteins. All samples are approx. 4" ]o-S M. 

formed a precipi ta te  a t  pH 7.0 which was removed by  filtration. The mater ia l  which 
remained in solution at  pH 7.o is called the soluble fraction. While no a t t empt  wa-; 
made  here to further fract ionate the material ,  the impor tan t  point  is that ,  regardless 
of the number  of t r yp tophy l  residues oxidized, the soluble fraction contains on the  
average two oxidized t ryp tophy l  residues (Table II) .  CT with one t ryp tophy l  residue 
destroyed can still be completely  phosphoryla ted  and has an observed max imum 
veloci ty about  one-half of CT, using ATEE as the substrate .  These findings are in 
agreement  with observationsSL 32 of CT in which one t ryp tophy l  residue has been 
destroyed with methods other  than NBS oxidation.  As can be seen from Fig. 4, the  
difference spectrum of DIP-CT v e r s u s  CT is decreased when about  two t ryp tophy l  

Biochim.  B iophys .  Acta,  7 x (i963) 78-88 



TRYPTOPHYL RESIDUE ENVIRONMENT IN DIP-CHYMOTRYPSIN 8~ 

residues have been destroyed. However, iv. this sample the extent of phosphorylation 
has also decreased (Table II). The absorbancy change at 290 m/~ in the difference 
spectrum of DIP-CT v e r s u s  CT and the extent of phosphorylation appear parallel 
(Fig. 4, Table II). 

"FABLE II 
EXTENT OF PHOSPHORYLATION AND E'*ZY,ME ACTIVITY OF 

OXIDIZED CHYMOTr. xr PSI ~q 

Moles el Enzyme 
Tvyptophyl residues oxidized* phosphorous activity" 

per mole oJ avbitr2vy 
enzyme uniis 

Reaction Soluble Soluble Reaction 
mixture"" fraction§ f rac t io~i§  mixture'*" 

o o I .O 1oo 

I. 5 I. 5 i.o 57 
3.7 i.c~ 0.7 ° 32 
4.2 2 .2  0 .6 ,  I ".6 

° Average number of tryptophyl residues oxidized as calculated by the method of PATCHOR- 
NICK, LAWSON AND ~VITKOP l~. 

*" Assayed with ATEE at pH 8.0 and I5 °. A value el ~oo c~responds to a k 3 value of 77/see 
(see experimental section). 

* * *  Includes pH 7.o-insoluble material. 
§ Based on nitrogen determinations. A nitrogen value of 16.5 % (see ref. 20) was taken for CT 

and a molecular weight of z5ooo was assumed 13. 

D I S C U S S I O N  

Experiments with model compounds suggest that  at low and neutral  pH, the peaks 
in the ultraviolet difference spectra of proteins between 275-287 m/~ arise from 
perturbat ions of tyrosyl chromophores and those above 290 mt~ from tryptophyl 
chromophoresaa, a,. That  the solvent perturbation of amino acids is a realistic model 
for observations made witb proteins can be seen in F;.g. 2, in which a comparison is 
made of the difference spectra of CT v e r s u s  digested CT with the difference spectra of 
amino acid derivatives in benzene (simulating the internal  environmen~ of the 
protein) v e r s u s  amino acid derivatives in water. The following interpretation of the data 
may then be made. 

x. In  previous experiments 1-4, we have reported that  the difference spec~:rum of 
DIP-CT v e r s u s  CT is stable when both enzymes are denatured by 9 M urea at pH 7.o, 
even when the pH of these solutions are subsequently changed. These experiments 
have been repeated and expanded. I t  was demonstrated that  the DIP-CT v e r s u s  CT 
difference spectrum was not due to autolysis of CT at  pH 7.0, since analogous samples 
of CT, denatured by 9 M urea at pH 7.o and 4.o respectively and then adjusted to the 
same pH, gave no difference spectrum. When CT and DIP-CT are both denatured by 
9 M urea at pH 4.o, a difference spectrum cannot be observed, even after pH adjust- 
ment  to 7.o. Further  experimentation is necessary to fully explain this interesting 
observation. The point to be emphasized is tha t  under  appropriate conditions, the 
difference spectrum of DIP-CT v e r s u s  CT disappears, making a direct substi tution of a 
chromophore by the DIP  group extremely unlikely. Such a direct ~ubstitution was 
postulated ~. 
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2. Tlle per turbat ion of ATrA by 20 % (v/v) glycerol gives a difference spectrum 
which closely resembles tha t  of DIP-CT v e r s u s  CT. Any dissimilari ty can be explained 
by the incorporat ion of the t ryp tophy l  chromophore into a protein. For  example,  
a t ryp tophy l  residue in a non-polar region in DIP-CT which is in a more polar  region in 
CT could account for the observed difference spectrum. The small hump sometimes 
seen in pH and solvent difference spectra  of t ryp tophan  and its der ivat ives  is, is 
probably  obscured by  per turba t ion  of other  chromophores in the protein. CT has four 
tvrosvl residues 2°. As can be seen (Fig. I) from the position and magni tude of the 
difference spectrum of ATEE in 2o % (\'/v) glycerol v e r s u s  ATEE in water,  a change in 
environment  around all the tyrosyl  residues in DIP-CT could not account for the 
difference spectrum of DIP-CT v e r s u s  CT. Even a medium effect more drastic than  
20 % (v/v) glycerol (Fig. 2, curve a) does not appear  to shift the peak of the tyrosine 
difference spectrum. In addit ion,  it  is known from spectrophotometr ic  t i t ra t ion  
experiments  9, that  the tyrosyl  groups are equivalent  in CT and DIP-CT;  two t i t ra te  
normally and two abnormal ly  in both proteins.  

3. Observations presented previously suggested that  the difference spect rum of 
I)[P-CT v e r s u s  CT is not due to a direct per turba t ion  of a chromophore by  the D I P  
group L The experiments  recorded in Fig. 3 subs tant ia te  this point.  I t  is shown tha t  the 
difference spectrum of DIP-CT v e r s u s  CT is the same in water  as in 20 % (v/v) glycerol. 
while the difference spectrum of DIP-CT in 20 % (v/v) glycerol v e r s u s  DIP-CT in 
water  gives a peak at  292 m/~. The experiments  of TANFORD et al.  ~ indicate tha t  the  
per turbing solvent used here does not change the conformation of the  protein.  If  the  
difference spectrum of DIP-CT were due to direct interact ion of the  D I P  group with 
t ryp tophy l  residues, one would expect  tha t  these residues should also be accessible 
to glycerol. In this case the difference spectrum of DIP-CT v e r s u s  CT in 20 % (v/v) 
glycerol would be different from the difference spectrum of DIP-CT v e r s u s  CT in 
water.  This was not observed. That  a direct  interact ion of the D I P  group with t ryp to -  
phyl residues is unlikely is also demonst ra ted  in the exper iments  discussed below. 

4. The oxidation exper iments  show tha t  two t ryp tophy l  residues of CT are easily 
accessible to NBS and tha t  oxidat ion of addit ional  residues results in precipi ta t ion of 
the protein. In combinat ion with the enzyme assays, it  can be seen from Fig. 4 and 
Table II  that  the magni tude of the difference spectrum decreases propor t ional ly  to 
the enzyme act ivi ty.  The measured ac t iv i ty  of CT appears  to be associated with a 
molecule which contains at  most two oxidized t ryp tophy l  residues*. NBS oxidat ion 
indicates tha t  nei ther  of the  two t ryp tophy l  residues readi ly  react ing with  NBS is 
involved in the d~ffereiJce spectrum of DIP-CT v e r s u s  CT. The observation tha t  the 
difference spectrum is the  same in water  as it  is in 20 % (v/v) glycerol sup.ports this. 
One must  conclude, therefore, tha t  the DIP-CT v e r s u s  CT difference spectrum is due 
to t ryp tophy l  residues inaccessible to NBS and glycerol and tha t  the  internal  en- 
vi ronment  of these residues is different in CT and in DIP-CT. The possibi l i ty tha t  an 
interact ion between the D I P  group and an internal  t ryp tophy l  residue occurs as a 

* VISWANATHA AND LAWSON :6 in a paper on the ovldation of tryptophyl residues of CT by 
NBS, present data indicating that CT samples, containing five oxidized tryptophyl residues, still 
possess about 2o % of their original activity and are phosphorylated to an extent of 6o%. The 
data presented in Table II suggest that the properties of oxidized CT observed by VlSWANATHA 
AND LAWSON are due to a molecule in the reaction mixture in which only two tryptophyl residues 
have been oxidized. 
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result of conformational changes is not excluded, but a direct perturbation of trypto- 
phyl residues bv the DIP  group is improbable. 

5- The experimental  data in Fig. 2 and Table I indicate that the difference spec- 
t rum of DIP-CT versus CT does not arise [rom absorbancv differences between 
t ryptophyl  residues completely buried in DIP-CT and re';idues completely exposed to 
solvent in CT. It should be noted that  the peaks of the difference spectra shift to longer 
wavelength with increasing differences in the polarity of tile perturbing solvent. 
The difference spectral peak of DI P-CT versus CT is at 29o mtz, that  of ATrA in 20 '% 
(v/v) glycerol versus ATrA in water is at 291 mtz, while ATrA in benzene versus ATrA 
in water produces a pea~" at 292 m/z. 

Using the solvent perturbation me th .d  17, WILLIAMS AND LASKOWSKI ' t  reported 
that three of the tryptophyl residues of CT are exposed and four are buried. On this 
basis, the molar extinction difference cocfficient (Aem) for the perturbation of one 
t ryptophyl  residue by the internal environment of CT is at most 2800 (Table I), for 
the soh'ent perturbation by benzene I0OO, and for the perturbation by 20 % (v/v) 
glycerol, 300. These values a p w a r  to be directly related to the difference in polarity of 
the environment of the perturbing media. The AeM value for the difference spectrum 
of DIP-CT verstts CT iq 6oo. Assuming that DIP-CT consists of a single compound, both 
the Aem value and the position of the peak of the difference spe, ' trum indicate that 
media polarity differences causing the spectrum are small. This is consistent with the 

experiments discussed in Sections 3 and 4 which suggest that  the t ryptophyl  residues 
which are responsible for the difference spectrum of DIP-CT versus CT are buried 
inside both molecules. It must be remembered, however, that  the aromatic residues 
of CT were found to be more accessible to chemical reagents than the corresponding 
residues of DIP-CT (see ref. 4). In view of the experiments presented here, these 
observations most probably reflect the greater stability of DIP-CT as compared to CT 
under the conditions of the experiments rather than the reactivi ty of the aromatic 
residues per  se. The increased stability towards denaturation of DIP-CT has been 
substantiated by a number of observations a-8. 

The data presented, together with previous experiments, show that the difference 

spectrum of DIP-CT versus (-1 is not due to a charge effect or to an inductive effect 
but t o  a non-ionic soh-ent effect on the t ryptophyl  residues. The res! '.ues giving rise to, 
the difference spectrum are probably buried m DIP-CT and in CT. 
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