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samples. The maximum variation in Soret ab
sorption was 7%, and there was no correlation 
between the small differences in absorption and 
the differences in activity. 

As a final complication, we should note that there 
was a difference in the distribution of visible light 
absorption between the three peaks of Lots 5457 
and 5458, as observed in the sedimentation dia-

Considerable emphasis is presently being placed 
on the measurement and interpretation of optical 
rotatory dispersion curves of proteins as an aid in 
the evaluation of the secondary and tertiary struc
tural features of their configurations. In particu
lar, the work of Moffitt,1-3, Doty,4-6 Yang2.4.5, 
Blout,7-9 and others involving optical rotatory dis
persion measurements has shown interesting cor
relations with the apparent helical nature of poly
peptides and proteins in solution. 

A complicating feature of the analysis of optical 
rotatory dispersion curves is the necessity for sepa
ration of the contributions to the optical rotatory 
dispersion of the ordered secondary structure itself 
from those of the amino acid constituents of the 
protein. A working concept of these contributions 
is one which consists of a consideration of the anom
alous character of the dispersion curve as being 
due to the ordered structure while that of the intrin
sic rotatory contributions of the amino acid residues 
is thought of as being simple dispersion. A diffi
culty in utilizing this concept was pointed out by 
Turner, Bottle and Haurowitz,10 who demonstrated 
the effect of oxidation of cystine bridges in albumin 
on the optical rotation values at the D-line (5890 
A.). In this case the anomalous rotatory behavior 
of certain of the amino acid constituents themselves 
namely cystine, can be interpreted as contributing 
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grams. In Lot 5458 absorption was associated 
with the leading peak only, whereas all three species 
absorbed light in Lot 5457. 

Acknowledgments.—This work was supported 
by research grants from the National Institute of 
Arthritis and Metabolic Diseases, National In
stitutes of Health, and from the National Science 
Foundation. 

to the over-all anomalous rotatory characteristic of 
this protein. 

Since the studies mentioned above were carried 
out in a solvent (88% formic acid) in which helix 
formation is not believed to be favored, the results 
might be misleading in the sense that the implica
tion is that the oxidation of cystine bridges does 
not alter the helical content of the protein. Of 
course, one expects the helical content to be virtu
ally zero either before or after oxidation of albumin 
in 88% HCOOH; however, a more rigid structure 
such as that found in insulin might exhibit sig
nificant changes in secondary order on cleavage of 
- S - S - bonds even in formic acid. The problem 
also arises regarding results of such oxidative pro
cedures in solvents wherein the formation of a helix 
is favored. 

It is also possible that the manner in which the 
disulfide bonds are cleaved could have some effect 
on the optical rotatory dispersion, particularly if 
the reaction conditions could permit interaction of 
some groups other than -S -S- ; if the hypothesis 
of Turner, et al., is supported, however, the manner 
of cleavage should not cause significant alteration 
of rotatory properties if the disulfide bond contribu
tions and those of their conversion products are first 
subtracted (assuming no other changes in the mole
cule). 

In order to get a more complete picture of the 
optical rotatory changes which take place, the pro
teins in this study—bovine plasma albumin and 
insulin—were examined spectropolarimetrically; 
thus the continuous optical rotatory dispersion 
curves from 300 to 589 m/n were obtained, rather 
than [a]D values alone. Likewise to make some 
interpretation of the effect of the manner of cleav
age on the rotatory changes seen, the - S - S - bonds 
of these proteins were cleaved reductively with sul
fite as well as oxidatively with performic acid in 
separate experiments. 

The oxidation of - S - S - bonds with performic acid 
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is an irreversible procedure, but the sulfite cleavage 
is more or less reversible (depending on the environ
ment of the bridge).11 For this reason, the possi
bility of re-formed protein or newly-formed bridges 
in the isolated reaction product could not be ex
cluded. Amperometric titration, however, of the 
parent proteins and cleavage products after they 
had been isolated, lyophilized, and stored several 
months under refrigeration indicated disulfide con
tents of only 0.051 mole per mole of sulfite-cleaved 
insulin and no measurable residual disulfide content 
of sulfite-cleaved bovine plasma albumin. The 
same procedure12 yielded values of 3.10 moles of 
disulfide per mole of insulin and 17.1 moles per 
mole of bovine plasma albumin while their per-
formic acid-oxidized counterparts both exhibited 
zero measurable disulfide contents. 

As a basis for the comparison of optical rotatory 
changes which have occurred, the residual optical 
rotatory dispersion curves of the native proteins 
and their oxidized and sulfite-cleaved counterparts 
have been obtained. These values were arrived at 
by selecting specific rotation values from the ob
served dispersion curves at each of twelve wave 
lengths and subtracting the apparent rotatory con
tribution of the S-containing amino acid at that 
same wave length. The result was a 12-point o.r.d. 
curve for that protein minus the contribution for 
any S-containing amino acid. It may be somewhat 
naive to presume that the o.r.d. contribution of 
the amino acid residue in the protein is the same as it 
is in the free amino acid state, but Wtirz and Hauro-
witz,13 have shown this to be approximately true for 
cystine and its conversion to cysteic acid or S-sulfo-
cysteine in a variety of proteins under varying con
ditions when rotation measurements were made at 
the D-line only. 

Experimental 
To help answer the question of solvent effects on the 

optical rotatory properties of the materials examined, two 
different extremes of conditions with respect to the hydrogen 
bonding relationships of solvent and solute were examined. 
On the one hand, 88% formic acid, in which hydrogen bond
ing of solvent molecules to solute would be expected to be 
favored was used; on the other, a solvent composed mainly 
of 2-chloroethanol—known to favor a more ordered configu
ration and, presumably, intramolecular hydrogen-bonding of 
polypeptide solutes14—was employed. It was found neces
sary to modify the latter solvent by addition of small 
amounts of trifluoroacetic acid and water in order to obtain 
sufficient solubility of some of the materials examined. The 
final composition of the solvent was 90% ClCH?CH?OH, 
5 % CF3COOH and 5% H2O. In this case, a compromise in 
conditions had to be accepted since greater order in the pro
tein configuration appears to be associated with decreased 
solubility—at least in solvents which appear to favor intra
molecular hydrogen bonding. 

It is probable that some interaction between solvent and 
solute occurs in these solvent systems. In any event, the 
comparison of parent protein and its oxidized and reduced 
forms is made under exactly the same solvent conditions for 
all three materials. The effect of such alteration of optical 
rotatory properties as may be attributed to the reaction of 
the protein with the solvent should thus be minimized. 

A. Materials. 1. Proteins.—(a) Zinc-insulin [1(Zn)], 
lot no. 708850 (Eli Lilly and Co.), was used for nearly all 
studies. A few comparisons with other manufactured lots 
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were made to assure consistency of optical rotatory disper
sion data from lot to lot. The zinc content of lot 708850 was 
0.56% on an anhydrous basis; moisture content was 3%-
Cleavage experiments were conducted with this material. 
(b) Zinc-free insulin [I(Zn-free)], lot no. 683300 (Eli Lilly 
and Co.), was used as a reference material only. Moisture 
content was 4 .7% and Zn content was 0.0061%. (c) Oxi
dized insulin [OI] was prepared by performic acid oxidation 
according to Sanger.15 Zinc content of the lyophilized prod
uct was 0.48%. (d) Sulfite-cleaved insulin [SO3-I]: the 
method of Bailey and Cole16 was used to prepare this 
material. The lyophilized product contained only 0.0016% 
Zn. (e) Bovine plasma albumin [BPA]: Armour lot no. 
U68712 and T68204 were used interchangeably after satis
factory comparison of the optical rotatory dispersion curves 
of the original samples. Oxidized [OBPA] and sulfite-
cleaved [SO3-BPA] albumin preparations were made using 
essentially the same techniques as were employed for insulin; 
purification of OBPA involved repeated precipitation with 5 
M NaCl rather than acetone, however. 

2. Amino Acids.—(a) L-Cystine, Merck reagent; (b) 
cysteic acid, Eastman Kodak Co. (E93-18 spec, list); 
(c) S-sulfocysteine, gift of Prof. F . Haurowitz, synthesized 
(as Na Salt) by method of Clarke.17 

3. Solvents.—-(a) Formic acid 88-90%, Baker and 
Adamson, reagent; (b) 2-chloroethanol, Eastman Kodak 
Co., redistilled; (c) trifluoroacetic acid, Eastman Kodak 
Co. 

B. Apparatus.—Optical rotatory dispersion data were 
obtained using a model 260 Rudolph recording spectro-
polarimeter at the "medium" sensitivity range. The re
producibility of the observed rotations is approximately 
±0.01° on this position. Samples of the various amino 
acids and proteins were measured in their respective solvents 
at either 0.5 or 1.0% concentration in 10-cm. or 1-cm. cells. 
The shorter path lengths were used in the shorter wave 
length regions of rotation when the observed rotatory values 
were sufficiently high to avoid gross error factors. The light 
absorption of the proteins and of the solvents prevented ac
curate measurements below 300 m/j in most cases. As the 
studies described here progressed, a great many solvents 
and solvent mixtures were examined and subsequently dis
carded; the criterion for acceptance was the fact that the 
parent proteins, their oxidation products, their sulfite-
cleavage products, and the individual S-containing amino 
acids involved had to be soluble therein. 

Calculations.-—As a method for evaluating the optical 
rotatory changes which have occurred under the different 
solvent conditions and independent of the S-amino acid 
contributions, both single-term Drude18 equations and 
Moffitt3 equations of the "reduced" o.r.d. curves have been 
evaluated. The one-term Drude equations [a] — &/(X2-
Xc

2) were evaluated graphically for k and X0 (intercept and 
slope, respectively) from plots of [a] vs. X2 [a]. The more 
complex Moffitt equation 

, ,, _ 3 Mo v r i _ aoXo2 . bis\o4 

[m J ~ «2 + 2 X 1 0 0 l " J ~~ X2 - Xo2 + (X2 -X0
2Y2 

(where n = refractive index, Mn = average residue wt., 
[m'] = effective residue rotation) was treated empirically as 
suggested by Doty.19 The evaluation was made first in the 
conventional manner using Xo = 2100 A. for all the data . 
This was done through a modification of the graphical ap
proach used by Moffitt and Yang2; in the present study, 
however, some of the tedious aspects of the graphical evalua
tion were avoided by using a computer program. Thus it 
was possible automatically to convert the twelve pairs of 
[a] vs. X data to values for 1/(X2-X0

2) and \m'\ (X2-X»2) and to 
compute the slope and intercept for the best straight line 
through the data points. When the slope and intercept 
terms, bo Xo4 and a0 Xo2, were evaluated, values for a0 and 
b0—constants believed to be related to secondary structural 
characteristics and/or solvent-solute interaction effects— 
were obtained. 
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(19) P. Doty, "Proceedings of the Fourth International Congress 

of Biochemistry. Vol. VIII, Proteins," Pergamon Press, New York, 
N. Y., 1960, pp. 6-22. 
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TABLE I 

OPTICAL ROTATORY DISPERSION DATA ([a]) IN A. 

S a m p l e 

B P A 
O B P A 
S O 3 - B P A 
I (Zn) 
I (Zn-free) 
0 - 1 
S O 3 - I 
L-Cyst ine 
L-Cysteic acid 
S-Sulfocysteine 

S a m p l e 

B P A 
O B P A 
S O j - B P A 
I (Zn) 
I (Zn-free) 
0 - 1 
SOa-I 
L-Cyst ine 
L-Cysteic acid 
S-Sulfocysteine 

" Solvent FA 

F A " ' 

- 8 2 ' 
- 68 
- 62 
- 80 
- 70 
- 50 
- 58 
- 2 5 9 
+ 13 
- 84 

F A 

- 2 5 5 ° 
- 2 2 5 
- 2 3 2 
- 2 4 5 
- 2 3 2 
- 1 7 4 
- 1 9 5 
- 7 8 5 
+ 44 
- 2 3 2 

= 88% 

5890 
2 C 

= - 28° 
- 16 
- 13 
- 41 
- 38 
- 19 
- 24 
- 2 5 6 
+ 64 
- 81 

3800 
2C 

- 1 3 9 ° 
- 82 
- 98 
- 1 0 7 
- 1 4 5 
- 85 
- 92 
- 7 4 4 
+ 118 
- 2 3 7 

HCOOH; 

5 
F A 

- 94° 
- 82 
- 84 
- 94 
- 85 
- 63 
- 72 
- 3 1 6 
+ 14 
- 92 

500 
2C 

- 34° 
- 18 
- 16 
- 51 
- 47 
- 24 
- 22 
- 3 0 0 
+ 70 
- 1 0 0 

3000 
F A 2 C 

- 3 0 4 ° 
- 2 9 0 
- 2 7 6 
- 2 9 2 
- 2 7 7 
- 2 0 9 
- 2 3 2 
- 9 1 2 
+ 58 
- 2 0 9 

- 1 8 1 ° 
- 1 0 8 
- 1 3 3 
- 2 0 8 
- 1 8 2 
- 1 0 0 
- 1 1 8 
- 8 6 8 
+ 138 
- 2 7 6 

solvent 2C = 90 

F A 

- 1 1 8 c 

- 1 0 6 
- 1 1 0 
- 1 1 7 
- 1 1 3 
- 83 
- 93 
- 4 0 9 
+ 17 
- 1 2 3 

F A 

- 3 6 6 ° 
- 3 3 0 
- 3 4 2 
- 3 4 9 
- 3 3 6 
- 2 5 1 
- 2 7 9 

- 1 1 2 6 
+ 75 
- 3 2 6 

5000 
2C 

- 4 8 ° 
- 24 
- 20 
- 71 
- 03 
- 33 
- 30 
- 3 8 6 
+ 78 
- 1 2 6 

3400 
2C 

- 2 4 5 ° 
- 1 4 0 
- 1 8 9 
- 2 6 6 
- 2 3 4 
- 1 3 2 
- 1 6 2 

- 1 0 2 6 
+ 164 
- 3 1 8 

% ClCH2CH2OH, 

F A 

- 1 5 9 ° 
- 1 3 6 
- 1 4 4 
- 1 5 5 
- 1 4 5 
- 1 0 7 
- 1 2 1 
- 5 1 3 
+ 24 
- 1 6 2 

F A 

- 4 5 1 ° 
- 3 9 0 
- 4 2 6 
- 4 2 7 
- 4 1 4 
- 3 1 0 
- 3 3 7 

- 1 2 7 7 
+ 101 
- 3 9 1 

4500 
2 C 

- 68° 
- 34 
- 40 
- 96 
- 85 
- 44 
- 46 
- 4 8 6 
+ 90 
- 1 5 0 

3200 
2C 

- 3 4 3 ° 
- 2 2 0 
- 2 8 0 
- 3 7 0 
- 3 2 0 
- 1 9 0 
- 2 2 0 

- 1 1 9 8 
+ 206 
- 3 6 8 

5% CF3COOH, 

42 
F A 

- 1 8 9 ° 
- 1 5 9 
- 1 6 8 
- 1 8 0 
- 1 6 7 
- 1 2 5 
- 1 4 0 
- 5 8 9 
+ 29 
- 1 8 4 

50 
2C 

- 85° 
- 44 
- 53 
- 1 1 3 
- 99 
- 54 
- 50 
- 5 5 6 
+ 98 
- 1 7 8 

3100 
F A 2C 

- 4 9 9 ° 
- 4 0 0 
- 4 8 8 
- 4 5 7 
- 4 5 0 
- 3 6 0 
- 4 0 0 

- 1 4 1 0 
+ 121 
- 3 9 9 

5% H2O. 

- 4 2 0 ° 
- 2 8 0 
- 3 4 2 
- 4 3 0 
- 3 8 0 
- 2 3 0 
- 2 7 0 

- 1 3 2 0 
+ 240 
- 4 2 0 

F A 

- 2 1 9 c 

- 1 9 1 
- 2 0 0 
- 2 1 2 
- 2 0 1 
- 1 4 7 
- 1 6 6 
- 6 9 2 
+ 37 
- 2 0 0 

4000 
2C 

- 1 1 2 ° 
- 62 
- 74 
- 1 3 8 
- 1 2 1 
- 69 
- 72 
- 6 5 2 
+ 104 
- 2 0 9 

3000 
F A 2C 

- 5 9 0 ° 
- 5 5 0 
- 5 2 0 
- 5 0 0 
- 5 4 0 
- 4 1 0 
- 4 6 0 

- 1 0 0 0 
+ 148 
- 4 7 0 

- 5 4 0 ° 
- 3 4 0 
- 4 3 5 
- 5 1 0 
- 4 7 0 
- 2 9 0 
- 3 2 4 

- 1 5 2 0 
+ 278 
- 4 7 0 

The computer program further afforded the opportunity 
to verify easily the most effective linearization of the data in 
terms of X0- The Moffitt equations for a particular set pi 
o.r.d. data were calculated for Xo values from 1800 to 2900 A . 
at 100-A. intervals; the interaction standard deviation of 
the x and y parameters {x = 1/X2 — X0

2) and y = [m'](X2 — 
Xo2) was also automatically deduced and expressed as S2

x.y; 
the best linear fit of the data was taken as that value of Xo 
for which S2?.y was a minimum. It was found that for many 
of the "reduced" o.r.d. curves as well as for some of the un
corrected ones, Xo for the most linear plots of the parameters 
was not 2100 A. When the equations containing X0 ^ 2100 
A. were solved for their constants, values of A\« and BM 
were obtained (to distinguish them from ao and 60 since the 
identity of the latter with X0 = 2100 A. has already been 
established). As may be noted from the data listed in 
Table I, the selection of wave lengths has been weighted to 
favor the ultraviolet region. In general, the precision of 
these measurements is greater than the longer wave length 
values; they more clearly reflect the approach to the region 
of anomalous rotatory behavior. The procedure is much 
more analogous to the graphical method than would appear 
to be the case if equal wave length intervals had been uti
lized. 

The observation that Moffitt equation data may some
times to be more appropriately fitted to a linear plot with 
values of Xo other than 2120 A. has been made by others20'21; 
this fact has a significant bearing on the utilization of the b0 
term for expressing degree of order among helical molecules. 
Under these circumstances, 6o(Xo = 2100 A.) is not a con
stant since the Moffitt plot is not truly linear. On the 
other hand, while 5xo values derived from equations in 
which Xo 7^ 2100 A. are constants, the>r cannot be simply re
lated to each other unless the coefficients being compared 
were obtained using the same Xo; thus for a given set of X 
vs. [m'] values, the magnitude of Bx0 is some function of 
Xo. In qualitative terms, the results suggest that some chro-
mophoric contributions are made by the secondary order or 
spatial asymmetry of the molecule itself; changes in this 
secondary order are seen as changes in the frequency terms 
of linear Moffitt and Drude equations. I t is fairly obvious 
from recent discussions by Schellman and Schellmann22 that 
the optical rotatory dispersion of proteins such as albumin 
and insulin can be expected to be a composite of the con
tribution of several structural types; the fact that evalua-

(20) A. R. Downie , A. El l io t t , W. B. H a n b y and B. R Malcolm, 
Proc. Royal Soe. (London), A242, 325 (1957). 

(21) P . J. Urnes , K. I m a h o r i and P . D o t y , P)-Of. Xatl. Acad. Set., 
47, 1635 (1961). 

(22) J. A. Sche l lman and C. G. Sche l lmann , J. Polymer Set., 49, 132 
(1961). 

tion of equations representing only one type of secondary 
structure yields inconsistencies is not surprising. 

Since the comparison of optical rotatory constants in 
these experiments is relative to the constants of the parent 
protein, it is not necessary to assign quantitative significance 
to them. Thus, although 60 values near —630 are indicative 
of essentially helical structures in sy-nthetic polypeptides and 
in some proteins, the numerical values obtained here do not 
necessarily indicate a "per cent, helix" based on the fraction 
obtained by dividing the b0 for the particular protein by 
— 630. The interpretation of results depends only on the 
order of magnitude and direction of change of the constants 
«o, bo, Xo, *4xo and Bxo- It must be recognized that compari
sons of different bo, Xo and Sxo terms is made only with re
gard to the similarity or lack of similarity of behavior of 
these terms as a result of the transformation of the protein 
through the two different cleavage paths. 

Results and Conclusions 
Table II and III report constants for the Moffitt 

equation evaluations, both uncorrected and with the 
S-containing amino acid contribution subtracted; 
the former contains ao and 60 evaluations in the con
ventional manner while the latter shows results of 
selection of Xo to give the best linear fit. The values 
of .-lxo and 5xo in Table III correspond to ao and 
b0 when the X0 selected is 2100 A. Table IV con
tains constants derived for one-term Drude equa
tions of the curves of the same proteins. 

There are certain general conclusions which can 
be drawn from a comparison of these values: 1. 
The differences between the optical rotatory dis
persion curves of bovine plasma albumin and its 
oxidatively and reductively cleaved counterparts 
do not appear to be completely accounted for by 
the differences in S-containing amino acid contri
bution—even in a solvent favoring the random con
figuration of the peptide secondary structure. The 
Bx0 values in Table III show excellent agreement 
for BPA and OBPA, but are obtained from two 
different values of oX0. Since both Xo's are quite dif
ferent from 2100 A., the. bo's are probably not too 
useful for comparison purposes, either. The Drude 
equation constants also indicate some differences 
among the preparations not accounted for by sub
tracting the S-containing amino acid contributions. 
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TABLE II 

M O F F I T T EQUATION EVALUATION* (X0 = 2100 A.) 

^- Difference cu rves (.S-amino acids s u b t r a c t e d 
Bov ine p l a s m a a l b u m i n Insu l in 

A. F o r m i c acid A. F o r m i c acid 
ao bo oo 

BPA 
OBPA 
SO3-BPA • 

- 3 9 2 
- 4 1 9 
- 3 7 2 

- 66 
- 1 0 0 
- 1 0 8 

B. Ch lo roe thano l 
ao bo 

BPA 
OBPA 
SO3-BPA 

- 1 3 
- 6 7 
+ 3 2 

- 4 3 0 
- 2 7 7 
- 4 1 6 

I (Zn) - 2 8 8 
I (Zn-free) - 2 2 9 
O-I - 3 2 9 
SO3-I - 2 6 3 

B . Ch lo roe thano l 
ao 

I (Zn) - 29 -
I (Zn-free) - 4 -
O-I - 1 4 9 -
SO5-I + 14 -

h 
- 1 2 
- 8 5 
- 8 8 
- 8 1 

6o 

-296 
-264 
-155 
-246 

, Uncor rec ted curves • — —• 
Bovine p l a s m a a l b u m i n Insu l in 

A. F o r m i c acid A. F o r m i c acid 
ao bo ao fro 

BPA - 4 9 2 - 5 4 
OBPA - 4 1 7 - 9 2 
SO3-BPA - 4 2 2 - 9 8 

B. Ch lo roe thano l 
ao bo 

BPA - 1 1 0 - 3 9 6 
OBPA - 39 - 2 8 8 
SO3-BPA - 20 - 4 0 4 

TABLE II I 

I (Zn) 
I (Zn-free) 
O-I 
SO3-I 

B. ChI 

I (Zn) 
I (Zn-free) 
O-I 
SO3-I 

M O F F I T T EQUATION EVALUATION 

y Difference curves ^o-ammu ac ias suDiracLeu;-
Bovine p l a s m a a l b u m i n Insu l in 

A. F o r m i c acid A. F o r m i c acid 
Xo1A. AXo B\t> Xo1A. AXo 

B P A 2500 
O - B P A 2600 
S O i - B P A 2700 

B . 2-Chloro 
Xo,A. 

B P A 2200 
O - B P A 2400 
S O s - B P A 2100 

TJij 

Bov ine p 
A. I 

BPA 
O B l 1 A 
SO3-BPA 

- 2 7 2 
- 2 6 6 
- 2 1 3 

e t h a n o l 
A Xo 

- 2 7 
- 7 5 
+ 32 

+ 36 
+ 36 
+ 27 

B Xo 

- 2 7 5 
- 66 
- 4 1 6 

fference curves (S' 
l a s m a a l b u m i n 
r o r m i c acid 

k Xc, m/ 

- 0 . 
- 1 . 
- 1 . 

H. 2-Chlnroet 
k 

BPA 
O-BPA 
SO3-BPA 

- 0 . 

- . 
— . 

98 224 
07 227 
01 228 

I (Zn) 2600 - 1 7 5 
I fZn-free) 2600 - 1 5 2 
O - I 2600 - 2 0 9 
S O 3 - I 2600 - 1 6 » 

B, 2 -Chlo roe thano l 
Xo,A. ^Xo 

I (Zn) 2100 - 29 
I (Zn-free) 2300 - 21 
O - I 2400 - 1 2 5 
S O 3 - I 2100 + 14 

BXo 

+ 29 
+ 12 
+ 27 
+ 21 

BXo 

- 2 9 5 
- 1 1 4 
- 23 
- 2 4 6 

, —-—— • u u u u i 
Bovine p l a s m a a l b u m i n 

A. F o r m i c acid 
Xo,A. AXo B> 

A. 

B P A 2400 - 3 7 5 + 4 6 I (Zn) 
O - B P A 2600 - 2 6 3 + 3 6 I (Zn-free) 
S O 3 - B P A 2700 - 2 3 8 + 3 2 O - I 

B. 2 -Chloroe thano l 
Xo,A, AXo B> 

S O 3 - I 

B. 
.0 

B P A 2200 - 1 1 5 - 2 5 7 I (Zn) 
O B P A 2300 - 52 - 1 2 0 I (Zn-free) 
S O s - B P A 2100 - 20 - 4 0 4 O - I 

TABLE IV 

DRUDE EQUATIO 

-amino acitls s u b t r a c t e d ; — 
Insu l in 

A. F o r m i c acid 
j. k 

K Z n ) - 0 . 6 8 
I (Zn-free) — .65 
O-I - .86 
SO3-I - .72 

Xc, ma 

219 
232 
225 
231 

:hanol B . 2-Cl i loroethanol 
Xc, m/x k Xc, mp 

41 289 
47 279 
31 292 

I (Zn) - 0 . 3 8 
I (Zn-free) - .25 
O-I - .40 
SO3-I - .20 

281 
288 
257 
292 

N EVALUATION 

^ • Uncor rec t 
Bovine p l a s m a a lbumin 

A. Fo rmic acid 
k Xc, mn 

BPA - 1 . 1 9 221 
O-BPA - 1.08 229 
SO3-BPA - 1 . 1 2 229 

B. 2 -Chloroe thano l 
k Xc, m^ 

BPA - 0 . 5 8 276 
O-BPA - .36 284 
SO3-BPA - .43 286 

SO 3 - I 

- 5 0 0 
- 4 4 5 
- 3 2 0 
- 3 6 5 

oroe than 

- 2 2 6 
- 2 0 1 
- 9 3 
- 87 

+ 15 
- 5 8 
- 6 9 
- 6 2 

Ol 

- 2 6 6 
- 2 3 4 
- 1 7 5 
- 2 3 0 

Insul in 
F o r m i c acid 

Xo1A. AXo 

2500 
2500 
2600 
2500 

- 3 3 8 
- 3 0 6 
- 2 0 1 
- 2 5 4 

2 -Chlo roe thano l 
Xo,A. A\o 

2100 
2300 
2200 
2200 

ed c u r \ e s 
Insul in 

A. F o r m i c acid * 
I Zn) 
I (Zn-free) 
O-I 
SO3-I 

B. 2-Chl( 

I (Zn) 
I (Zn-free) 
O-I 
SO3-I 

- 1 . 0 4 
- 1 . 0 7 
- 0 . 8 2 
- 0 . 9 1 

i roethani 
k 

- 0 . 8 6 
— . 75 
- .41 
- .45 

- 2 2 6 • 
- 1 8 2 • 
- 92 • 
- 87 • 

Xc, IW 

218 
219 
225 
225 

>l 
Xc, IUM 

260 
258 
265 
270 

Bxo 

+ 62 
+ 44 
+ 34 
+ 34 

B Ko 

- 2 6 6 
- 79 
- 1 1 1 
- 1 4 7 

2. If one considers the corrected curves in the 
chloroethanol solvent it is again apparent tha t the 
behavior of the solute molecules involves the pro
duction of optical rota tory changes (asymmetric 
environment) beyond those which may be ac
counted for in terms of the cleavage of disulfide 
bonds. The importance of solvent effects on the 
secondary structure of proteins in solution has been 
vividly presented by others, particularly Yang and 
Doty6 for such substances as silk fibroin and ribo-
nuclease. 

3. An important consideration in the case of 
insulin is the presence or absence of zinc in the mole
cule. Some alteration in secondary structure as 
measured by o.r.d. seems evident when one com
pares the constants derived for the Moffitt equa
tion or the Drude equation for zinc-insulin and for 
zinc-free insulin. Possible implications are t ha t 
Zn-binding takes place with some distortion of the 
polypeptide "backbone" or t ha t the chelate chro-
mophore effect on a nearby asymmetric center is 
quite marked. The suggested binding of Zn inter-

molecularly through the histidine residues to form 
the 12000 mol. wt. uni t would not appear to be 
favored by the solvent conditions existing in these 
experiments. 

4. Cleavage of disulfide bonds of bovine plasma 
albumin might be expected to produce changes in 
secondary order which are of the same magnitude 
and direction without regard to the method of 
cleavage. Thus the conversions BPA —»• OBPA 
and BPA -»• SO3-BPA should both presumably 
result in reaction products having the same type of 
alteration of secondary structure. The assumption 
is made t ha t the contributions of the S-containing 
amino acids to the optical rota tory dispersion 
curves can, in fact, be subtracted from the observed 
curves and a valid "corrected" o.r.d. curve ob
tained. One would then expect the optical rota
tory constants obtained from the equations for 
these corrected curves to reflect a similarity in 
magnitude and direction of change for the values of 
the constants which are related to the degree of 
order in the secondary structure. The experimental 
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evidence indicates, however, that both the Drude 
equation constant (Ac) and the Moffitt equation 
constant (b0) are not altered in a manner which 
would suggest close similarity of secondary struc
tural change for the two cleavage products with re
spect to the parent protein. The alterations of the 
X0 value producing the best linear fit of the data as 
noted in Table III for these transformations are also 
different for the two types of cleavage. 

5. Similarly, expectation of structural changes 
ensuing upon cleavage of the disulfide bonds of in
sulin are not fulfilled experimentally. The con
versions I (Zn) -*• OI and I(Zn-free) -»• SO3-I pro
duce changes in Xc, 60 and X0 for the corrected curves 
which are not similar with respect to the native 
molecule (it is necessary to use the Zn free insulin 
values in the one case since SO3-I does not contain 
appreciable Zn). The cleavage of the disulfide 
bridges in insulin results in a dissociation of the A 
and B chains, of course; this is properly an altera
tion in tertiary structure, but could conceivably 
have an unaccounted effect on the optical rotatory 
dispersion of the system. 

G. Basically, there does not appear to be any 
real over-all improvement in correlation of con
stants for the corrected curves over that for the un
corrected ones. One must conclude that if a com
mon secondary structural characteristic does exist 
exclusive of the disulfide bond contribution, it is 

not manifest in a common set of optical rotatory 
constants derived from the Moffitt or one-term 
Drude equations. 

7. I t is further evident that one cannot a priori 
account for optical rotatory changes observed 
when the disulfide bonds of a protein are cleaved 
solely in terms of the rotatory changes occurring in 
the S-containing amino acid residues. The ob
served o.r.d. changes are a function both of the 
solvent and of the manner of cleavage. The 
changes in secondary structural order which must 
occur when these bonds are cleaved obviously do 
have a significant effect on the optical rotatory dis
persion. A more satisfactory interpretation of this 
relationship awaits a more detailed evaluation of 
the contributions of the various segments of a pro
tein molecule. 
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The Reaction of p-Nitrophenyl Acetate with Thiols1,2 

BY JOHN R. WHITAKER 
RECEIVED NOVEMBER 3, 1961 

Cysteine, and other thiols studied, hydrolyze />-nitrophenyl acetate at a rate dependent upon the concentration of anion, 
R S - , present. The initial products of the reaction are ^-nitrophenol and thiol ester as determined spectrophotometrically. 
£ a , AH*, AF* and AS* for the reaction of cysteine with ^-nitrophenyl acetate are 8.0, 7.4, 16.7 kcal./mole and —30.7 e.u., 
respectively. 

Introduction 
During investigation of hydrolysis of _p-nitro-

phenyl acetate (NPA) by the proteolytic enzyme, 
iicin, it was found that cysteine, added as an 
activator of ficin, could also hydrolyze this ester. 
Previously, reduced glutathione had been found to 
hydrolyze />-nitrophenyl benzoate in essentially 
neutral solution.3 Dirks and Boyer4 reported 
that cysteine splits NPA by a reductive process. 
While the present investigation was in progress 
Schoubaum and Bender5 reported the results of a 
study of the catalyzed hydrolysis of NPA by 0-
mercaptobenzoic acid. 

The present study was undertaken to determine 
the mechanism by which cysteine hydrolyzes NPA 
with the hope that it might aid in understanding 

(1) This research was supported in part by a research grant, RG-
5216, from the National Institutes of Health. 

(2) Presented at the 140th A.C.S. Meeting, Chicago, 111., Sept. 3-8, 
1961. 

(3) L. Perenyi, Acta Physiol. Acad. Sci. Hung., B, 87 (19S4). 
(4) B. M. Dirks and P. D. Boyer, Cereal Chem., 28, 483 (1951). 
(5) G. R. Schonbaum and M. L. Bender, J. Am. Chem. Soc, 82, 1900 

(1960). 

the mechanism by which such sulfhydryl enzymes 
as ficin and papain catalyze the hydrolysis of sus
ceptible substrates. 

Experimental 
Materials.—p-Nilrophenyl acetate was prepared by (lie 

method of Chattaway6 and had a melting point of K2.4-
83.1° (melting point block). Reagent grade p-nitropliennl 
(NP) (Fisher) was dried at 72° in a vacuum oven for IS 
hours for standard curve preparation. M-Propyl mercaptau 
was Eastman Kodak Co. white label product. The other 
compounds tested were obtained from Nutritional Bioehem-
icals Corporation. Ficin was a three-times acetone-pre
cipitated (80% v. /v . ) vacuum-dried powder prepared from 
Kadota fig latex in this Laboratory. Deionized water 
(Barnstead mixed-bed resin) was used throughout this work. 

Methods.—Reactions were followed spectrophotometri
cally in a DTJ spectrophotometer equipped with a thermo-
stated cell compartment. Temperatures were determined 
inside the reaction cuvette with thermocouples. In most 
cases, the rate of appearance of ^-nitrophenolate a t 402 m t̂ 
was followed; the rate of disappearance of NPA measured 
at 272 m/i gave identical results. The rate of formation of 
thiol ester was followed at 240.7 mji, the isosbestic point of 
NPA and N P . The reactions were carried out in the pres
ence of 0.064 M phosphate buffers and 5.0% (v . /v . ) 

(6) F. D. Chattaway, J . Chem. Soc, 134, 2495 (1931). 


