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The smail positive eIIipricity near 239 nm in the CD spectrum of RNasc has been investigated as a function of pX. 
Theoretical cakulations using CD parameters representing buried or exposed tyrosine residues have been car&d out. A 
comparison of the theoretical calculations with experimental data suggests that the changes in the band’s intecsity. as ;1 
function of pH. arise mainly from eiectronic transitions associated with the tyrosine residues. The buried ryrosine residues are 
the major contributors to the eIIipricity in this region at neutral pH. At higher pH contributions from exposed residurs WC also 
observed. 

I. fntroduetion 

It is generally agreed that the elliptic&y around 
239 nm, in the CD spectrum of ribonuclease A, is 
a consequence of overlap between a strong nega- 
tive band resulting from amide groups and a posi- 
tive band resulting mostly from tyrosine residues 
[I-7]. Disagreement exists, however, about which 
type of tyrosine residue contributes to the band. 
Simons and co-workers 13-51 argued that the el- 
lipticity near 239 nm is due to buried tyrosine 
residue and they used this band to follow changes 
in the degree of exposure of Tyr-25 (buried tyro- 
sine) to aqueous solvents. Pflumm @5] and then 
Pflumm and Beychok 171 used titration, acetylation 
and nitration to show that the 239 nm band is due 
totally or at least in part to transitions from ex- 
posed tyrosine residues. 

There is growing evidence that changes in the 
239 nm band may be used as a sensitive probe for 
the initial unfolding of this protein by various 
agents [S]. A better understanding of the various 
contributions to the optical activity of this band is 
therefore essential. A rather simple method has 
been used in :his investigation to assess the various 
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contributions from tyrosine residues to this band. 
It has been shown before I63 that the apparent 
ellipticity near 239 nm is enhanced and is shifted 
to a longer wavelength upon increasing the pfi 
from (1 -to 10. This change is apparently due to a 
red shift of the positive band. It is also possible 
that this enhancement results from minor aitera- 
tion in the strong amide band but experimental 
data do not support this possibility [S]. Informa- 
tion on the type of tyrosine residues which con- 
tribute to the ellipticity near 239 nm can, there- 
fore, be derived by comparing an experimental pIi 
titration curve to a calculated curve where parame- 
ters representing buried and exposed tyrosine re- 
sidues are used to analyze the red shift of the 
positive tyrosine band. The calculated curve which 
best represents the experimental curve should sug- 
gest the class of tyrosine residues which contribute 
to the experimental titration curve. 

2. Experimental 

Ribonuclease A from bovine pancreas, type 
XII-A, and N-acetyl-L-tyrosineamide were 



purchased from Sigma Chemical Co. The protein 

was purified as described before [S]. 
CD measurements at 26X--27.0% were carried 

out with a Jasco spectropolarimeter Model 
ORD/UvJ with a CD attachment. A 1.0 cm iight 
path cell was used in all measurements between 
260 and 300 nm, while a 0.1 cm light path was 
used at wavelengths below 260 nm. Concentra- 

tions of 0.6-0.8 mg/ml ribonuclease A and 
0.3-O-45 mg/ml N-acetyltyrosineamide were used. 
The method is described in detail in ref. 8. 

3. Results and discussion 

The effects of varying alkaline pH on the near- 
ultraviolet CD spectrum of ribonuclease were mea- 
sured at 24 pH values ranging from pH 6.17 to 

13.15. A representative portion of the total data is 
given in table 1. The ellipticity of the positive 239 
nm band increases as pH increases and reaches a 
maximum at pH 10.8. This increase in ellipticity is 
accompanied by a relatively small red shift. The 
changes in maximum ellipticity of the negative 275 
nm band as the pH is raised are smaller than the 

changes near 239 nm. However. the red shift is 
much more apparent at 275 nm than near 239 nm. 

The changes in ellipticity near 239 nm in the 
CD spectrum of N-acetyltyrosineamide, a model 
compound for exposed tyrosine residues [1.9] are 
given in table 2. The wavelengths chosen in table 2 
correspond to the position of maximum ellipticity 

Tnhlc 1 

Ellipticitk of ribonuclcasc A a n function of pH at 76.S”C 

Ellipticity. [S]. values xc‘ Qivcn in degree cm2 dmol ’ on n 
mean raiduc wcigbt bases. 

PH 239 nm region 275 nm region 

h8n.L. [Sl h “>.I. 101 
(nm) (nm) 

7.2 239 65 275 231 
X.Y 240 IYO 276 230 
9.7 241 310 77Y 240 

10.5 241.5 433 ‘S4 2x2 
1 1 .o 242 425 2x5 2RO 
12.6 243 217 IXS ‘20 
13.2 244 112 295 31 

Table 2 

EIlipticities around 238 nm of ,\I-acet~lrvrosincamide as B 
function of pH at 26.X’C 

IQ],,.,. cllipticity in degree cm’ dmol- ’ on tt mole basis. 

ISI,,. ellipticity in dcgrcc cm’ dmol-t on a mean-rcsiduc- 
weight basis. [B],, is calculated by dividing [@I,,,, by the 
total number of amino acid rcsidttcs (124) in tibonucleasc A. 

PH Wavelength [e],,Ol vi,, 
(nm) 

6.X2 235, 446 4 
Y.10 740.5 2037 16 

IO.90 242 9647 77 
11.47 242 10093 81 
13.05 243 1064X S6 

near 239 nm in the CD spectrum of ribonuclease 
A at a given pH. 

The apparent enhanced intensity and red shift 
near 239 nm in the CD spectrum of ribonuclease 
were calculated assuming that the ellipticity at 
neutral pH is a result of overlap between a strong 
amide negative band in the far-ultraviolet region 
and a weaker positive tyrosine band at a longer 
wavelength. In calculating the resultant apparent 

parameters resulting from a shift of the band at 
239 nm to longer wavelengths it is presumed that 
these changes simulate the changes occurring in 
alkaline titration of ribonuclease. 

The calculations were performed according to a 
method used by Wellman et al. [lo]. The CD 
spectrum in this region is considered to be a 
superposition of two Gaussian curves with positive 
and negative amplitudes. For any desired values of 

the parameters A,, Xi. h and Ai the resultant 

spectrum would be represented by the equation, 

(1) 

where A, is the half-bandwidth, Ai the ellipticity, 
X, and X, the positions of the bands, and X a 
variable wavelength for which the corresponding 
F(h) is calculated. The parameters A,, h, and 
A, represent properties of the intense negative 
amide band, while the parameters AZ, A, and A2 
belong to the smaller positive tyrosine band. Three 
values have been used for A,, X, and A,, repre- 
senting exposed tyrosine residues only. buried 
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Teblc 3 Table 4 

Parameters for theoretical calcularions of changes in ellipticicy 
around 239 nm in the CD spectrum of ribonuclease A al 
neutral pH 

Calculated rcsultnnt apparent CD titration curve for 
ribonoclcase A using the Gaussian bands A 

.J, A, (nm) A, (nrn) A, X2 (nm) AZ (mn) 

-6X10= 216 = 12= 4OOh h 215 13h 

380 c 

= Ellipticity given in degree cm’ dmol- ’ on a mean rcsiduc 
wcigh( basis. Pnmmeters for the amide band are similar 10 
those assigned by Puett [Ill lo the major transition of the 
far-ultraviolet band. 

’ Value represents exposed tyrosine residue (SW text). A smaller 
amplitude than in ref. 7 is used in this work in order 10 
achieve ;1 better fit with the given amide band. 

c Vnluc rcprcsents buried tyrosinc residues (see test). L\, c and 
A, i). were calculated from respective rotational strengths 
given in ref. 11. 

x2 A, 
h A, h Resultant Resulrnnt 

(nm) (nm) qqxIrcnt ElPPZlE”? 
x IILL. A IniL. 
(nm) (nm) 

234 239.5 65 
235 293.5 111 
235.5 239.5 140 
136 z40.0 155 
237 240.0 197 
23x 240.5 233 
7-39 241 .o 257 
‘40 139 100 241 .o 389 
240 240 130 241 .o 415 
140 241 180 241.5 468 

* Using superimposition of exposed tyrosinc r&dues on huricd 
tyrosine residues (csplaincd in text). 

tyrosine residues only. and the superimposition of 

both types of residues_ The values for the parame- 
ters are given in table 3. 

’ X, and AJ represent the additional contribution from cxposcd 
tyrosines on shift from pH 9.0 to 10.X. 

Based on available data from model com- 
pounds it is generally accepted that exposed tyro- 
sine residues at neutral pH have a positive band 
near 225 nm [1.9]. The position of the band may 
shift to longer wavelength in buried tyrosine res- 
idues [5]. In order to achieve a good fit to the 
observed positive ellipticity near 240 nm, Puett 
[ll] found it necessary to use a positive band. 
assigned to tyrosine residues, at 235 nm. in table 3 
values similar to those used by Puett, therefore, are 
assigned to possible contribution from buried 
tyrosine residues. Pflumm and Beychok [6,7], in 
order to obtain a good fit, used a positive contri- 

bution from tyrosine residues at 225 nm. Parame- 
ters similar to theirs describe the possible contri- 
bution from exposed residues in table 3. 

apparent changes in the band near 239 nm are 
given in the first seven rows of table 4. At this 
point a third Gaussian band with X, = 239 nm. 
A, = 100 degree cm’ dmol- 1 and A, = 7 nm was 
added. The initial effect on the resultant apparent 
CD spectrum is given in the eight row of table 4. 
The effect of rise in intensity with concurrent red 
shift of the third band on the apparent CD spec- 

trum is shown in the last two rows in table 4. 
Changes in the apparent parameters resulting from 
a red shift of the tyrosine band. considering cnntri- 
butions from only exposed or only buried tyrosine 
residues, were also calculated according to eq. 1 
(tabulated data are not shown). 

The data in table 4 were obtained assuming that 
the positive band in ribonuclease near 239 nm at 
neutral pH results only from contributions of 
buried tyrosine residues while contributions from 
exposed tyrosine residues are superimposed on 
these from the buried residues only upon ioni- 
zation at higher pH values. The calculations were 
done as follows: Initially, h, was taken to have a 
position of a buried tyrosine residue at 234 nm 
with AZ = 380 degree cm’ dmol-’ and AZ = 7 nm. 
Then X, was shifted to 239 nm. The resultant 

The overall changes in the apparent ellipticity 
of the CD spectrum of ribonuclease near 239 nm 
versus changes in the apparent position of the 
band as a function of pH using calculated data 
(such as in table 4) and experimental data (such as 
in table 1) were plotted in fig. 1. The theoretical 
calculated titration curve (as shown in fig. 1) in 
best agreement with the experimental titration 
curve, should suggest that class of tyrosine res- 
idues which contributed to the experimental curve. 

Clearly, the calculated curve obtained using 
parameters representing both buried and exposed 
tyrosine residues most closely approximates the 
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239 241 243 

Apparent Xmax(nm) 

Fig. I. E~pcrimcntal and s&uIatcd titration plots of 
Ribonucleasc A near 239 nm. Apparent m&mom band el- 

lipticity vcrsu~ apparent band posikm as a function of pH: 
(0 f uring expcrimcntal data; (Cl) cab-dared using parameters 
rcprcsenting exposed tyrosinf rcsiducs; (l) calcuhtcd wing 
pammctws rcprcscnting buticd tyrosinc residues: (A) catculatcd 
wing paramctcrs rcprcscnting buried and exposed tyrosinc 
tesiduca (SW text). 

experimental titration curve as conrrasted with 
curves in which only buried or exposed tyrosines 
data have been included. This observation is not 
affected by small changes in the corresponding 
parameters (X. A). The experimental curve shows 
an initial increase in the apparent ellipticity at 239 
nm without a noticeable shift in wavelength (fig. 
I). This change in ellipticity takes place when the 
pH is raised from 6.0 to 9.0. In the calculated 
curve this change has been modeled by consider- 
ing a small red shift of the actual position of the 
buried tyrosine residue from 234 to 239 nm. Such 
a displacement might be caused by a conforma- 
tional change around the buried tyrosines which 
enhances hydrogen bonding. In the second seg- 
ment of the experimental curve. which extends 
from pH 9.0 to 10.8, there is an increase in the 
apparent ellipticity at 241 nm, with a sii&t &ift to 
241.5 nm at pH 10.8 (fig. 1). This change was 
modeled by superimposing contributions from 
ionization of exposed tyrosines upon the contribu- 
tion from the buried tyrosine residues. The exact 
manner in which this is done can be formulated in 
various ways. Agreement with the experimental 
titration curve (between PI-I 9.0 and 10.8) was 
obtained when the position of a third band, as- 

signed to ionization of tyrosine residues, was 
shifted from 239 to 241 nm, and ellipticity was 
increased from 100 to 180 degree cm’ dmol-*_ 
This increase in ellipticity, 80 degree cm’ dmol- ’ 
based on mean residue weight, compares favorably 
with the increase in ellipticity, 61 degree cm’ 
dmol-’ based on mean residue weight. observed 
upon titration cf N-acetyltyrosineamide from pH 
9.1 to 10.9 (tabIe 2). Sears and Beychok flJ and 
then Woody [9] have summarized the available 
data on application of CD spectra of simple model 
compounds for interpretation of proteins’ spectra. 
Their data suggest that, in the alkali region, simple 
model compounds such as N-acetyityrosineamide 
can be used as mode1 compounds for the ellipticity 
contribution from exposed tyrosine residues to the 
230-250 nm region in proteins. Using ellipticity 
values for N-acetyltyrosineamide, at pH 10.9, of 
about 77 degree cm’ dmol-‘, based on mean re- 
sidue weight, at 242 nm (table 2), it can be con- 
cluded that two or three exposed tyrosine contrib- 
ute to the CD spectrum of ribonuclease at this PH. 
The possible contribution from disuIfide bridges 
was not considered in the above treatment. since 
changes in ellipticity as a function of pH of these 
groups should not be significant. 

Further support for the caiculated values can be 
obtained by comparing the experimental alkaline 
titration of ribonuclease to that of N- 
acetyhyrosineamide. At pH 10.8 the maximum 
ellipticity for RNase A at 241.5 nm is about 433 
degree cm2 dmol- ’ (table 1). If all three exposed 
tyrosines contribute to the intensity of the pheno- 
late band in the enzyme (at pH 10.8 the buried 
tyrosine residues are not yet exposed) each ex- 
posed group should, by comparison with N- 
acetyltyrosineamide, contribute 77 degree cm’ 
dmol-‘, or a total of about 231 degree cm’ dmol-’ 
per mean residue weight. In our calculations a 
values of 180 degree cm2 dmol-’ per mean residue 
weight was assigned to contributions from exposed 
tyrosine residues to the theoretical titration curve. 
The comparison with N-acetyltyrosineamide sug- 
gests that the additional increase in ellipticity ob- 
served near 239 nm in the titration of ribonuclease 
(433-231 = 202 degree cm’ dmol- ’ per mean re- 
sidue weight) comes from buried tyrosine residues. 
In the calculated titration curve, 257-65 = 192 
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degree cmz dmol-’ per mean weight was taken as References 
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th< contribution of ;he buried tyrosine residues to 
the changes in etlipticity around 239 nm upon 
alkaline titration (table 4)_ There is a good agree- 
ment between the experimental and calculated val- 
ues. It seems, therefore, that at neutral pH the 
contributions to the 239 nm band are mainly from 
buried tyrosine residues. However, as the pH is 
raised above pH 9.0 contributions from exposed 
residues are also observed. 
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