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Ionization of the phenolic group of N-acetyltyrosynamide has been studied using second­
derivative spectroscopy. At pH 12.5 the second-derivative spectrum of the model compound 
revealed the presence of derivative bands in a spectral region (between 250 and 270 nm) where 
interference coming from other ultraviolet-absorbing chromophores is negligible. One of these 
peaks (260-nm peak) has been employed for the determination of tyrosyl groups in mixtures 
containing the aromatic amino acids. 

The advantages of directly recording a 
curve of the second-order differential coef­
ficient ofabsorbanceA with respect to wave­
length, i.e., d2A/d'>..2 , have been recently 
pointed out by Balestrieri et al. (1). They were 
able to isolate the contributions of the phenyl­
alanine and tryptophan residues from the 
complex absorption spectrum of a protein 
and to carry out a very simple method for the 
determination of these two amino acids in the 
near ultraviolet range. 

Any attempt made to isolate the contribu­
tions of the tyrosyl residues failed because 
of the large overlapping degree between the 
spectral bands of the major aromatic chromo­
phores at neutral pH (2,3). Since it is well 
known that the ionization·of tyrosyl residues 
produces large changes of its absorption 
properties (4,5), we have examined whether 
the use of second-derivative spectroscopy 
could be useful in following the formation 
of phenolate ion. The results reported in this 
paper indicate that the formation of pheno­
late ion may be easily followed by the ap­
pearance of new derivative bands in a spectral 
region where the contributions from the other 
aromatic chromophore are negligible. 

1 To whom correspondence should be addressed . 
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MATERIALS AND METHODS 

N-Acetyl-L-tryptophanamide ( N-acTrp­
NH2), 2 N-acetyl-L-tyrosynamide (N-acTyr­
NH2), and N-acetyl-L-phenylalanine ethyl 
ester (N-acPheOet) were purchased from 
Sigma Chemical Company. Concentrations 
were estimated by absorption measurements 
using E 280.8 = 5690 M-1cm-1 for N-acTrp­
NH2 (6), £ 275•5 = 1490 M-1cm-1 for N-acTyr­
NH2, and E257•7 = 195 M-1cm-1 for N-acPhe­
Oet (7). Chemicals not mentioned above 
were reagent grade. 

Instruments 

All the normal and second-derivative 
spectra were recorded with a Perkin-Elmer 
spectrophotometer, Model 575, equipped 
with an electronic derivative accessory 
(Hitachi 200-0507 derivative spectrum unit) 
inserted between the signal output and the 
recorder input. The second-derivative acces­
sory actually differentiates the changing ab­
sorbance signal against time rather than 
wavelength, i.e., d2A/dt2 and not d2A/d'>..2 • 

2 Abbreviations used: N-acTrpNH2 , N-acetyl-L­
tryptophanamide; N-acTyrNH2 , N-acetyl-L-tyrosyn­
amide; N-acPheOet, N-acetyl-L-phenylalanine ethyl 
ester. 
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Fm. I. Second-derivative spectra of N-acTyrNH2 at 
pH 7.0 (-)and at pH 12.5 (- · - · -) . Chromophore 
concentration was 0.05 mM; solvent: 0.05 M phosphate 
containing 0.15 M KCI. 

If the spectrophotometer has a constant 
scanning speed the two functions are equiv­
alent, but choice of scanning speed as well 
as slitwidth and time constants affect the in­
tensity of the second-derivative spectra. In 
all the experiments we have used a scanning 
speed of 50 nm/min, a slitwidth of 1 nm and 
the highest sensitivity (corresponding to the 
time constants) of the derivative unit (mode 
6). Due to the electronic differentiation proc­
ess, the position of the minima in the second­
derivative spectra are slightly red shifted if 
compared to the positions of the absorption 
maxima or shoulders in the corresponding 
normal spectra. We have observed that the 
wavelength shift depends upon the scanning 
speed, i.e., the shift becomes higher at higher 
scanning speed values. 

Using a scanning speed of 50 nm/min, the 
wavelength shift was 2 nm; the wavelength 
values reported in the text have been cor­
rected for the above mentioned shift but the 
correction was not made for the spectra re­
ported in the figures, since they were taken 
directly from the instrumental chart. The only 
exception is Fig. 1, the shift being assessed 
comparing the second-derivative minima and 
the corresponding zeroth maxima over a large 
number of determinations. 

A Zeiss PMQII spectrophotometer was 
used for absorption measurements at specific 
wavelengths. pH measurements were made 

with a Radiometer M 62 pH meter. Alkaline 
titrations were carried out keeping the model 
compounds solutions at 25°C under a stream 
of nitrogen and stirring continuously. Small 
additions of a concentrated KOH solution 
(10 M) were made using an agla syringe. All 
solutions contained 0.15 M KC!. 

RESULTS 

The ultraviolet absorption spectra of the 
ionized and the un-ionized form of N-acTyr­
NH2 are known to be largely different (4,5). 
The most significant changes observed with 
phenolic ionization are a large red shift of the 
absorption maxima (from 222 to 242 nm 
and from 275 to 295 nm) and a considerable 
hyperchromic effect ( tl.E243 = 11. 10 x 103 
M-1cm-1 and tl.E295 = 2.33 x 103 M-1cm-1 

(4)). Consequently changes in the second­
derivative spectrum of N-acTyrNH2 are to 
be expected if the chromophore undergoes 
ionization. Figure 1 shows the second-deriv­
ative spectra of N-acTyrNH2 at neutral and 
alkaline pH. The second-derivative spectrum 
obtained at neutral pH can be divided into 
three distinct regions: the first one, going from 
215 to 245 nm, shows two main bands op­
posite in sign, centered at 227 and 238 T'm. 
The second region, from 245 to 270 nm, is 
essentially fiat, whereas the third region, be­
tween 270 and 300 nm, shows two negative 
peaks at 275 and 283 nm and a positive one 
at 288 nm. At pH 12.5 the main absorption 
peak in the far uv is about 20 nm red shifted; 
therefore the two main bands seen at neutral 
pH in the far uv are both red shifted and they 
occur at 246 and 260 nm at pH 12.5. In addi­
tion the fine-detailed structure observed at 
neutral pH between 270 and 295 nm is es­
sentially lost, because of the broadness of 
the phenolate absorption peak at 292 nm. 
Thus the second-derivative spectrum of the 
phenolate ion shows a detailed structure be­
tween 235 and 270 nm, where the un-ionized 
form does not present any significant feature. 
N-acTrpNH2 and N-acPheOet are not ex­
pected to show changes in their absorption 
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FIG. 2. Comparison of the second-derivative spectra 
of N-acTrpNH2, N-acTyrNH2 and N-acPheOet at neu­
tral and alkaline pH. - , N-acTrpNH., pH 7.0 and 
pH 12.5; - · - · , N-acTyrNH2 , pH 7.0; · · · · ·, N-ac­
TyrNH2, pH 12.5; - - -, N-acPheOet, pH 7.0 and 
pH 12.5. The concentration of each chromophore was 
0.05 mM; solvent: 0.05 M phosphate, 0.15 M KC!. 

spectra since they do not contain any ioniz­
able group. We have verified this assumption 
by recording the second-derivative spectra 
of the N-acTrpNH2 and the N-acPheOet 
at neutral and alkaline pH. No change was 
observed between 220 and 270 nm after alka­
linization of model compound solutions. The 
second-derivative spectra of the three chro­
mophores at neutral and alkaline pH are 
shown in Fig. 2. 

The alkaline titration of solutions con­
taining mixtures of the three aromatic chro­
mophores also showed the appearance of the 
couplet at 246 and 260 nm due to the formation 
of the phenolate ion. Figure 3A shows the 
second derivative spectrum at neutral pH of 
a mixture containing N-acPheOet, N-acTrp­
NH2, and N-acTyrNH2 in the molar ratio 
3:2:1, respectively. The positive peak cen­
tered at 260 nm arises from phenylalanine 
contribution since the second-derivative 
spectra of the other two chromophores are 
essentially flat around 260 nm at neutral pH 
(1). Alkalinization of the same solution to pH 
12.5 produces an increase of the intensity of 
the positive peak at 260 nm. Since N-acPhe­
Oet and N-acTrpNH2 do not change their 

second-derivative spectra with pH, the in­
crease at 260 is exclusively due to the for­
mation ofphenolate ion; therefore the second­
derivative value at 260 nm is the sum of two 
different contributions, i.e., the contribution 
of N-acPheOet indicated as a in Fig. 3A, and 
the contributions of N-acTyrNH2 equal to 
d 0 - a . If the concentration of phenolate ion 
is increased, the intensity of the peak at 260 
nm also increases. We have verified whether 
the value of the second derivative at 260, 
corrected for the small contribution of N­
acPheOet, i.e., d - a, followed the Beer­
Lambert law. The plot of d - a versus N­
acTyrNH2 concentration gave straight lines 
for all assayed mixtures. Figure 4 shows the 
linear correlation existing between d - a 
and N-acTyrNH2 concentration for a 
mixture, the molar ratio of which (Pheffrp/ 
Tyr) varied from 3/2/1 to 3/2/10. The 
intercept (i) between the straight line and 
the ordinate axes is related to the initial 
concentration ( C 0) of N-acTyrNH2 by the 
equation: i = aC0 , where a is the slope. 
Table 1 shows the results obtained on three 
mixtures containing different initial molar 
ratios of the three aromatic chromophores at 
pH 12.5. The concentration of N-acTyr­
NH2 varied by adding small amounts of a 
more concentrated solution. The value of i 
and a were calculated by least-square 
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Fm. 3. Details of the second-derivative spectra of a 
series of mixtures containing the same concentration of 
N-acTrpNH2 (0.10 mM) and N-acPheOet (0. 15 mM) and 
increasing concentrations of N-acTyrNH2 : (A) 0.05 
mM, pH 6.5; (B) 0.05 mM , pH 12.5; (C) 0.10 mM, pH 
12.5. Solvent: 0.05 M phosphate, 0. 15 M KC!. 
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FIG. 4. The dependence of the second derivative at 
260 nm on N-acTyrNH2 concentration at pH 12.5. The 
abscissa is the moles of chromophore added to 3.0 ml 
of a solution composed of 0.05 mM N-acTyrNH., 0.10 
mM N-acTrpNH., and 0.15 mM N-acPheOet. Solvent: 
0.05 M phosphate, 0.15 M KCI. 

method. The values of the initial concentra­
tions of N-acTyrNH2 calculated by this 
procedure were consistent with the taken 
values. 

Among the titratable groups of proteins sulf­
hydryl groups have pK values slightly lower 
than those ofnormally ionizing phenol groups. 
Mercaptoethanol was determined to have a 
pK of 9.5 in both water and 4.0 M urea (8), 
while the pK of N-acetylcysteine was found 
to be 9.8 (9). Benesh and Benesh (10, 11) first 
demonstrated that large changes in absorp­
tivity take place upon ionization of thiol 
group of cysteine; from the amplitude of the 
optical changes the same authors were also 
able to obtain the pK values of cysteine thiol 
group in presence of charged and uncharged 
amino group (10). Since the peak ofmercap-

tide ion (235 nm) is very close to that ofpheno­
late, we have examined whether the second­
derivative peak at 260 was affected by a 
concomitant sulfydryl ionization. Unfor­
tunately the second-derivative spectrum of 
mercaptide ion is almost completely super­
imposable to that of the phenolate, except 
that its intensity is lower. The phenolate 
peak at 260 nm is increased of22% when the 
ratio between phenolate and mercaptide is 
1: 1, but a higher ratio values this increase 
becomes much smaller ( 4% for solution con­
taining phenolate and mercaptide in the molar 
ratio 4: 1). 

DISCUSSION 

Tyrosyl residues have been extensively 
investigated in proteins because of the large 
absorbance change due to the formation of 
the phenolate ion that occurs at alkaline pH 
values (4,5). The 295-nm peak is usually em­
ployed for measuring the degree of tyrosyl 
ionization even though the absorptivity 
change at 243 nm is five times as large as at 
295 nm (4,5). Only in few cases, especially 
when some conjugated groups overlap the 
295-nm peak, the changes at 243 nm are used 
(12,13). From the magnitude of the optical 
changes at 243 nm or at 295 nm, the number of 
titratable phenolic groups can be determined 
(5). However this method is complicated by 
the fact that absorptivity changes may be also 
produced from conformational changes af-

TABLE l 

DETERMINATION OF N-acTyrNH, CONTENT IN MIXTURES CONTAINING ALL THREE AROMATIC AMINO ACIDS 
WITH BLOCKED AMINO AND CARBOXYL GROUPS" 

Composition of mixtures (nmol) 

N-acPheOet 

150 
600 
150 

N-acTrpNH, 

150 
150 
600 

N-acTyrNH2 

150 
150 
150 

Number of 
determinations 

4 
4 
3 

Estimated initial 
concentration of 

N-acTyrNH2 

(nmol) 

149 ± 2 
152 ± 2 
151 ± 3 

• The compositions of the mixtures as well as the estimated initial concentrations of N-acTyrNH2 ± SD 
are given as the amount of chromophore dissolved in 3.0 ml of 0.05 M phosphate, 0.15 M KCI, pH 12.5. 
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fecting the electrostatic environment of in­
dole and phenolic rings (14). Moreover, even 
in absence of tryptophan, interference may 
come out from the phenylalanine and cystine 
contributions in the spectral region between 
240 and 270 nm (14). The ionization of 
cysteinyl residues also affects the optical 
changes at 243 nm since the peak of mercap­
tide ion, centered at 235 nm, is very close to 
the phenolate maximum (5,10,14). In such 
cases measurements at several wavelengths 
indicate whether the titration curves reflect 
only tyrosine ionization or some other phe­
nomenon (15). 

One of the most interesting features of the 
second-derivative spectrum of the phenolate 
ion is the presence of a positive peak at 260 
nm arising from an inflection point present 
in the normal spectrum at the same wave­
length. This peak is far enough from the 
spectral region in which absorptivity changes, 
arising from conformational changes of the 
indole or phenolic microenvironment (14), 
may take place. In addition any contribution 
from phenylalanine residues can be easily 
corrected as indicated under Results. Un­
fortunately the use of the second derivative 
cannot reduce or eliminate the interferences 
produced by cysteine thiol ionization, since 
the second-derivative spectrum of the mer­
captide ion overlaps that of the phenolate. 
However, in proteins containing cysteine­
tyrosine ratios lower than 0.5 the increase of 
the 260 nm peak might be considered negli­
gible. We have calculated from Dayhoff 
data (16) that the average ratio value between 
cysteinyl and tyrosyl residues is 0.77 over a 
large number of proteins, but the number of 
cysteinyl residues taken for this evaluation 
also includes the disulfide-linked residues, 
which do not undergo ionization. 

The maximal tyrosyl ionization in proteins 
is usually estimated in denaturing solvents, 
which normalize the ultraviolet spectral prop­
erties of proteins to those of low molecu­
lar weight model compounds (5,18). In such 
case particular attention should be given to 
the guanidine solution, the absorbance of 

which becomes very large in strongly alkaline 
solutions especially at wavelengths lower 
than 250 nm (5,14). The second-derivative 
peak of the phenolate ion at 260 nm is not 
affected by absorbance change in guanidine 
solutions; therefore the experimental values 
do not necessitate any correction. Moreover, 
it has been shown that the optical interference 
of any other ultraviolet-absorbing material 
are completely eliminated when it produces a 
constant or a gradual background variation 
upon which the spectrum of a given chromo­
phore is superimposed (1,3,23,24). This fea­
ture makes the second-derivative spectros­
copy particularly useful in following tyrosyl 
ionization even in solution, the turbidity, or 
the background absorbance of which is very 
high. 

The linear correlation between the intensity 
of the second-derivative peak at 260 nm and 
the phenolate concentration could be used 
for the quantitative determination of tyrosyl 
chromophores in proteins when the most 
common methods fail. 
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