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ABSTRACT

Charge difference spectra were determined for tyrosine and seven
model compounds. A pertﬁrbing chérge may cause either an intensity de-
crease or an ihtensity increase depending on its sign and orientation.
with respect to the hydroxyl group. The magnitude of a spectrum dimin-
ishes as the distance between the charge and the éhromophore is increased;

" The sﬁectra observed must be largely due to intensity changés; an équa-
tion for the change in dipole strength of a charge-perturbed transition
is derived and applied to spectra of phenols and indoles, Only transi-
tion dipoles are important in the intensification of phenol spectra but
both permanent and transition dipoles contribute to intensity changes in
indolés; The magnitude of phenol difference spectré is genérally smalier
than that of indole spectra, It appears that inductive effects cannot
be the principal cause of the difference spectra observed, Applicatioﬁs

of these results to protein spectra are considered.



CHAPTER 1
INTRODUCTION

Ultraviolet spectfoscopy is among the physical‘methods that have
been most extensively applied in the stqdy of protein structure, Much_
information about the enviromments of individual protein chromophores
caﬁ be gained using spectrophotometric techniques in the ultraviolet
region-of the spectrum.

Proteins contain several types of chromophores that absorb ultra-
violgt light; these include the amino acids cysteine, phenylaianine,
tyrosine, tryptophan and histidine, the disulfide bond of cystine and
thé peptide bond itself, Ali of these chromophores have absorption bands
between 206 and 250 nm., It is. the region above 250 nm, however, that is
most characteristic of protein structure (anovan 1969) since at 1owef
wavelengths there is much overlappiﬁg of absorpfions due to different
chromophores. While cystine shows an absorption maximum at 250 nm, only
"the aromatic amino acids phenylalanine, t&rosipe and tryptophan have
absorption ﬁaxima above 250 nm, They contain the phenyl, pﬁenolic and
indolyl chromophores, respectively, and in each case absorption is due
to a m = m * transition. Phenylalanine can ordinarily be neglected since
its absorption is ~10 times weaker than that of either tyrosine or

tryptophan (Donovan 1969).
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Understanding the ultraviolet spectra of proteins is a formidable
problem, A chromophore in solution is affected by interaction with its
environment; with respect to the vapor phase spectrum, absorption bands
may be shifted and vibrational structure may diminish or disappear al-
together, TFor a chromophore in a protein molecule, the environment
includes not only solvent molecules but also the rest of the macro-
molecule; thus protein spectra may depernd markedly on conformation.

Local enviromments may differ even for chromophores of the same type;
The respective contributions of the different chromophores must alsé'be
determined.

Two approaches have been taken to make the interpretation of
proteiﬁ spectra a tractable problem, The first is the use of model com-~
pounds; the second is difference spectroscopy.

Much effort has been devoted to the stﬁdy af small modei compounds
containing only a single chromophore (see below). Such spectra show no
overlapping of absorﬁtions and there are no conformation~depehdent ef~
fects, Well-characterized synthetic polypeptides have been used as
models for conformational changesi(Glazer and Smith 1961,‘G1azer and

4

Rosenheck 1962),
J
Difference spectroscopy has proved especially useful in deter-
mining the effect of enviromment on chromophore absorption; In this
technique, the ébsorbance of a compound in a particular test state is
measured relative to the abéprbanca of the same compound at the same
concentration in a reference state; tﬁe difference spectrum thus ob~

tained shows the difference in absorbance of .the two states. The refer-

ence state may be defined arbitrarily,



I1f a molecule containing acidic or basic groups has different

charges in the two states, it is subject to a charge perturbation; the

molecule's charge can be changed by adjusting the pH of the éolution,

Solvent perturbations may be brought about by putting the compound in

solvent systems of differing composition. (It is important to note that

a small amount of-perturbant'may produce spectral changes without alter-

ing the protein'conformation while a large amount of the same perturbant

may cause denaturation,)

(Leach

1.

46

All of

Four possible causes of pH difference spectra have ﬁeen suggested
and Scheraga 1960, Herskovits 1967, Donovan 1969), These are:
Vieinal charge effects, i.e., effects of charges near chromo-
phores acting along the covalent bonds of the molecule or
directly through spacé°
Hydrogen bonding,
Changes:in polarity and polarizability of chromophore environ-
ment, perhaps involviﬁg solvent molecules,

Tonization of tyrosyl residues in alkaline solution.

these factors may be important in difference spectra due to -

tyrosyl residues,

Tonization of tyrosyl residues can be readily detected by

spectrophotometric titration. As the phenolic¢ chromophore is ionized,

there is a pronounced shift in wavelength (from 270 to 287 nm) and a

large intensification (from logf = 3,16 to logt = 3.41) (Donovan 1969).

Much work has also been done on hydrogeﬁ bonding of tyrosine and

related model compounds (Grinspan, Birnmbaum and Feitelson 1966; Chignell



and Gratzer 1968; Bailey et al, 1968; Strickland et al, 1972), It has
been reported that hydrogen bonding of tyrosyl residues is probably
»responsible fof the pH difference-speétrum of bovine plasma albumin
"(Williams and Foster 1959).

Less éttentibn, however,'has been directed toward vicinal charge
effects or polarity and polarizability changes. The acid versus neutral
charge difference spectrum of tyrosine itself has been rePorted
(Wetlaufer, E&sall and Hollingworth 1958;4Mihalyi-1968;_A‘zary and
Bigelow 1970), as have those for a few model compounds (Wetiaufer.ét al,
1958, Yanari and Bovey 1960),

Furthermore, there is-little understanding of how such effecfs
might operate., Yanari and Bovey (1960) have claimed that inductive -
vicinal charge effects are not sufficient to account for pH difference
spectra in proteins, but they also maintain that ;icinal cﬁarges may be
important in specific caéés. It is apparent, however, that a charge
must be.quite close to a chromophore if it is to affect the absorption
(Wetlaufer et al. 1958; Donovan, Laskowski and Scheraga 1961). It is
not kno%n whether such effeéts are transmitted to the chrdmophore pri-.
marily by an inductive route along covalent bonds within the molecuie
or whether they are mediated by the solveﬁto

Such questions are especially importaﬁt in view of the fact that
Donovan et al, (1961) have reported that pH difference spectra of
lysozyme are dué to charges near indolyl chromophores, Andrews and
Forster (1972) have sfudied charge difference spectra of a variety of

indole derivatives, It is desirable to determine if analogous effects



are associated with the tyrosyl'residues of other proteins and to make
a study of model compounds containing the phenolic group,

This work is an attempt to determine charge difference spectra
for model compounds containing the phenolic chromophore, to determine
if possible how suchveffects occur and to offer generalizations that

would be applicable to protein difference spectra,



CHAPTER 2
METHODS AND MATERTALS

Techniques of difference spectrophotometry are well-established,
Possible sources of error are of two types: errors in preparation of
sqlutions and instruméntal érrors, | ~

Stock solutions of the model compounds used in this study;were
prepared by dissolviﬁg dry samples in distilled water in 500 or 1000 ml
flasks; tﬁese stock solutions had concentrations dround 2 x 10-3 M,
Absorption spectra were taken of solutions 10-20 times more dilute; the
‘solutions used for difference spectra were about 10-3 M. In all cases,
thé}sPectra were obtained the same day the solutions were made up; sever-

al of the stock solutions showed decfeases in peak heights after two or
more days.

A Cary 14 double beam spectrophotometer was used in all experi-
ments, The scans were begun a£ 350 nm, well above the region of‘absorp-
tion. Difference spectra were taken with the dynode voltage setfing at
‘2 and the slit control at 25; slit widths were below 0.8 mm until about
235 om, when the slit.began‘to open ‘rapidly. The absorbaﬁces of the
solutions used were around 1.5 and in no case gréater than 2, Direct
absorption spectra were obtained with a dynode .setting of 1.

The absorbances obtained in this study are well within the limits

suggested by Herskovits and Sorensen (1968) after their study of solvent



perturbations of model compounds. Using a Cary 14 instrument, they
found that a plot of absorbance versus concentration will be linear
‘below 2.2-2.5 absorbance units, i,e.; € will be independent ofrcon-
centration; Photometric errors therefore are presumed to be absent,
Also, Herskovits and Sorensen (1968) found that AC is independent of
slit width as long as the width is below 0,75 mm. Spectral bandwidth
is not as criticallfor the accurate determination of a difference spec—‘ 
trum as it wouldrbe for a direct absorption spectrum (Donovgn 1969)5?
the height of a difference spectrum is determinéd by the slope of fhe
absorption spectrum and at a resoiution insufficient to determine the '
height of an absorption spectrum accurately, the absorption at the sides
of the peak, and thus the difference spectrum, will be determined some-
. what more accurately. Donov;n (1969) estiméted that slit widths three
to five times greater than optimal can be used without loss of resolu-
‘tion of a difference spéctrumo |
The stock solution of each compqund investigated was diluted in
0.1 M HCl and pH 7 buffer. A .5 ml pipet and 10 ml volumetric flasks
were used for the preparation of the diluted solutiops? Both the buffer
- and the acid solutions used in making the dilutions were non-absorbing
over the Wavelength region of ihterest, Reference-reference baselines
were run before each difference spectrum. These were hearly flat
(corfections 0.005 or less) down to 230-240 nm, indicating that the
cells were well-matched, The buffer éolution was used for the refer-
. ence and the acid solution (about pH 1;3) was used for the sample for

all compounds except p-hydroxyphenylacetic acid, for which the reverse



. | ) 8
is true, The spectrum of this compound is sho@ﬁ in Figuré 1 as if the
neutral solution had been used as the reference, however. After deter-
mination of the baseline, the sample cell was emptied, rinsed, dried
» and filled with the samplersolution. The difference spectrum was then
obtained,

The pH 7 buffer used was pHydrion buffer manufactured by Micro
Essential Laboratory, Inc., Of the model.compounds studied, tyramine
hydrochloride, o-hydroxypheﬁylacetic acid, m-hydroxyphenyla;etic acid,
p-hydroxyphenylacetic acid and 3-(p-hydroxyphenyl)—propionié acid %ere
obtained from Aldrich Chemiéal Company.- L-tyrosine ethyl ester and
'N;acetyl-DL-tyrosine were from Schwartz[Mann while L-~tyrosine was gotten
from Calbiochem. The compounds were dried before use but not further

purified,



260 270 280 290

X(nm)

Figure 1. Acid versus Neutral Difference Spectra of (Top to Bottom) o-Hydroxyphenylacetic
Acid, 3-(p-Hydroxyphenyl)-Propionic Acid and p-Hydroxyphenylacetic Acid.



CHAPTER 3
THEORY

.There are three possible causes of difference spectra: spectral
shifts, intensity changes and broadening or sharpening of vibrational
structure.,

Although changes in structure may be important in solvent-induced
difference,sp;ctra (Coggeshall -and Lang 1948), they will not be consid-
ered further here. Water was the only solvent used in these experimenés
so individual vibrational transitions were not resolved in the absorp-
tion spectra. Furthermore, it is difficult to see how a perturbing
charge éould affect vibrational baﬁds differently to produce a difference
spectrum,

As a first approximation, a differeﬁce spectrum is considered to
result ffom.a shift of the entire absorption spectrum. As discussed by
Donoﬁan et alﬁ (1961), if an absorption spectrum described by £(A) is
shifted to a.ionger wavelength by an amount Ak, the resulting spectrum
is giVen>by'8(h - AK)iand may be expanded in a Téylor series about a

wavelength A

K

| ] Y™ (ay

€y - A0 =€) +z = »<d)\n>>‘k 1
n=1 .

10



If only the first derivative is retained, the difference spectrum is
given by

AEQ) =EO - AL - EQV) = -AK%: (2)

Thus the difference in extinction coefficient is directly proportional
to the wavelength shift, the proportionality constant being the negative
‘of the slope. Equation (2) will be most accurate at extrema of the

. - - 2

difference spectrum; at such wavelengths, ) will be zero,
di :

A bathochromic or red shift occurs when the spectrum is shifted
toward 1onger'wave1engths, 1f the shift is toward shorter wavelengths,
it-is termed a hypsochromic or blue shift,

It is of interest to note that if a symmetric absorption peak |
showing no structure is shifted without intensification, a-difference
spectrum with positive and negative lobes of the same size and shape
will result,

Ffom Tinoco and Bush (1964), the frequency shift in an electronic

transition due to a static electric field is

av = @& - B ®

where Av is the frequency shift, h is Planck's constant, E is the

. ‘ —
electric field vector of the perturbing charge and Ap is the difference
in the dipole moment vectors of the ground and excited states, Con-

verting thié'expression to one in terms of wavelength, one obtains

Ax=‘7\—(Eh;—AE)— , - , (%)
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Thus the wavelength shift is seen to depend on the region of the
spectrum wﬁere the shift occurs, the magnitude of the electric field due
“to the charge, the magnitude of the difference in dipole moment betweén
the initial and finél states and the relative orientation of the two
vectors,

Thé intensity of an electronic transition may be defined in-
several ways, but the quantity usually discussed is the osciliator
strength, which can be related directly to the experimentél_spect;al
data as well as to the computed transition dipole moment (Suzuki 1967),

The integrated intensity of an absorption band is the area under
the band and may be determined from the spectrum, If the extinction co-
efficient is given as a function of wave number, the integrated intensity

is the integral

~o

v, L '

- [Ze®a& o (5)
vy ~

The limits of the integration may be ambiguous if different absorption

bands are not clearly separated from one another, "

The oscillator strength fi

£ is proportional to the integrated
intensity, In gaussian units,
3 2 ™
, 107 (1 ' N
£, = plme. 20054 » ©®
if 2 ~ ,
me N v : v

1
Here m and e are the mass and charge of an electrom, respectively, c is
the speed of light and N. is Avogadro's number, The transition is from

state i to state f,
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For a sufficiently narrow absorption band, fi will be propor-

£

tional to the square of the transition moment integral

: 8n2mc'~ 2 : :
£ ™ T an Viflis o (7

'Mié is' called the dipole strength and is given by

Mg =| J ¥y Q gl "‘Z ZIrI>¢f(_1\T] | (8)
i1 - | |

¢i and ¢f are the vibronic wave functions of the initial and final

-

) -
‘states, ¥, is the position vector of the ith electron and ZI and ry

are the atomic number and poéition vector of the Ith nucleus,
No treatment of intensity changes due té intramolecular ch;rge
' pefturbations has been published., A derivation of a.general expreséion
for the dipole strength of a éharge—perturbed transition is given hereA
along with the expression for the special case of a three 1ével system,
The potential energy of a system consisting of a charge and an

electric dipole is

U=—p«§ ' | , ¢
where ; is the dipole moment and E the electric field due to the charge,
Thq distance from the éharge to the dipéie is assumed to be>much greater
than the length of the dipole itself,

The perturbation Hamiltonian will be taken to be

1

H =-;=E=e2?k° (10)
k -

PUNLPQU >
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R is the distance between'the charge and the dipole, R a unit vector,
g the perturbing charge and e the charge of an electron., For a system
of axes fixed in the chromophoric portion of the molecule, the position

% the sum is over all electrons of the

of the kth electron is given by T
chromophore, Tt is assumed that the perturbing charge is not part of
the chromophore itself., In choosing this form for the Hamiltonian, the
additional ssumption is made that the perturbing charge acts directly
through'space and not inductively along bonds.

Using first order perturbation theory for non-degenerate energy

levels, the perturbation matrix elements can be written

1 ' LN . 41; .
my= Gl ) = Gl D - 5 | an
. k

The wave functions ¢f and ¢? are assumed to be real and normalized., If

i= 3,

ji
5 |

wole) Flvp =5y, (12)
i A : '

while if i # i,

l

(wgleZ ?k_lw,?> = M, (13)
k- B - :

The wvectors ;ii and ﬁij correspond to the real dipole of the molecule

in state i and the transition dipole for the j — i transition,

respectively,
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The trén81tlon dipole for the 0 — 1 absorption is, in general

l
—

%lez k“‘o) "J[‘l’l z - m;O ‘4’:?1 ]ez i
| , K

m#l 1

'l
H
0 n0 0
[¢O+Z 0! ]d
n#O n
' .
H — H
= : n0 M. +
—M"+Z-—-——-— P
10 . 0 _0 y EG EO mO

n#0 "0 Fn mAl B1

B (14)

+ 77 )( 2%5) T

m#l n#0 1 0 n

0,1,m,n) is that of an unpertﬁrbed molecule in the ith

0
. The energy E.(i = 0,1,
etc,, are those of unperturbed

state and the transition dipoles MlO’

transitions,
Squaring this expression and keeping only the terms in q/Rz,

there results

2 +m_ e
10 (Eo_Eg)Rz "0

— — °Rq -—) -
-2 E (Eo EO)RZ Mig * My = 2 2 (Eo Eo)Rz Mo " My (1D
n>2 0 m>2 ' '

The Hermitian property of the dipole moment operator has been used in

collecting terms,
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If only three energy levels are considered, the summations give

simply
M °Rq »
2 2 10 . 2 -
MY =My + 75 ooz Mo * (Poo” P1p)
(E;-E DR
170
2M °Rq M °Rq :
- M., M, - —=—— M. ° M, - (16)
0 _0,..2 710 12 0 _0,.2 710 720
(B, -EQ)R - (E,-E)R ,

The intensity change produced by a charge is therefore seen to
depend on geometrical factors, various actual and transition dipoles,

the spacing of the energy levels and the sign of the charge,



. CHAPTER 4
RESULTS AND DISCUSSION

" ‘The results obtained in this study are shown in Figures 1 and 2,
and Tables 1, 2, and 3, The figures show the difference spectra obtained
fqr tyrosine and for seven model compouﬁds, The sPé;tra have been off- -
set for clarity and the absorbénce scale is not the same for different
spectra, Numerical data from the difference spectra are given in Table
3. Tables 1 and 2 give data from absorption spectra Which'are not re-
produced here; the absorption spectrum of-tyrosine closely resembles
those of all the model compounds except o~ and m—hydroxyphenylacetié
acid,

The absorption spectra of o- and m-hydroxyphenylacefic acid are
qualitatively quite different from those of the other compounds, All
the other compounds have an absorption maximum at 275-276 n@ and another
at 221-224 nm. While the ortho-.and meta-substituted compounds have
maxima at 272-273 nm, they have no other maxima above 200 nm, There are
shoulders at about 215 ﬁm, but they are not prominent, These results are
in accord with those of Dearden énd Forbes (1959), who studied many sub-
stituted phenols and found that ortho- and meta-substituted phenols had.
low anelength absorption spectra quite different from thoée of péra

isomers, 1In addition, the absorption of o-hydroxyphenylacetic acid at

17



t A<=-29

260 270 280 290

\(nm)

Figure 2. Acid versus Neutral Difference Spectra of (Top to Bottom) Tyrosine, N-Acetyl
Tyrosine, Tyrosine Ethyl Ester, Tyramine and m-Hydroxyphenylacetic Acid.



Table 1, Absorption Maxima 200-300 nm,

19

' -3

Compound ,Kmax(nm) Emax(l/molé-cm)xlo
tyrosine 275.0 1,42
223,0 8,06
o-hydroxyphenylacetic acid 272,2 1.98
m-hydroxyphenylacetic'acid -272,8 1,42

p-hydroxyphenylacetic acid 276.0 1,37

' : ©.223.6 6,76
- 3-(p-hydroxyphenyl) -propionic acid 275.7 1,50
222,0 7.31
" N-acetyl tyrosine 275.5 1,24
: 223,0 7.76
tyramines HC1 - 275,0 1,40
' . 221.3 7,09
tyrosine ethyl ester 275.5 1.33
‘ 2 223.0 7.83




Table 2, Extrema in Difference Spectra 250-300 nm,

- 20

‘reference at pH 7, sample at pH 1,3

-1 -1
Compound A (nm) AEM Tem ) lASﬁSmaX]—
-tyrosine 285.1 - 57 0,040
277.8 - 19 0,013
tyramine°HC1 286,7 - 29% 0,021
tyrosine ethyl ester 285,.1 = 80 0,060
o 277.9 - 42 0,032
N-acetyl tyrosine 285,8 - 59 0,048
' . 277.9 - 13 © 0,010
o-hydroxyphenylacetic acid 282,2 - 62 0,031
268,1 58 0,024
m~-hydroxyphenylacetic acid 283.8 + 73 0,051
275.7 + 110 0.0775
268,.3 + 107 0,0754
p-hydroxyphenylacetic acid 285,5 - 324 0,236
: 277.7 - 161 0,118
264,6 + 53 0,039
3-(p-hydroxyphenyl) -propionic acid 286.2 - 96,3 0.0642
. 278,3 -~ 41 0,027

*. lower limit
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Table-3, Absorption of Tyrosine in H

,0-
A (nm) € (1/mole-cm) o : A (nm) 4 € (1/mole~cm)
204 6370 : 275 . 1420
206 ' 5300 : 276 1390 .
1208 _ 5000 278 1240
" 210 _ 5060 : 280, 1200
212 ' 5310 _ 282 1130
214 - 5690 284 910 .
216 6210 286 548
218 6850 ' ' . 288 260
220 ' 7520 ‘ 290 ‘ : 121
222 7970 292 : - 19
223 . 8060 ' 294 1
224 7970 296 1
226 7440 . 298 0
228 ' 6370 . - , - 300 0
- 230 4880 ' ‘
232 3300
234, 1940
236 1120
238 - 631
240 390
242 288
244 - . 241
246 - 251
248 - 260
- 250 269
252 : 288
254 - : 306
256 A 362
258 ‘ 455
260 557
262 - 659
264 752
266 ' 910
- 268 1020
270 . . 1180
272 1320

274 1400
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272,2 nm is far more intemnse than the long Waveléngth‘ébsorption of any>
of the other compounds, The extinction.coefficient for the meta iéomer,
hoWevef, is the same as that of tyrosine and comparablé to those of the
ofher para-substituted compounds, |

The differeﬁce spectra of all the para-substituted phenols (pH
1.3 wversus pH 7) are qﬁite similar in shape, showing two negétive peaks
to the red of the absorption maximum and a broad structureless positive _
peak at shorter wavelengths., The ﬁoéitive peaks are of muéh smaller
areavthan the negéfive peaks° Difference spectra of o- aﬁd m—hydroxj—
:phenylacetic aéid differ in appearance from those of the para compoundé
and from each other, The difference spectrum of m—hydroxyéhenylacetic
acid shows three peaks and does not cross the baseline; o-hydroxyphenyl=-
acetic acid has both a negative and a positive peak but the positive
peak has a greater area,

Differénce spectra of all eight compounds haﬁe their longest
ﬁavelength extrgma about 10 nm to the red of the absorption maxima, For
the pafa compoqnds, these extrema occur at 285-287 mm; o- and m-‘
hydroxyphenylacetic acid have ext?ema at slightly shorter wavelengths,

There are wide differences in .the magnitudés of the difference
spect#a as measured by ]AS/SﬁaXI,. Vaiues of |A€/€maXl vary from 0,236
for p—hydroxyphenylacetic acid to less than % this number; The value
for thydroxyphenylaceticVacid is much higher than that for any of the

other éompounds studied; the next largest value (for m-hydroxyphenylacetic

acid) ‘is only about ome-third that of the para isomer,
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In consideration of pH difference spectra, it has often been
agreed that a perturbing charge must be quite close to a chromophore--
ﬁithin only a few bond lengths--to produce a measureable difference
spectrum,
| The effect of the separation of the perturbing charge and the
tyrosyl chromophore'has been considered previously by Wetlaufer et al,
(1958), They found that the difference'spectrum due to the ionizatiop
of the amino group in glycyi—o-methyityrosine (iﬁ which the:amino_groué~
is three atoms removed from the o carbon)is barely detectable, while for
the comparable difference spectrum of O-methyltyrdsine AS§23O 1/mole-crﬁo
These workers predicted that a charge will have no effect on a chromo-
phore unless they aré closer than ~10 & apart,

In this study the effect of distance is shown in the difference
spectra of p-hydroxyphenylgcetié acid and 3-(p-hydroxyphenyl)-propionic
~acid, Although the épectra are very similar in shape (see Figure 1),
the A for p-hydroijphenylécetic acid is more than three times greater
than that for'3-(p¥hydroxyphenyl)—propionic.acidw The increase in
charge-chromophore distance with éhain length can be seen by éomparing
the space-filling molecular models shown in Figures 3 and 4, While
3-(p~hydroxypheny1)-propionic acid does have certain conformations in
which the charge is closer to the chromophore thanvin the model shown in
Figure 4, these conformatioﬁs are sterically somewhat crowded,

The amino-group of tyramine is very ¢lose to the phenolic ring--
no more than one van der Waals radius away as illustréted in Figure 5,

The difference spectrum of tyramine is very small but this can be



Figure 3. Molecular Model of p-Hydroxyphenylacetic Acid Showing
Typical Conformation.



Figure 4. Molecular Model of 3-(p-Hydroxyphenyl) -Propionic Acid
Showing Unstrained Conformation.



Figure 5.

Molecular Model of Tyramine Showing Typical Conformation.
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attributed to the fact that at pH 7 nearly all the tyramine molecules
will already have been protonated; the AE Vaiue determined for this com-
pound is therefore'a lower 1imita The actual value cannot be determined
since at pH values sufficiently high for the amino group to be uncharged,
the phenolate ion will be formed and its speetruﬁ Will-obscure‘that of
the amino group (Wetlaufer et al, 1958). The small observed spectrum
ﬁay be due to differences in ionic strength between the sample and the
reference, Such an effect presumably would be the same fof'al} of fhe
difference spectra obtained so the result for tyramine givee an upper
limit to the possible.erIOr in the spectra due to the presence of ealtéq

It has been noted several times that,inorganic salts can produce
difference spectra when added to solutions of phenolic compounds
(Wetlaufer et al, 1958, Bigelow and Geschwind 1960, A'zary and Bigelow
1970), 1In perticular, A¥zary and Bigelow.(1970) found that concentrated
HC1 causes an increase in AC for the libfband of tyrosine after protona-
.tion of the carboxylate group is complete; the lL band is unaffectedo‘
Data of these workers suggests that such an effeci occurs below about
pH 2,

In N-acetyl tyrosine and 3-(p-hydroxyphenyl)-propionic acid,
there are three carbon atoms between the aromatic ring and the oxygen
atoms of the carboxyl group, Steric strain is importent in many con-
formations-ef N-acetyl tyrosine; in the less strained conformations,
the carboxyl group is quite far from the chromophore (see Figure 6),

Crowding is less serious for the simpler, less bulky substituent of

';‘3-(p-hydroxypheny1)—propionic acid, and the carboxyl groﬁp of this



Figure 6. Molecular Model of N-Acetyl Tyrosine Showing Unstrained
Conformation.
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molecuie would be-ekpected, on the average, to‘be somewhat closerltofthé
phenolic chromophore than the carboxyl group of N-acetyl fyroéinea-_This
interpretation is in agreement witﬁ the>differen§e spectra; A is -59
fbr.N—acetyl tyrosine and -96,3 for 3-(p-hydroxypheny1)-propionic acid;

'For tyrosine, tyrésine ethyl esﬁer and p-hydroxyphenylacetic acid,
thére are two carbon atoms between the aromatic ring énd the charged atoms,
When the three molecules are in conformations such that the charge—'
chromophofe»distancé is a maximum, the amino groups afe somewhat furthef
from the chromophdfe thaﬁ is tﬁe carboxyl group of p-hydroxyphenylacetic

écid (see Figures 3, 7 and 8), On the other.hand, the charge of 'a carboxy-
late group will be divided.betﬁeen the two oxygen atoms (accordingiy, the
charge may not behave as a point chargé, ésﬁecialiy close to the chromo-
phore, so Equation (16) may not be_adeduate), and the oxygen atoms of
p-hydroxyphenylacetate cannot éimultaneously be brought as close to the
chtomophore as the ﬁitrogen atom of tyrosine or tyroéinelethyl ester,

Data for the three compounds indicates-that an inductive effect
cannot'be the principal cause of these difference spectra. An inductive
éffect would dééend only on fhe nﬁmber.of carbon atoms betweep the charge
and‘the chromophore; so if the perturbatién acted inductively, IASI for
' the three compoﬁnds should be the same, 'For p-hydroxyphenyléceticiacid,
however, it is more than four times greatér than that for either tyrosine
or. tyrosine ethyl éster° _Charge difference spectra of phenols therefore
are probably pfimarily due #o interactions directly through space,

These results for phenols may be compared with those of Donovan

et al, (1961) and Andrews and Forster (1972) for indole derivatives,



Figure 7.

Molecular Model of Tyrosine Showing Maximum Charge-
Chromophore Distance.
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Figure 8. Molecular Model of Tyrosine Ethyl Ester Showing Maximum
Charge- Chromophore Distance.
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Donovan et al, (1961) compared the amino group ionizations of glycyl-
tryptophan and tryptophan, In tryptophan there are two atéms‘sepafating
the amino group from thé-indolyl chromophoreg in'glycyltryptophan there
'_afe'five,» These workers found thét A€ 'is ten times Ieés inrglycyltrypﬁoé
phan than in tryptophan, Andrews and Forster (1972) studied 3-indole-
butY?ic acid, 3—indole§ropionic acid énd 3-indoleacetic .acid, The AS
values for these compounds werérapproximately in the ratio 1:3:8,

If is clear’that‘both for phenol and iﬁdole derivatives there ié :
a propounced decrease inktﬁe mégnitude of chérge diffefénce spectra as
:the distance between the charge and the chromophore is increased, The
actual size of the decréase, however, varies widely among different modelv
compqundsa | |

As mentioned above, the absorption spectra of o- and m-hydroxy-
pheﬁylacetip acid have a close resemblance but both differ from the spec-
trum.of the para—isémero The difference spectra of the tﬁree-isomers,
However, arerall different, As would be expected, the substituents of
the orfho isomer are in close proximity (see Figure 9). ‘Spécific‘inter-
actions such aé intramolecular hydrogen bonding are therefore»possible'if
the.substituents are ortho, Space-filling molecular models reveal, how-
ever; that in tﬂe meta isomer thé'substituents cannot approach closer
than 2-3 van. der Waals radii (see Figure 10); interactions between sub-
stitﬁent groupskare unlikely at éucﬁ distances,

All the para compounds investigated»have difference spectra (acid
vegsus neutral) in whiéh the negatiVe 1obevis substantially larger than

the positive lobe. The spectrﬁm of o-hydroxyphenylacetic acid has a



Figure 9 Molecular Model of o-Hydroxyphenylacetic Acid Showing
Typical Conformation.



Figure 10. Molecular Model of m-Hydroxyphenylacetic Acid Showing
Closest Approach of Substituents.
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positive lobe that is much»larger than the_negatiﬁe lobe, and the spec-
'_trum of muﬁydroxyphenylacetic acid does not cross the baseline at all,

. If the differencé épectra were due solely to a wavelength shift
of the 1onggr wavelength 1A.ﬁ 1Lb band, they would Shqw positive and |
Anegative lobes of abproximately equal size, (The coméounds used have a
slight shoulder on the 1oﬁg wavelength side of the absorption max imum
and quite a long tail on the shoft Wavelength side, so they would not be
" expected  to have symmetric difference spectra;)' o

For indole derivafives, it is possible to explain differenée
spectra Wifh one 1obe much larger thaﬁ fhe éther with the observations -
(Andrews and Forster 1972) that the 1La and 1Lb states are close together.
and that charge perturbations can shift the two tranéitions in opposite
directions; the transitions méy overlap in such a way that one of the
lobes is obscu?ed, Such an explanation will not apply to phenolé, how-
ever, since the 1La and 1Lb bandslére separated- by about 50 ﬁﬁ; the

1A - 1La band can have only a negligible effect on the longer wavelength

1
b

Thus the difference spectra of the compounds studied must be due

A - 1L transition,

in. large part to intensity changes, Shifts also occur, but they cannot
accouﬁt for all the features of the spectra, (See Appendix for a discus-
sion of.aftempts to perform a gaussiah analysis on the spéctraq)
"1t has been éhown (see Theory) that if the correction terms with
:a 1/R2 dependence are large enough,rthere is a substantial Ehénge in the
. dipole strength, .Intensity changes are therefore a plausible éauée-of

difference spectra,
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As the data for the model compounds shows, the effect of a
perturbing charge depends on the orientation of the substituents, For
para isomers, a negative charge causes an intensity increase and a posi-
tive charge causes an>intensity decreasé, For ortho isomers, it appears
that perturbation by a negative charge leads to intensification while
for meta isomers a mnegative charge seems to lead to an intensity decrease,

- Both tyrosyl and tryptophyl residues can give rise to protein
difference spectra in the near ultraviolet, It is of interest, there-
fore, to compare the general features of the spectra of apﬁ}opriate
phenols and indoles,

Absorption spectra of indole and phenol derivatives differ in an
important way, While for phenols tﬁe two transitions seen in therultra-
violet spectrum are alwa&s we11>separated, they overlap‘in certain in-
doles, Furthermore, the superimposed indole transitions‘réspond differ-
ently to envirommental influences (Andrews and Forster 1972). Solvent
perturbations appear always to shift the 1La and'lLb bands in the same
direction, In certain model compounds, however, charge perturbations
shift the two bands in opposite directions, Inténsity changes play only
a minor role in the difference spectra of most indoleso Charge differ-
ence spectra of phenols and indoles, therefore, are due to different
causes,

In most of the model compounds that have been studied so far,

)E values for phenols are substantially less than those for indolgs° It
therefore appears probable that tryptophyl residues wili make consider-
ably more contributidn to charge difference spectra in proteins than

will tyrosyl residues,
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The relativé importance of the correctiﬁn terms in Equation (16)
can be partially assessed using data available in the litefatﬁreo Berndt
and Kwiatkowski (1970) héve given the aﬁgles of éolariiation for the
eiectronic transitions of pheﬁol, The actual symmetry-of phenol is only

Cl; the effective symmetry, however; is usually considered to be CZV’

Only 1f the bonds to the oxygen atom made a 180° angle could the molecule

have a C2 axis and two symmetry plames, Since the hydroxyl group is

f;eely rotating, the phenol molecule is regarded as belonging to the sz
point group. Thiégassumption has also been made for tyrosine and p-cresol
(Horwitz, Strickland and Billups 1970; Sponer 1942) and is consistent with

the vibronic spectra of these compounds, Considering the symmetry to be

CZ% and defining the z axis as the axis through the oxygen atom and C1

and C4, the y axis as the other axis in the plane of the aromatic ring

~

and the x axis as the axis perpendicular to the plane, the 0 —» 1 transi-
tion is y—polafized and the 0 — 2 transition is z-polarized, The

transition moments M,  and M therefore are perpendicular and the final

10 20

correction term vanishes, Assuming that the ground state wave function
¢O.transforms as the totally symmetric A1 representation and considering

the direct product representations of the integrands of the transition

1° "12

will be y-polarized. The second correction term will then be. expected

- moments, {, is found to transform as B, and ¢2 to transform as A

2

to be large since ﬁlo and.ﬁ12 will be parallel, Information in the
literature about permanent dipole moments for excited states of phenols

is scanty, but Lombardi (1969) has determined that the dipole moment in

the first excited state of phenol differs only slightly from that of the
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 tﬁe grbund state but is probably increased., iﬁ the 0 - 1 transition,
the phenol molecule contracts along the =z aﬁis; the excited state éppar~
éntly,has appreciable quinoid character; For a éharge para to the

a~ e

hydroxy group, R will be along the ¥y axis and ﬁlo ° R will be zero., Only
the second correctidn term will be important for charge-perturbed para-
subsfituted phenols; the difference in permanent dipole moment of the
ground and excited states has no effect,

| .This aﬁalysis will apply only to para—sub;titutéd'phenols; thoée-
with substituentsfortho‘bf meta to the hydroxyl group will héve oﬁly CS
symmetry, Intensification does mnot appear to be wvery important in thej
difference spectrum of o-hydroxyphenylacetic acid so phenols with ortho
substituents will not be discussed further, The épectrum of m-hydroxy-
phen&lacetic acid;»however, does not cross the baseline at all, A
change in intensity must be the primary cause éf this difference-spec—
trum,. Assuming théf-the traqgition dipole moments have the same orien-
tafioné regardless of substitution on.the phenoiic ring, group theoreti-
cal arguments analogous té those above show that ¢0’ ¢1 and ¢2 all
transfo?m as A{ for phénols of CS symmetry, The last correction term

10 20

The vectors R and ﬁlz will each have components along both axes in the

' — — i
in Equation (16) will vanish since M,. and M,, will be perpendicular,
plane of the aromatic ring, so the second correction term may be large,
The importance of the first correction term cannot be determined without .
information about permanent dipole momenté<of substituted phenols, which

is unavailable,
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For indole, the transition moments of the lA-ﬁ 1Lb and 1A - 1La

transitions make a 92° angle (Yamamoto and Tanaka 1972) ., The final
.correction term in Equation (16) wili then be wvery small, Indole is of
low symmetry and peither the ﬁlO nor the ﬁZO transition moment is along
‘any of the axes of the molecule‘so the gecond correction term may be
presumed to be quite important, For indoles, in contrast to the situa-
tion for phenols, the first correction term is likely to be important, .
~Although information on the orientation of indoletpermanent dipole
moments is lacking, the magnitude of the difference in dipoie momént
between the excited and ground sﬁates has been reportea to be ~5 D
(Mataga, Torihashi and Ezumi 1964); unless the dot product is small,
this term is likely to make é large contribution. Permanent dipolé

moments appear, therefore, to be more important in the intensification

of charge-perturbed spectra of indoles than of phenols,



CHAPTER 5
SUMMARY

Charge difference spectra of tyrosine and seven model compounds

were studied, All the para .isomers investigated have difference spectra

that are very similar in shape although they differ greatly in magnitude, -

The differehce spectra of ¢ ~, m- and p-hydroxyphenylacetic acid;afe
quélitatively very different, however, In all the difference spectra, ,
oneJlobe is larger than the other; for m-hydroxypheﬁylacetic acid the
spectrum does not cross the baseline ét all, Such effects can only be'
due to changes in the intensity of absorption, Evidence was obtained
Which suggests that interactions through space, réther than inductive
interactidns, are the principal cause of these difference spectra, An
expression for the change in dipole strength when a transition is per-
turbed by a charge was derived using perturbation>theory, Examination
of thié equation shows that the change in permanenﬁ dipole moment upon
excitation appears to be of minor importance in the intensification of
spectra of para-substituted phenol derivatives; such changes are 1i%élyr
to be much more significant for indoles, vTrénsitidﬁ dipole terms Will
be important in the intensification of spectra of both types of compound,
Charge difference spectra are generally smaller for phenol than for in-
dole derivafives so it is iikeiy that tryptophan will be more important

than tyrosine in protein pH difference spectra.
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APPENDIX

ATTEMPTED GAUSSIAN ANALYSIS OF THE SPECTRA

It is desirable to perform a gaussian analysis on a difference
spectrum to determine the wavelength shift and intensification as
quantitatively és possible, 1In this stﬁdy, analysis of the difference
séeétra was attempted both'by means of a digitél computer program and a
Dupont 310 curve resolver, |

Thercomputer program will fit up to ten gaussian peaks to a
spectrum, It requires as input parameters the estimated positions,
heights and widths at half-height of the number of gaussiaﬁ peaks to
be used in the fitting as well as thebobéerved heights at regular wave-
length intervals, The program theg adjusts the estimated gaussian curves
so that théir sum fits the observed spectrum to a specified precision,

The program successfully fit an absorption spectrum with three
gaussian peaks but not with four or five, With more than three peaks,
the program shifted intgnsity away ffom the center of the spectrum to
the wings; when too much iﬁténsity built up near the extremes of the
absorption band, the program invertéd peaks of its own accord,

In view of the progression of vibronic peaks in the low tempera-
- ture spectra of tyrosine and other para-substituted phenols (Horwitz
et al, 1970), fitting an absorption spectrum with only three gaussian

curves is not physically realistic,

41
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In principle, once the absorption spectrum.of a compound has been
fitted, the resulting gauséian peaks can all be shifted in wavelength,
‘inverted and combined with the unshifted corrected pgaks to give input
parameters for the fitting of a differencelspectruma

When the program fitted a difference spectrum with three inverted
and three normal peaks, it shifted two of the inverted curves to longer
wavélengths and the other to shorter wavelengths. The program evidently'
lacks sufficient constraints to ensure that curve fitting of a differ—
ence spectrum gives reasonable results, Usé of a computer Qés abandoned,

Use of a curve resolver also proVed unfeasable, The differencé
spectra to be fitted were of small magnitude, and absorption spectra at
the same concentrations had absorbances 50.1arge that the instrumeﬁt's
-system of mirrors could not display the entire abéorption spectrum at
oneé time, The instrument also had a serious instability; éven over a
~period of a few minutes, curves often did not retain their original
gaussian shape, Furthermore, it was impossible to get a flat baseline
with the large peaks required; the deviations from flatness in the base—r
lines were nearly as large as the difference spectra themselves -and the

spectra: could not be accurately fitted,
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