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Abstract

Lowest singlet excitation and emission energies of the three aromatic amino acids (phenylalanine, tyrosine and tryptophan) that a
known to absorb ultraviolet radiation strongly were obtained using gas phase ab initio calculations. The 3-21G basis set was used a
the excited states were generated using configuration interaction involving singly excited configurations (CIS). The calculated excitatio
and emission energies reproduce the observed trends satisfactorily. The changes in geometry consequent to excitation take place in
molecules mainly in the corresponding six-membered rings. The rings of phenylalanine and tyrosine get somewhat expanded consequen
excitation. This is in qualitative agreement with experimental results on substituted benzenes obtained from high resolution spectroscoy
The changes in the geometry of tryptophan following excitation are somewhat different from those of phenylalanine and tyrosine. Groun
and excited state molecular electrostatic potentials suggest that hydrogen bonding patterns of the three amino acids would not char
appreciably following electronic excitation of the molecules which explains why structures and activities of proteins and enzymes are nc
seriously modified on ultraviolet irradiation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction that ground state MEP maps of a large number of molecules
have been studied with regard to different properties and ac-
It is known that enzyme activity is not seriously affected tivities [3-9], e.g. those relevant to drug design, but studies
by ultraviolet irradiation although it is appreciably sensitive of excited state MEP maps are scarce [10,11].
to heat treatment [1]. It is somewhat surprising in view of  From the structural point of view, phenylalanine, tyrosine
the fact that three of the naturally occurring amino acids, and tryptophan are monosubstiuted benzene, phenol and in-
namely, phenylalanine, tyrosine and tryptophan (Fig. 1) ab- dole, respectively, the substituent in all the cases being the
sorb ultraviolet radiation strongly like the nucleic acid bases CH,CHNH,COOH(R) group. Electronic spectra and pho-
which undergo photochemical changes modifying the prop- tophysics of indole, tryptophan and other related molecules
erties of nucleic acids appreciably. Activities of enzymes are have been studied extensively earlier [12—-17]. These aspects
dependent on their ability to form hydrogen bonds [2] and, of phenylalanine and tyrosine have also been studied [18,19]
therefore, an important question arises whether hydrogenbut they do not seem to have evoked as keen interest as those
bonding abilities of the above mentioned three amino acids of tryptophan. However, electronic spectra, excited state
are appreciably altered consequent to electronic excitationgeometries and properties of several substituted benzenes
or not. It has been amply demonstrated earlier that molec-have been studied in detail earlier using both experimental
ular electrostatic potentials (MEP) and molecular electric and theoretical methods [20-23] and a qualitative similarity
fields (MEF) can serve as reliable descriptors of hydrogen can be expected between the properties of those molecules
bond forming ability of molecules [3-7]. Therefore, infor- and two of the amino acids, i.e. phenylalanine and tyrosine.
mation about the possible effects of ultraviolet irradiation on It has been conjectured that migration of energy absorbed
the structures and properties or activities of proteins and en-by the aromatic amino acids would occur through some
zymes can be obtained though a study of excited state MEPmMechanism consequent to ultraviolet irradiation of proteins
maps of the three aromatic amino acids. It may be noted [1]. Useful information in this context can be obtained by
studying excited state geometries of the molecules. Thus,
* Corresponding author. Fax:91-542-368468. if the geometry of the substituent group R and the portion
E-mail addresspcmishra@banaras.ernet.in (P.C. Mishra). of the ring where this group R is attached to the molecule
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Excited states were generated using configuration interaction
among singly excited configurations (CIS) involving oc-
cupied andhz unoccupied molecular orbitals wherg no =

10, 46 for phenylalanine, 10, 50 for tyrosine and 12, 56 for
tryptophan, respectively. Excited state geometries were also
optimized using the CIS wavefunctions. The CIS approach
is an approximate procedure to compute excited state molec-
ular properties but it has been shown to be quite reliable
[24-27]. Better procedures than CIS, e.g. that based on com-
plete active space (CAS) [28] would be too difficult for the
molecules studied here. A moderate basis set, i.e. 3-21G was
used in all the calculations due to large size of the molecules
studied. Earlier studies [10] have shown that fairly reliable
information can be obtained using this basis set along with
the CIS procedure. Vertical CIS calculations performed at
the geometry of the ground state yield excitation energies
that can be compared with observed absorption peaks. Sim-
ilarly, the calculated vertical excitation energies from the
optimized excited states would correspond to observed flu-
orescence peaks. The total energy difference between the
ground and excited states would correspond to the (0,0)
transition energy observed in absorption or fluorescence
spectra under the assumption that the zero point energies
of the two states are nearly equal. Vibrational frequency
analysis was performed in order to ensure that the sta-
tionary points located on the potential energy surfaces
by geometry optimization were minima. The calculations
Fig. 1. Structures of the aromatic amino acids: (a) phenylalanine; (b) Were performed using the Windows version of Gaussian
tyrosine and (c) tryptophan. The adopted atomic numbering scheme is 94 (Revision E.3) program [29]. MEP values on the van
also shown in each case. der Waals surfaces of molecules were obtained using the
potential-derived ChelpG charges [30].

are appreciably modified following excitation, it would be

indicative of possibility of partial migration of excitation 3 Results and discussion
energy through it. Further, in the process of energy trans-

fer, those normal modes of vibration may be effectively 3 1. Transition energies
involved that would be composed of internal coordinates

that would be particularly modified on excitation. The calculated lowest three singlet transition energies and

_ In view of the above mentioned reasons, we have stud-he corresponding oscillator strengths for each of pheny-
ied ground and lowest singlet excited state geometries a”dlalanine, tyrosine and tryptophan are presented in Table 1

MEP maps of the three aromatic amino acids here using g q Fig. 2. As Fig. 2 shows, when the lowest singlet ex-
ab initio calculations. Study of electronic transitions of the .iiaq state which is ofr—m* type is optimized, the ground
molecules would be limited to the extent of examining if the  gi4t6 total energy is raised up by0.14 to ~0.17 eV in
broad spectral features corresponding to the lowest singlety,q giferent cases. The experimentally observed transition

transitipn in_the different cases, e.g. shifts of peaks or (0,0) energies in absorption and fluorescence spectra [12,18,19]
bands in going from one case to another are reproduced saty e aiso presented in Table 1. The experimental studies

isfactorily. A study of_this aspect is desirable as it would | ore carried out usually in aqueous media [12,18,19]. The
reveal if the computational method used would be expected yg1ecyles under study, particularly phenylalanine and tyro-
to y|§ld moIe_cuIar pr_opert|es qualitatively satisfactorily and sine, are appreciably hydrophobic in nature. Therefore, the
consistently in the different cases or not. solvation of these two molecules in water would not affect
their spectral properties much. Due to this reason, solvation
calculations were not performed. As the photochemical and
2. Computational details photobiological effects of excitation of the molecules would
mainly originate in the lowest singlet excited states, we
Ground state molecular geometries were optimized in gaswould discuss only the nature of these excited states and the
phase using the ab initio restricted Hartree—Fock procedure.corresponding transitions. We find that there is a qualitative



P.S. Kushwaha, P.C. Mishra/Journal of Photochemistry and Photobiology A: Chemistry 137 (2000) 79-86 81

Table 1
Calculated excitation and emission energies of phenylalanine, tyrosine and tryptophan in gas phase and experimentally observed absorptereand fluo

energies (in e\

Molecule Calculated excitation energy (eV) Experimented Calculated Experimented

Vertical Total energy difference absorptioft emission fluorescenc®
energy (eV) energy (eV) energy (eV)

Phenylalanine 6.59 (0.001) 6.45 481 6.31 (0.001) 4.40
6.91 (0.015)
7.26 (0.014)

Tyrosine 6.48 (0.038) 6.32 4.51 6.16 (0.049) 4.08
6.85 (0.014)
7.25 (0.058)

Tryptophan 6.29 (0.053) 6.11 4.43 5.94 (0.082) 3.49
6.54 (0.156)
6.95 (0.008)

aQscillator strengths are given in parentheses.
b From [12,18,19].

agreement between the calculated and observed transitiorenergy differences of the ground and excited states of the
energies [31] in the sense that the observed trend in go-molecules that would correspond to (0,0) bands. According
ing from one case to another is satisfactorily reproduced to the calculated results (Table 1), the (0,0) bands would
(Table 1). Thus, the observed absorption and fluorescencebe shifted appreciably on the longer wavelength side of the
energies of the three molecules lie in the order [12,18,19] absorption peaks and this is actually observed in benzene
phenylalanine- tyrosine> tryptophan and the present cal- and its derivatives [31]. If the calculated excitation energies

culated corresponding energies also follow the same order.are scaled down by the constant factor 1.43, the different
The vertical excitation energies that would correspond to observed transition energies presented in Table 1 would be
absorption peaks are greater than those obtained as totateproduced within the RMS error of 0.27 eV. However, if
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Fig. 2. Energy level diagrams for the aromatic amino acids in gas phase: (a) phenylalanine; (b) tyrosine and (c) tryptophan. The upward areows indica

absorption while the downward arrows indicate emission. Transition energies (in eV) corresponding to the different excited states and thdirgrrespo
oscillator strengths (in parentheses) are given. The ground state energy differences (eV) obtained by separate ground and lowest singltd &Jited st
geometry optimization are also given.
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; R ; Table 2
thIS_ typedOf scallng_ IS adopte_q, I ShOUI(.j be n(;teqbtha.t thel Optimized bond lengths (A), bond angley @nd dihedral angles’ in
Opt'm'ze_ geometries, trans_'t'on energle_s and vi ratlo_na the ground stateS)) and lowest singlet excited stat§; | of phenylalanine
frequencies would be consistent only with total energies

of the ground and excited states and with the differences = St Experimental )
between these energies, but not with the scaled values ofBond lengths
these energy differences. In an earlier study on substituted ©:C2 1.201 1.201 1.164
benzenes also [10], the observed lowest singlet transition 8233 é'ggg (l)'ggg é'gig
energies were reproduced qualitatively satisfactorily. cjcf 1512 1511 1.497
C4Hs 1.084 1.084 1.080
3.2. Ground and excited state geometries CaNs 1.455 1.454 1.475
NsHs 1.005 1.005 1.079
The optimized groundY) and lowest singlet excite () ('\:'igs 1'222 1222 1'24713
state geometries of phenylalanine, tyrosine and tryptophan ;. 1.080 1081 1.079
are presented in Tables 2—4, respectively, where the experi- cgHy 1.081 1.082 1.080
mentally observed ground state crystallographic geometries CsHy 1.516 1.503 1.567
[32-35] are also given. The average magnitudes of error C7Cs 1.389 1.419 1.385
in the calculated bond lengths of phenylalanine, tyrosine gzgio i'ggj ﬁg 1222
and tryptophan with respect to the crystallographic values ¢ ¢ 1384 1412 1.384
are 0.016, 0.016 and 0.042 A, respectively, while the cor- c,,c;, 1.384 1.413 1.384
responding errors in the calculated bond angles of the three Ci12Cr 1.389 1.419 1.384
molecules are 1%4 1.7 and 3.7, respectively. The dif- CgHsg 1.072 1.070 1.080
ferences between the calculated and crystallographic bond gngj ig;g 1'8;8 1'828
angles of the side chain (R) are quite appreciable while the CiiHii 1072 1070 1.080
corresponding differences for the rings are comparatively  c,H;, 1.072 1.071 1.080
much smaller in all the three cases. This is because theg angles
calculated geometries correspond to the gas phase while the ¢,c,0, 122.0 122.0 123.8
observed ones correspond to the crystal environment. It is 0,C,C,4 126.6 126.6 127.2
expected that the packing forces in crystals would modify — HzO0sCz 1117 1117 105.9
the side chain geometries of the molecules much more than C2CsHs 106.7 106.8 110.6
those of the rings since the former are quite flexible while C2CaNs 1118 121 105.6
92 - e H4CaNs 108.9 109.2 110.6
the latter are rigid. This is clearly indicated by the fact ¢ NgH; 112.2 112.3 109.5
that the differences between the calculated gas phase and c4NsHgy 113.1 113.1 109.5
crystallographic dihedral angles of the side chain atoms in  HsNsHs 1104 110.6 109.4
all the three molecules are also usually quite appreciable ©2€4Ce 1108 110.6 1158
(Tables 2—4). The orientation of the amino group of tryp- ~ =*eHe 108.6 108.2 108.6
, X ; : ' C4CoHy 106.8 106.4 108.6
tophan in the crystal environment is appreciably different ¢,c.c, 112.4 112.8 113.4
from that in gas phase as shown by the crystallographic csC;Cg 120.5 120.2 120.6
[34,35] and theoretical values of the;€4Ns5Hs dihedral C7CsCo 120.6 120.4 120.0
angle (Table 4). CgCoC10 120.2 120.0 120.0
The computed excited state geometries of the three aro- gfclféiz Eg:g 58:8 gg:g
matic amino acids differ from the corresponding ground state ¢ ,c,,c, 120.6 120.4 120.0
geometries as follows (Tables 2—4): C12C7Cs 118.9 119.2 120.0
1. No appreciable changes in shapes of the molecules take HsCsC7 119.2 119.1 120.0
place following excitation, as shown by the dihedral  HsCsCo 120.2 120.5 1200
angles. HgCoCs 119.8 119.9 120.0
) , HgCoCio 120.0 120.0 120.0
2. The changes in bond angles of the molecules following y,c,.co 120.2 120.0 120.0
excitation are usually quite small, the largest bond angle  Hi¢C10C11 120.2 120.0 120.0
change not exceeding 2 H11C11Ca0 120.0 120.1 120.0
3. As regards changes in bond lengths of the molecules H11C11Ci 119.8 119.9 120.0
following excitation, the behaviors of phenylalanine and | 1212C1 1201 120.4 120.0
. A H12C12C7 119.3 119.2 120.0
tyrosine are similar but both these molecules behave ¢ c.H;, 110.2 110.1 108.6
somewhat differently from tryptophan as follows: (a) The  C;CeHg 109.9 110.0 108.6
CsC7 (six-membered ring-R) bond length decreases by 03C2Ca 1114 1113 109.0
0.013 and 0.012 A in phenylalanine and tyrosine, respec- pinedral angles
tively, while the corresponding (five-membered ring-R)  01C2C4Ha —-114.0 -114.7 1215

bond length decreases by a much smaller amount, i.e. ©2C20sHs 0.5 0.0 0.0
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N Table 3
Table 2 Continueq Optimized bond lengths (A), bond angley @nd dihedral angles’ in
S S Experimental &) the ground stateS)) and lowest singlet excited stat& | of tyrosiné
CoC4CeCr —63.5 —62.7 —-59.4 S S Experimental $)
C2C4NsHs 60.2 63.2 60.0
C2CaNsHg 655 —62.9 ~60.0 Bond lengths
HsNsCaHa 177.8 181.3 179.6 €201 1.201 1.201 1.241
He/NsCaHa 521 55 2 59.6 C203 1.362 1.363 1.311
HaCaCoHe -57.4 ~56.8 587 OsHs 0.969 0.969 0.950
N5CaCaHe _59.2 _58.6 _586 C2Cy 1.512 1.511 1.529
HeCoCaNs 183.6 184.2 182.9 CaHa 1.084 1.084 1.094
HeCaCaHa 598 60.4 50.8 CuaNs 1.456 1.454 1.488
C4CeCrCs 89.4 88.0 83.6 NsHs 1.005 1.005 1.014
CaCaCrCro _89.9 _o11 Y NsHs 1.005 1.004 1.036
C6C7CsCo 180.8 181.2 180.0 CaCs 1.545 1.552 1.538
CeCrC1oC1y 1808 _180.9 _1800 CeHg 1.080 1.081 1.088
C7CgCyCyo 0.0 0.0 0.0 CeHs 1.082 1.082 1.004
CaCoCr0Cit 00 0.0 0.0 CeCr 1.515 1.503 1.511
CoC10C11C1a 00 04 0.0 C/Cg 1.392 1.417 1.394
C10C11C12C7 0.0 04 0.0 CsCo 1.378 1.410 1.391
CoCrCaHa 07 13 0.0 CoCio 1.384 1.407 1.388
HgCgCoHg 0.0 —0.4 0.0 C10C11 1.381 1.414 1.393
HoCoCioH1o 00 0.0 0.0 C11Ci2 1.385 1.408 1.392
H10C10Ca1H11 00 04 0.0 C12C7 1.385 1.418 1.398
H11C11C12Cra 00 0.0 0.0 CioH12 1.072 1.070 1.085
H10C10CoHs 00 0.0 0.0 Ci1H11 1.073 1.071 1.083
H11C11C10Co 180.2 180.3 180.1 C10013 1.376 1.359 1.366
H12C12C/Ce ~180.0  -1802  -180. 8;3HH13 0908 090 0981
9 . . .
H12C12C11C10 180.0 180.3 180.0 ot 107 1068 1088
Bond angles
01C,03 122.0 122.1 126.4
0.002A in tryptophan; (b) all the six-membered ring  C20sHs 1117 111.6 107.8
(CC) bond lengths increase by 0.02—0.03A in pheny- ©:1C2Ca 126.6 126.6 116.9
lalanine and tyrosine while in tryptophan, the different 0224 1114 11.2 116.6
- ) P C2CqHa 106.8 106.7 109.2
bond lengths of the five- and six-membered rings change c,c,Ns 1117 1121 109.7
quite differently. Thus, three of the CC bond lengths of  C4NsHs 112.0 112.3 111.9
the six-membered ring of tryptophan increase by large CaNsHs 1131 1131 110.9
amounts {0.03-0.06 A) while the other three alternate ~ HsNsHs 110.3 1107 107.0
f the same ring increase by much smaller amounts 4<eHe 108.7 108.2 107.3
ones o 9 y C4CoHy 106.8 106.7 108.5
(~0.004-0.01 A). The @11 and NyCyo bond lengths of CoCaCe 110.7 110.7 1111
the five-membered ring of tryptophan decrease by 0.015 ¢4CsC; 112.5 112.6 114.5
and 0.023 A while the @Cg and GNg bond lengths of CsC7Cs 120.8 119.8 120.5
the same ring increase by 0.011-0.026 A, respectively; ©7CsCo 121.2 119.9 121.4
d (c) the changes in CH bond lengths following ex- CaCoCio 120.1 119.2 1196
and 9 9 9 CoC10C11 1195 1217 120.3
citation are negligibly small. The lengths of CH bonds ¢, ¢ .c., 120.1 118.9 1195
attached to the six-membered ring decrease following Cy;C1,C; 121.0 120.1 121.3
excitation of the molecules by different amounts lying  C7CsHs 119.1 119.3 119.5
between 0.001 and 0.004 A. HsCsCo 119.7 120.7 119.1
The lowest singlet electronic transitions of several substi-  _25°H° 1215 122.3 120.9
9 . . . HoCoC10 1184 1185 119.6
tuted benzenes have been studied experimentally under high y,.0,.c,, 112.9 113.7 111.1
resolution and the spectra analyzed rotationally [20—23].  033C16C1 123.2 121.7 121.8
Further, using these rotational constants, approximate esti- 013C10Co 117.2 116.6 117.9
mates of changes in the bond lengths of the benzene ring C10CuHu 120.2 120.3 120.4
in these molecules were obtained [20]. Thus, it has been ' 11<1C12 1197 1208 120.2
n t . ) ! H12C12C7 1194 119.3 119.8
shown that the different CX (%= substituent F, Cl, NE) N5CaHy 108.9 109.1 107.2
bond lengths decrease by 0.009-0.086 A while the CC bond .
. . . Dihedral angles
Iengths' increase py«0.0SA in the different cases [20]. A 01CoCaHs _113.8 _1148 314
theoretical analysis of the problem was carried out in our  0,c,03H; 0.6 -05 000.0
laboratory using the Cl|%-31+ G* approach, and the fol- 01C2C4Ns 5.2 4.7 14.2

lowing results obtained [10]. The theoretical calculations  €2CaNsHs 58.8 63.4 57.0
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. Table 4
Table 3 Cont
able 3 Continueg Optimized bond lengths (A), bond angley @nd dihedral angles’ in
S S Experimental &) the ground stateS)) and lowest singlet excited stat& ] of tryptophart
C2C4NsHy —66.6 -62.8 62.4 S S Experimental &)
N5C4CsHg —-59.2 -58.4 54.7 Bond lengths
N5C4CeHe —176.2 —175.9 —169.6 01C2 1.202 1.202 1.266
CaCeCrCs 89.9 87.4 958 C205 1.358 1.358 1.312
C6CrCeHg 05 2.1 —09 OsHs 0.968 0.968 0.950
C7CgCoHg 181.1 181.1 181.6 CoCa 1503 1504 1582
CgCoC10013 181.1 180.2 182.3 CaHa 1.080 1.081 1.036
CsCoC10C11 0.0 0.4 15 C4Ns 1.449 1.448 1.440
CgC10013H13 181.1 180.4 182.2 NsHs 1.000 1.000 1.079
H13015C10C11 0.0 0.0 -14 NsHsg 1.002 1.001 1.080
C10C11C12Cr 0.0 —06 11 CoHo 1.082 1.082 1.009
O13C10C11H1 0.0 0.4 -14 CsHg 1.086 1.085 1.068
H11C11C12H12 0.0 —0.5 L7 CeCr 1.498 1.496 1.574
H12C12C7Csg —-179.9 -1.1 0.0 C:Cs 1.351 1.362 1.340
C6CaNsHs —653 -60.8 —65.9 CsNo 1.389 1.415 1.451
C6C4NsHsy 169.3 173.0 174.7 NoCio 1376 1353 19275
C2CaCeCr —63.1 —626 —531 C10C11 1.403 1.461 1.424
aExperimental data are from [33]. C11Cr2 1.394 1.398 1.376
C12C13 1.375 1.416 1.410
C13Ci14 1.401 1.412 1.387
yielded the values of rotational constants and changes in the Ci4Cis 1.374 1.408 1.362
same following excitation within the error limit 0f3.5%. 815310 i-g;’g ig% ﬁg;
Further, these calculations described shortening of the dif- *° ' ' ' '
) ) Ci4H14 1.072 1.070 1.040
fere_nt _CX bonds and_elc_mgatlon (_)f the CC bonds following ¢ ,H;, 1.072 1.071 1.023
excitation satisfactorily in a qualitative sense but shorten-  CyHy 1.072 1.070 1.040
ing of the CH bond lengths was highly underestimated (ex- CeHs 1.067 1.065 1.033
perimental~0.014 A, theoretical0.003 A). It is expected NoHo 0.994 0.996 0.964
that absolute values of the optimized geometrical parame- /<8 1.562 1.563 1528
b ge paran 1C7 1.451 1.436 1.398
ters would depend on the basis set used in such calculations
but changes in these quantities following excitation would Bond angles
o 01C,03 122.4 122.4 119.4
not be very sensitive to _the same. Therefo_re, we hope that ¢,o,H;, 111.9 112.0 107.8
changes in the geometries of the three amino acids follow- 0,C,C,4 127.1 127.1 121.0
ing excitation obtained from the present calculations would  03C2Cs 110.5 110.5 118.9
have a similar accuracy as that in the earlier theoretical work ~ C2CaHa 107.7 107.7 o
on substituted benzenes [10]. Thus, changes in geometries 2N 107.9 108.1 1128
: . - 1Nus, 9 9 CaNsHs 1145 1147 109.5
of _the three amino _aC|ds obtained here are expected to be c,ngHy 114.1 114.2 109.5
reliable in a qualitative sense. HsNsHsy 114.6 114.7 109.5
The above results show that excitation of the three aro- NsCsHa 110.3 110.5 99.8
matic amino acids is localized in the corresponding rings ~ ©4CeHe 108.8 108.8 103.5
and migration of excitation energy is not likely to occur to ~ =*<e"® 108.1 108.2 104.8
gra gy IS nc y C4CsCr 111.2 110.7 116.6
an appreciable extent through the substituent group (R) from  c.c.c, 1275 126.9 129.2
the rings to the neighboring amino acids in a protein. This  c;CgCy 110.1 108.5 109.7
is in agreement with the views expressed earlier [1]. CgNoCio 108.8 110.5 107.7
NgC10C11 107.5 106.4 108.7
i C10C11C12 119.6 119.2 119.2
3.3. Ground and excited state MEP values C11C12C13 118.9 117.9 115.1
C12C13C14 120.8 122.4 124.4
It has previously been shown that strongly linear rela-  C13C14Cis 121.3 121.0 121.9
tionships exist between hydrogen bond forming abilities of C14C15C10 117.9 1rl 141
X lecul | h C15C10C11 121.6 1225 125.2
atoms in molecules and MEP values near the same [3—7]. ¢ c.h, 129.2 130.7 132.9
Therefore, a study of MEP patterns around the three amino  HgcgNg 120.7 120.8 116.4
acid molecules in their ground and excited states would CgNoHg 125.4 124.4 121.9
reveal information as to the possible effects of excitation HeNoCio 125.8 125.0 130.1
of the molecules on the hydrogen bonds involving them in H12C12C1 120.6 120.6 124.9
i H13C13C14 119.3 118.8 114.0
proteins, enzymes and hydrogen bonded complexes, e.g. \ ¢ c.. 119.5 119.7 114.0
enzyme—substrate complexes. The lowest negative MEP val- H,c;:C10 121.1 121.4 122.6

ues in the groundSy) and lowest singlet excited() states H12C12C11 120.5 121.5 120.1
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Table 4 Continued

S S Experimental &)
H13C13C12 119.9 118.8 121.5
H14C14Ci13 119.3 119.4 124.1
H15C15C14 121.0 121.5 123.2
Dihedral angles

01C2C4Hs 134.1 133.8 144.9
01C,03H3 -0.7 -0.8 0.0
0;C2CyNs 15.0 14.4 34.4
H303C,Cy 182.1 181.9 189.7
C2C4CsCy 182.2 183.3 189.6
C2C4CgHg -55.9 —55.4 —48.0
C2C4CeHg 61.2 62.1 70.2
H4C4NsHs 70.2 70.6 —-62.8
H4C4NsHy —154.8 —153.9 —182.8
HsN5C4Cs -52.3 —-51.7 —180.0
HsN5C4Cs 82.7 83.6 60.0
C4CsC7Cq —-100.4 —-98.9 —60.9
CsC7CsCo —-181.5 —-181.9 —-180.8
C7CgNgCip 0.0 0.0 4.3
CgNgC10C11 0.0 0.0 -3.2
NgC10C11C12 —-180.4 -179.3 —178.6
C10C11C12C13 0.0 0.0 0.4
C11C12C13C14 0.0 0.0 —-2.6
C12C13C14C15 0.0 0.0 4.2
C13C14C15C10 0.0 0.0 -3.1
CsC7CgHg -2.3 -3.7 11.4
HgCgNgHg 0.0 0.7 -11.6
C7C11C12H12 0.0 0.0 0.0
C11C12C13H13 —180.0 -180.1 —-179.4
C12C13Ci14H14 —180.1 —-179.9 —-176.0
C13C14C15H15 —179.9 —180.1 —-179

aExperimental data are from [34,35].
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teins and enzymes would not cause any significant change
on the hydrogen bonds that would involve them. In other
words, according to the MEP values (Table 5), structures
and activities of proteins and enzymes would not be affected
appreciably consequent to ultraviolet irradiation. This is
actually observed [1].

4. Conclusion

We arrive at the following conclusions from the present
study:

1. The changes in molecular geometries and overall shapes
of the three amino acids consequent to excitation are quite
small. The changes in ring bond lengths of phenylala-
nine and tyrosine occurring due to excitation to the low-
est singlet excited state are similar to those of substituted
benzenes while the corresponding changes in tryptophan
follow a somewhat different pattern. This study explains
why migration of absorbed electronic energy does not oc-
cur to an appreciable extent through the substituent group
(R) to the other amino acids in proteins and enzymes.

. MEP values near the different atomic sites in the aromatic
amino acids change to only small extents consequent to
excitation of the molecules to the lowest singlet excited
state. It suggests that structures, properties and activities
of proteins and enzymes would not be modified appre-
ciably consequent to ultraviolet irradiation.
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