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Abstract: Hybrid density functional calculations (B3LYP) show that one-electron oxidation of a phenol
imidazole hydrogen-bonded complex leads to spontaneous transfer of the phenolic proton to the imidazole,
resulting in the formation of a phenoxyl radieaiidazolium ion complex. On comparison of the spin density
distribution and hyperfine couplings, hydrogen bonding is shown principally to lead to a redistribution of spin

density from the phenoxyl carbonyl oxygen atom to

the carbonyl carbon atom. Loss of a proton from the

phenoxyt-imidazolium ion results in a more loosely bound phenexgiidazole complex, where a smaller

spin redistribution is shown to occur on hydrogen bond formation. Comparisons between predicted hyperfine
couplings for both hydrogen-bonded models and those reported for tyifusgibline radical complexes involved

in photosynthetic oxygen evolution indicate good agreement between experiment and theory.

Introduction

In green plant photosynthesis, photosystem Il (PS 1) drives
the light-induced reduction of plasoquinone to plastoquinol
resulting in the oxidation of water to oxygénTwo tyrosine
residues of the PS Il complex are redox active. Using the amino
acid numbering scheme f@ynechocystithese are D2-Tyr160
(Yp) and D1-Tyrl61 (). Yz forms a transient radical and
appears to be directly involved in the electron-transfer reactions
leading to oxygen evolution. Oxidation ofpY by contrast,
forms a neutral tyrosyl radical which is stable in the dark and
whose function is not clearly understood. Because of its
stability, the Y5 radical has been well characterized by magnetic
resonance® and FTIR” methods. It is currently speculated
that D2-His189 is hydrogen-bonded to the reduced ¥ On
oxidation of Yp, it has been proposed that the phenolic proton
is transferred to the imidazole group of this histidine. The
transferred proton then hydrogen-bonds back to the tyrosyl
radical oxygen.

The success of hybrid density functional methods in electronic
structure determination was recently demonstrated. In particular,
they are uniquely successful in describing large free radicals
and intermolecular complexés!* In this study therefore we
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Figure 1. Effect of oxidation on the geometry of the phenahidazole
complex;Cs point group: (top) reduced state; (bottom) oxidized form.
Bond distances are given in angstroms; angles in degrees.

model the above events using hybrid density functional methods.
The tyrosine residue is modeled by phenol, and the histidine
residue is modeled by imidazole (Figure 1). We show that
oxidation of the hydrogen-bonded phenahidazole complex
leads spontaneously to transfer of the phenolic proton to the
imidazole, resulting in a phenoxylmidazolium ion complex.
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Figure 2. Bond distances and angles calculated fa@@f)(and P-IM-
(C9).

The changes in spin density distribution brought about by
hydrogen bond formation are analyzed, dktj 13C, and’O
isotropic and anisotropic hyperfine couplings are calculated and
compared with experimental determinations.

Methods

The complexes studied are given in Figures 1 and 2. The
non-hydrogen-bonded phenoxyl radical is denoted P, phenoxyl hydrogen-
bonded to imidazolium is denoted-MH, and phenoxyl hydrogen-
bonded to imidazole is denoted-BM. In addition, the unoxidized
form of P—IMH, i.e. phenol hydrogen-bonded to imidazole, was also
studied. All calculations were performed using the B3LYP hybrid
density functional as implemented on Gaussiant®94rhe EPR-II,
double, basis set was used throughéutGraphical analysis of spin
densities was performed using SPARTAN Detailed procedures on
the calculation of isotropic and anisotropic hyperfine couplings have
been given in refs 911.

Results and Discussion

Geometries. The calculated geometries for the unoxidized
and the oxidized PIMH complexes are given in Figure 1. In
Figure 2 the geometries of P and-MM are also given for
comparison.

Figure 1 demonstrates that one-electron oxidation results in
spontaneous transfer of H7 from the phenol to the imidazole
resulting in a phenoxytimidazolium ion complex. At the
present level of theory, neither a non-proton-transferred form
nor a transition state structure for proton transfer between phenol
and imidazole could be found on the potential energy surface
This suggests that, on oxidation of phenwhidazole, therefore,
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Figure 3. 0.005e/ad unpaired spin density surface contours: (a) P;
(b) P—IM; (c) P—IMH.
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Figure 4. {P} — {P—IMH} difference spin density surface contours:
(a) —0.006 e/a® (b) +0.006 e/adl

compares with the value of 8.16 eV calculated for ionization
of isolated phenol to the phenol cation radical. Hydrogen bond
formation with imidazole therefore lowers the ionization
potential of phenol by 1.51 eV.

Figure 1 also demonstrates that oxidation leads to a more
quinoid type geometry, i.e. a shortened CO bond and signifi-
cantly increased C3C4 and C4C5 bond lengths, for the phenoxyl
portion. On comparison with the geometries of P andN®
(Figure 2), the phenoxyl internal geometries are quite similar.
Removing the N2H proton from-PIMH results in P-IM leads
to a significant increase in the-@H7 hydrogen bond length
from 1.58 A for P-IMH to 1.90 A for P-IM. As expected,
the positively charged hydrogen-bonded complex)N8H, is
much more tightly bound.

Spin Densities. The positive 0.005 e/&uunpaired spin
density surfaces for P,-HMH, and P-IM are shown in Figure
3. The unpaired electron is clearly situated on the phenoxyl

the hydroxyl proton is transferred in a barrierless reaction path portion for all systems. Current attention is focused on the effect

to lead to a phenoxyl radical interacting with an imidazolium of hydrogen bonding on the phenoxyl-based tyrosyl radical in

ion. The unpaired electron is located on the phenoxyl portion Vivo,* and it is crucial to study the changes if any that occur in

as demonstrated by the 0.005 &/apin density surface in Figure  the spin density distribution on hydrogen bond formation. For

3. The adiabatic ionization potential calculated is 6.65 eV. This this reason, in Figures 4 and 5 we present the difference spin
- - - — . density plots fo{ P} — {P—IMH}. The plots are presented at

B %5)VFVT,Sanh,\'>IA \J,\',’.;T,r:lécrzz’m%n\’/vj’. ?;?Ilggﬁlt’),Hl\'/l?A?lll-llyei'dyéégdoohnrfsls/lr?;’ two isocontour values, 0.006 efa(Figure 4) and 0.002 e/au

Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghvachari, K.; Binkley, J. (Figure 5). The more concentrated plot, Figure 4, reveals the
S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, major spin density changes occurring due to hydrogen bond

J. J. P.; Pople, J. AGaussian 94Gaussian Inc.: Pittsburgh, PA, 1995. ; ; i
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density contours shown on Figure 3 indicating a slight excess

‘A — of a spin at the C4 position for PIMH.
é . 13C, 170, and N Hyperfine Couplings. The anisotropic
‘ = [ hyperfine couplings presented in Tables 1 and 2 are a direct
; (a} reflection of the spin density contours in Figures@ The
L n -+ : f magnitude and symmetry of the tensors reflect the spin density
\ | distribution already discussed. Large absolute and axial tensors
— are observed for the O, C1, C3, and C5 positions, reflecting
_‘ the presence of positive unpaired spin density at these
] . positions. For C2, C6, and C4, the presence of negative spin
;', '---‘ | density at these positions plus the presence of large positive
} s T values at neighboring positions distorts the picture somewhat,
i ' . () and the rhombic nature of the tensors reflects this fact. On
A | hydrogen bond formation, the absolute values of the oxygen
tensor decrease on going from P te-lM to P—IMH. This
reflects increasing hydrogen-bonding strength, accompanied by
increasing transfer of spin density from the phenoxyl carbonyl
oxygen to the phenoxyl carbonyl carbon in going fromI®

Figure 5. {P} — {P—IMH} difference spin density surface contours:

(a) —0.002 e/ag; (b) +0.002 e/adl
| to P—IMH, as demonstrated in the difference spin density plots
I I L ; of Figures 4 and 5. As described above, most of this positive
h : E L # & & spin on the O atom position is transferred to C4. This reduces
| the net negative spin density at the C4 atom position, and this
L 5 e G manifests itself in a gradual decrease in magnitude of the C4
[ = b | anisotropic values on increasing hydrogen-bonding strength. A
y recent EPR study of the tyrosylpYradical of photosystem™
reported the experimentally measuré® largest principal
values. The total hyperfine tensor values reported 52é.1,
- < 119.6, =< ]19. MHz. The anisotropic and isotropic
- : couplings derived from these values are also given in Table 1.
: Best agreement is observed with thelMH model although,
| ! considering the approximations involved, the agreement with
a} (b} (e} the P-IM model values is also satisfactory. The absolute
magnitudes of the C3 and C5 anisotropic tensors are also
Figure 6. Negative,—0.005 e/ad spin density contours: (a) P; (b)  reduced on hydrogen bond formation, again reflecting the
P=IM; (c) P—IMH. decrease in spin density at these positions revealed above. For
) ) ) o o the C2 and C6 positions, the absolute anisotropic values are
in spin density on hydrogen bond formation is a redistribution gecreased slightly, in particular the C6 tensor values. This is
of spin density from the carbonyl oxygen atom to the carbonyl qye again to the decrease in negative spin at these positions on
carbon atom. Using the more diffuse 0.002 é/difference  hydrogen bond formation, in particular at the C6 atom position.
contour, Figure 5, we can show that, on hydrogen bond the isotropic couplings arise from spin density directly at
formation, some spin density is lost from the C3 and C5 carbon the nuclei in question. This spin itself arises from spin
atom positions and increases in spin density are noted at thepolarization by ther spin. In general, spin polarization by an
C2 atom position and along the C1C6 bond. These changes inagtom’s ownz spin gives rise to a positive spin density at the
spin density distribution manifest themselves in the anisotropic nucleus whereas spin polarization by a neighborirspin gives
and isotropic hyperfine coupling constants discussed below. Therise to a negative contribution to the isotropic coupling. For
positive spin density plots mainly reflect the singly occupied 13C andH, which have positive magnetic moments, positive
molecular orbital, SOMO, distribution of the odd alternant spin density gives rise to positive hyperfine coupling.
phenoxyl. This gives rise to the high positive spin density at  No significant change in the C1 isotropic coupling is brought
positions O, C3, C5, and C1 as demonstrated in Figure 3. Spinabout by hydrogen bond formation (see Table 1). For the C2
polarization by thisa spin leads however to negative spin and C6 positions, a slight decrease in the absolute value of the
density at the formally nodal SOMO positions C4, C2, and C6 isotropic coupling is observed, reflecting the lower negative
as shown by the-0.002 e/adispin density contour in Figure 6.  spin density at these positions on hydrogen bond formation. Both
This figure also demonstrates the transfer of spin density to C4C3 and C5 isotropic hyperfine couplings decrease for the
on hydrogen bond formation as revealed above by the differencehydrogen-bonded complexes, reflecting the lowepin density
plots; Figure 6 shows that, for P, significant negative spin at these atom positions for the hydrogen-bonded complexes.
(excessp) is present at the C4 position. ForRM, this has The largest change in isotropic hyperfine coupling occurs for
reduced in extent somewhat owing to the transfer of some the C4 atom: from—38.2 MHz for P to—25.2 MHz for
positive spin from the oxygen atom position due to hydrogen P—IMH. As discussed above, there is significantly marspin
bond formation. For PIMH, we can see that, at this contour at the C4 position for the hydrogen-bonded complexes, in
level, no negative spin is apparent at C4. Here the transfer of Particular P-IMH.  The spin density leading to the isotropic
a spin to this position on hydrogen bond formation has reduced NYPerfine coupling of C4 arises there principally from spin
the negative spin at this position sufficiently to render it outside polarization by its ownz spin density and also from spin
the —0.002 e/a@ contour range. Indeed some positive Spin. (1) Dole, F.; Diner, B. A.; Hoganson, C. W.; Babcock, G. T.; Britt, R.
density is evident at the C4 position from the positive spin D. J. Am. Chem. S0d.997 119 11540.
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Table 1. 170, 18C, and*N Anisotropic and Isotropic Hyperfine Coupling Constants Calculated for the Radical Complexes of Figures 1 and
23

EXPT(Yp) ATOM P P-IM P-IMH
Ty Tn Tu Tis
T2 Aiso T2 Aiso T2z Ao p Aiso
Tss Ts3 T3 Tss
-93.8 273 (¢} -123.5 24.5 -115.0 -26.0 -100.0 25.8
46.9 61.7 57.5 499
46.9 61.8 57.6 50.2
Cl 56.7 357 58.0 359 60.6 36.0
272 -27.9 =293
-29.5 -30.1 =313
C2 104 27.5 10.0 270 8.3 -24.7
83 8.0 6.6
-18.7 -18.0 -149
C3 43.7 239 42.6 22.5 379 18.2
-21.3 -20.6 -18.2
-22.4 219 -19.7
C4 93 < <382 6.1 -34.0 53 252
28 0.5 0.5
-12.0 £.6 -4.7
Cs 43.7 239 42.7 22.7 396 19.5
-21.3 -20.7 -19.1
224 220 20.5
Cé6 104 275 10.0 27.0 9.0 -25.5
8.3 8.1 73
-18.7 -18.1 -16.3
0.0 1061 N1 ; ; 0.1 0.4 0.1 12
0.0 - 0.0 0.0
0.0 - 0.1 0.1
N2 - - 0.0 0.0 0.1 0.1
- 0.0 0.0
- 0.0 0.0

a Experimental Y data are derived from values given in refs 8 and 18. All values are given in MHz.

polarization by its neighbors, i.e. O and C3/C5. The large P—IMH. It is of particular note that a purely isotropiéN
negative value observed for isolated phenoxyl, P, is therefore acoupling was recorded recently for the tyrosyb,Yadical of
result of spin polarization by its own negatiwespin and the photosystem If. It was shown that a hydrogen bond between
positive r spin on O, C3, and C5. All will lead, via spin the tyrosyl radical and histidine residue 189 is present with an
polarization, to negative spin density at the C4 nucleus, resulting interaction similar to that modeled here by-BM or P—IMH.

in the large negative isotropic hyperfine coupling calculated. The experimental coupling was also shown to be essentially
On hydrogen bond formation, the negatizespin at the C4 isotropic, which is again in agreement with the near-zero
atom is decreased (Figure 5), which will lead to an increased anisotropic couplings calculated for N1 (Table 1). The mag-
(less negative) isotropic coupling. In addition, hydrogen nitude of the!®N coupling measured in vivo translates into an
bonding results in a decrease in the positive spin density at the*N hyperfine coupling 0f0.6) MHz. This is somewhat closer

O and C3/C5 positions, which will again lead to an increase in to the P-IM model value of—0.4 MHz as opposed to the
the isotropic hyperfine coupling of the C4 nucleus because of P—IMH value of —1.2 MHz. Increasing the hydrogen bond

diminished spin polarization for these atoms. length for P-IMH (Table 3) (see discussion below) does reduce
Of particular significance is the prediction of sizable isotropic the magnitude of the N1 coupling for#MH, however.
couplings for the N1 imidazole atom of-#M and P-IMH. 1H Hyperfine Couplings. H hyperfine couplings are also

The absence of any significant anisotropic hyperfine couplings reported in Table 2. The variation of the riAlj values with
for N1 suggests that this presence of finite spin at the N1 nucleushydrogen bonding is much smaller than that of the heavier atom
is due to spin polarization through the hydrogen bond from the data. In this regard, it is perhaps unfortunate that ditly
substantialr spin present on the O atom. As expected, this is hyperfine data are readily amenable to experimental investiga-
substantially greater for the stronger hydrogen bond present intion. For the ring protons H2/H6 and H3/H5, a decrease in the
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Table 2. *H Total (Anisotropic+ Isotropic) and Isotropic Hyperfine Coupling Constants Calculated for the Radical Complexes of Figures 1
and 2

EXPT(Yp) ATOM P P-IM P-IMH
An A An An
Az Az Aiso Az Aico Az Airo
Ass Ass Asz Ass
7.7 H2 12.0 7.8 114 74 9.5 6.0
4.4 6.5 6.3 52
- 5.0 4.6 31
-8.0 H3 7.6 -19.8 -7.1 -19.3 -5.7 -17.3
-19.1 222 -21.8 -19.9
-25.6 295 -29.0 -264
- Hi 9.1 -253 92 -25.8 -9.2 -26.8
- -26.1 -26.8 282
- -40.6 414 -42.9
-8.0 HS 16 -19.8 7.2 -194 6.1 -18.1
-20.5 222 219 -20.8
275 -29.5 291 274
74 H6 12.0 78 11.5 7.5 10.2 6.5
48 6.5 6.3 5.7
- 5.0 4.6 3.6
74 H7 - - 8.5 04 10.7 0.3
-3.7 - -3.3 4.9
3.7 - 4.0 65

a Experimental Y data are derived from values given in refs 3 and 4. All values are given in MHz.

Table 3. Dependence of O, N1, and H7 Anisotropic and Isotropic Hyperfine Couplings on Hydrogen-Bonding Distance foilti¢ P
Radical Complex of Figure?l

RN
O-H7/angstroms
1.58(min) 1.8 1.9
ATOM TI 1 Aiso TI 1 A iso TII A iso
T22 T22 T22
T33 T33 T33
o -100.0 258 -104.1 -26.5 -105.6 -26.7
49.9 518 52.6
50.2 523 53.1
N1 0.1 -1.2 0.1 -0.9 0.1 038
0.0 0.1 -0.1
0.1 0.1 -0.1
H7 11.0 0.3 8.4 0.0 74 0.0
-4.7 -3.8 -3.4
-6.3 -4.6 - 4.0

a All values in MHz.

absolute hyperfine coupling values is noted on hydrogen bond proportional to the spin density concentration at the neighboring
formation. These proton hyperfine couplings are directly carbon atoms, and the changes noted reflect the decrease in
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positive spin density at C3/C5 and the decrease in negative spinMHz. This suggests hydrogen-bonded proton tensor values of
density at C2/C6 brought about by hydrogen bond formation, 7.4,—3.7, and—3.7 MHz, and these values are given in Table
as discussed above. The most noticeable difference betweer2, While these values lie close to the values we predicted in
the H data reported here and that reported previously for ref 19, they deviate significantly from the values predicted for
p-methylphenoxyf is the much larger hydrogen bonding values p—|MH of this study. The predicted PIMH values of Table

of this study. For thep-methylphenoxytmethylimidazolium 2 are 10.7-4.9, and—6.5 MHz. Somewhat better agreement
complex in ref 19, the tensor principal values calculated using \ith experimental tyrosyl values is observed with thel®
UBSLYP/EPRIII//PMS for the hydrogen bonding proton were  qata of Table 2. One explanation for the difference between
8.2, —3.4, —3.6 MHz whereas the values reported here for p_\y calculated and tyrosyl ¥ experimental values may be
P—IMH using UB3LYP/EPRII//UBSLYP/EPRII are signifi- -, i the protein environment, the hydrogen-bonding distance

cantly I'alrge:i 'It.)e.t 1&'7{_%9’ _h6.5t M:Zd Thesg dgfereglctes is constrained to be somewhat larger than the optimal value
are mainly atripuiabe to fhe shorter iyarogen-bonding dis anCepredicted here for the gas-phase complex. If we examine the

calculated for PIMH in this study of 1.58 A as opposed to - g . .
: : L . O—N1 distance in Figure 1 we find a distance of 2.8 A for the
1.78 A in the previous study. The principal difference between unoxidized form as opposed to 2.6 A for the oxidized radical

geometry optimization at the PM3 level and the density | h ) . it is likelv that the O
functional level is the prediction of a significantly longer complex. In the proteln_ env_|ronm_ent, '_t_'s Ikely that t e
hydrogen bond distance at PM3. While the PM3 method can and N atoms are constrained in their positions and the optimally

give excellent internal geometries for phenoxyl radiéak, sho'rter hydrogen-bonding distance for Fhe oxiqlized form is not
these data suggest that it overestimates hydrogen-bondingaCh'eved- Table 3 shows the effect of increasing the hydrogen
distances for such radicals. B3LYP is increasingly being shown bond lengths to 1.8 and 1.9 A on the calculated hyperfine
to furnish highly accurate intermolecular hydrogen-bonding couplings of P-IMH. The major effect of lengthening the
distance$422 and as such the density functional hydrogen- hydrogen bond length for-PIMH is to reduce the hydrogen-
bonding distance reported here must be considered more reliablebondedH tensor values, resulting in closer agreement with the
For the Yo radical of photosystem IlI, deuterium exchange experimental hydrogen-bonding values observed for the Y
experiments, principally on manganese-depleted photosystenradical of photosystem II.

Il complexes, have been used to detect exchangeable protons

which have been assigned to the D2-His189 hydrogen-bondedCOnCIusions

proton#23 In the most recent studyan ENDOR band assigned

to the axial component of the presumed purely dipolar hyperfine g density functional calculations (B3LYP) show that

tensor was observed with a hyperfine coupling value of 3.7 4ne gjectron oxidation of a phendmidazole hydrogen bonded
(19) O'Malley, P. J.; Ellson, D. ABiochim. Biophys. Acta997 132Q complex leads to spontaneous transfer of the phenolic proton

65 to the imidazole, resulting in the formation of a phenoxyl

-(20) O’'Malley, P. J.; MacFarlane, A. J.; Rigby, S. E. J.; Nugent, J. H.

A. Biochim. Biophys. Acta995 1232 175. radica-imidazolium ion complex. The resulting phenoxyl
(21) Chipman, D. M.; Liu, R.; Zhou, X.; Pulay, B. Chem. Phys1994 imidazolium and phenoxylimidazole radical complexes exhibit
10?22%%&1 M.: Oliva. A B 3. Phvs. Chem. 4997 10 hyperfine coupling constants in remarkably good agreement with
9142. pe M. Oliva, A Bertran, 3. Phys. Chem. 104 those determined for tyrosyl radicals involved in the oxygen

(23) Rodriguez, I. D.; Chandrashekar, T. K.; Babcock, G. TPiogress evolution complex of photosystem II.
in Photosynthesis Researdsiggins, J., Ed.; Martinus Nijhoff: Dordrecht,
The Netherlands, 1987; pp 47474. JA981755X



