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Hydrogen Bonding to Tyrosyl Radical Analyzed by Ab Initio g-Tensor Calculations
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Hydrogen bonding to the tyrosyl radical in ribonucleotide reductase (RNR) has been simulated by a complex
between the phenoxyl radical and a water molecule. Multiconfigurational self-consistent field linear response
theory was used to calculate theensor of the isolated phenoxyl radical and of the phenewgdter model.

The relevance of the model was motivated by the fact that spin density distributions and electron paramagnetic
resonance (EPR) spectra of the phenoxyl and tyrosyl radicals are very similar. The calgtdetsal anisotropy

of the phenoxyl radical was comparable with experimental findings for tyrosyl in those RNRs where the
H-bond is absentg, = 2.0087(2.0087)g, = 2.0050(2.0042), and, = 2.0025(2.0020), where the tyrosyl
radical EPR data fronEscherichia coliRNR are given in parentheses. The hydrogen bonding models
reproduced a shift toward a lowgg value that was observed experimentally for mouse and herpes simplex
virus RNR where the H-bond was detected by electnomclear double resonance after deuterium exchange.
This decrease could be traced to lower angular momentum and spin-orbit coupling matrix elements between
the ground’B; and the first excitedB; states (oxygen lone-pairto rsomo €Xcitation) upon hydrogen bonding

in a linear configuration. Thgy, value was further decreased by hydrogen bonding in bent configurations due
to a blue shift of this excitation.

1. Introduction propose a hydrogen atom transfer (HAT) to be the main
mechanisni314 By this mechanism, an entire hydrogen atom

is transferred in each step of the passage through the hydrogen-
bonded network. Using the spin-catalysis conéeéjithas been
suggested that the ground doublet state of the tyrosyl radical
interacts with the triplet excitedo* state of the prolongated

OH bond by intermolecular exchange (configuration interaction).
The subsequent HAT along the hydrogen-bonded network was

The stable tyrosyl radical is essential for the catalytic activity
of class | ribonucleotide reductase (RNR). This enzyme catalyzes
the reduction of ribonucleotides to deoxyribonucleotides, which
are precursors in the synthesis of DNA. It consists of two
homodimeric proteins, R1 and R2. R1 contains the substrate
binding site and R2 a diferric oxygen center and the neighboring
tyrosyl radical. Tyrosyl radicals are found in RNR from different > X .
sources such a&scherichia coli Salmonella typhimurium then |_nterpr_et§d as a triptetriplet energy transfer through the
mouse, and herpes simplex virus (HSV1), as well as in Protein chairt
prostaglandin H synthase and photosysteTIThe tyrosyl The tyrosyl radical has been studied by electron paramagnetic
residue that harbors the radical is embedded inside the protein€sonance (EPR) and electronuclear double resonance (EN-
at approximately 10 A from the nearest protein surface and 5 DOR) spectra in many different RNR&57.1%A relatively large
A from the diferric oxygen center in the crystal structure of the g-tensor anisotropy of the component directed along the CO
protein R2 moiety of. coli RNR? The distance between the bond of the tyrosyl ring,gx, is detected by these EPR
radical and the substrate binding site is remarkably large, measurements. High-frequency EPR has been used for detailed
approximately 35 A in the modeled complex between the two Studies of theg-anisotropy of the radicdf"*® Such studies
proteins R1 and R A network of hydrogen-bonded amino  together with pulsed ENDOR experiments give evidence of
acids connects the sites, and substitution of any of these amindower gx values in structures with protons near the tyrosyl
acids inactivates the enzyme. Despite extensive research, théadical’”!® These measurements have been carried out for
mechanisms for the enzymatic activity are not completely tyrosyl radicals of RNR proteins from HSV1 and from mouse
understood. The chemical communication between the radical RNR where H-bonded deuterons were detected by ENDOR after
and substrate was earlier suggested to be mediated by electrodeuterium exchange. The pulsed ENDOR spectrum was inter-
transfer (ET)L Previous findings, however, propose a coupled preted as due to a proton at a distance of 1.89 A (mouse) and
proton/electron transférl2 Theoretical studies by Siegbahn et 1.96 A (HSV1) from the phenolic oxygei.On the basis of
al. indicate, in line with these findings, that ET is unlikely and these findings, it has been suggested that the tygsylue is
decreased by hydrogen bonding to the oxygen atom. Recent
* Corresponding author. Fax-46-13-137568; e-mail: maria@ifm.liu.se.  studies suggest that in certain systems there is a distribution of
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H H TABLE 1: Phenoxyl g-Tensor with Different Complete
H H Active Spaces (CAS)
" " CAS Ox Oy Oz
3x3 2.0269 2.0063 2.0024
a) 5x5 2.0110 2.0054 2.0024
7x7 2.0087 2.0050 2.0025
9x%x9 2.0086 2.0046 2.0025
11x 11 2.0086 2.0046 2.0025
" { " " ! " an x nis an abbreviation for n electrons in n orbitals.
" H H H work by the present authors describe the different contributions
S s of the g-shift in detail25-3°
©) ' B o The B3LYP/6-31G** geometry optimizations were performed
“o ' with the Gaussian98 prograth.The phenoxyl radical was

oriented in thexy-plane with the CO bond along theaxis.
MCSCF wave functions with correlating orbital complete

!
o\

H

Figure 1. (a) Phenoxyl radical. (b) Phenoxyl radical with a water : _ ; ;
molecule as a model of a hydrogen bond at 9fth respect to the active space (CAS) and cc-pVDZ basis set were used in the

phenoxyl CO bond. (c) Phenoxyl radical with the water molecule in _calculations, that is, 7 electrons in 7 Orbi_tals *77_) of the
135 orientation. (d) Phenoxy! radical and water molecule in linear iSolated phenoxyl radical and 9 electrons in 9 orbitals(9)
configuration. of the phenoxylwater complex. The phenoxyl radical was

assigned &B; ground state (ther-radical).
performed for the first time. The multiconfigurational self-
consistent field (MCSCF) linear response method was used t03. Results and Discussion
calculate theg-shift as a sum of correction terms, that is, the . ) o )
dominating spin-orbit coupling (SOC) and orbital-Zeeman (0z) ~ The spin density of the tyrosyl radical is localized to the
cross-terms together with the relativistic mass and gauge ©Xygen atom and ring carbons in an alternating pafte?d.
correctiong425 In addition, the excitation energies, SOC, and Amino and carboxyl groups are not expected to contribute
angular momentum (AM) matrix elements of the main interac- @Ppreciably to theg-value as the unpaired electron resides
tions were calculated. By these calculations it was possible to €ntirely on the phenoxyl side chaif. Experimental EPR
trace the major electronic interactions contributing togtshift. g-values of the tyrosyl and phenoxyl radicals are also very
According to the theory of Storfé?” a lowerg-value may be  Similar3+% Accordingly, calculations of the phenoxyl radical
caused by reduction of the spin density on the oxygen atsm  are anuupated not to differ significantly from thpse of the
an increased energy gap between the single occupied moleculalyrosyl radical. For these reasons, the phenoxyl radical was used
orbital (SOMO) and oxygen lone-pair orbit#&Calculations @S @ model system. In the present stgegnsors were calculated
with the unrestricted Hartreg~ock (UHF)-MNDO (modified with the ab initio linear response meth#fek® Earller.studles.
Neglect of Diatomic Overlap) method by Un et al. resulted in show that restricted HartrefFock. reference states ylleld satis-
a lowerg-value of a hydrogen-bonded methylphenoxy radical factory results for se_veral suk_)stlt_uted benzepe rad|c_als except
compared with the isolated radilThe aim of this work is  for the phenoxyl radicai®** This discrepancy is explained by
to test the hypothesis that hydrogen bonding of the tyrosyl & complex electronic st_ructurelwnh strong correlation, and to
radical induces a loweg-value from an ab initio approach and ~ the presence of low-lying excited states. However, MCSCF
to give interpretations of the electronic mechanisms behind it. Wave functions with cc-pVDZ basis set yiegevalues consistent
Detailed knowledge of spin excitation and redistribution upon With experiments? MCSCF calculations of the SOC integrals
H-bond formation, extracted from the-tensor analysis, is &r® computationally demanding, and the cost increases rapidly
essential for the spin chemistry because hydrogen bonding ofwith the increase of the number of atoms and the decrease of

the tyrosyl radical may be the first step of RNR catalytic activity. Symmetry in the molecular system. Thus, in the present study,
the CAS was optimized regarding highest accuracy at lowest

2. Method computational effort. UHF natural orbital occupational numbers
. guided the choice of active space, and each occupied CAS
g-Va_Iues of the phenoxyl rad|c_al and phenoxy_\vater com- orbital was assigned a correlated virtual orbital. The phenoxyl
plex (F|ggre 1) were calgulated with the MCSCF linear response g« value was strongly dependent on the active space (Table 1).
method implemented in a Izgcal version of the DALTON = g5jier active space than the futiorbital (7 x 7) CAS yielded
quantum chemistry prograifi* The g-values are calculated Ox values far too high, both regarding experimental values and
as a shiftAg from the free electron valuge = 2.002319. The  cag convergence. The results for thec® and 11x 11 CAS
g-shiftis dominated by the SOC and OZ cross-terms in the one- qre identical at 4-decimal accuracy. On the basis of these
and two-electron parts of the SOC operatdgéocio1e), calculations the & 7 CAS was chosen as an appropriate active
Agsociod2€)]. Relativistic massAgruc) and gauge corrections space. According to the literature, MCSCF wave functions with
[Agec(1€), Agsc(2€)] provide minor contributions. Calculated ¢ 2 _orhital CAS and a basis set with polarization functions
g-shifts in this work were based on the following correct®ns e necessary for an adequate description of the phenoxyl radical
ab ab electronic structuré’—3°
AG™ = Alryc 07 + Adgc(1€) + Adsociodl€) + An experimental geometric structure is not available for the
AQsoci0d2€) (1) phenoxyl radical. Unfortunately, various problems connected
with the determination of a proper CO bond length are reported
The two-electron gauge correction was not included. This in the literature®®37.3%-42 Calculations based upon different
contribution is not expected to influengevalues significantly, methods (Restricted Open shell Hartréeock (ROHF), UHF,
except in those cases when thshift is close to zero. Earlier  MCSCF, Density Functional Theory (DFT)) generate bond
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TABLE 2: Experimental g-Tensor of Tyrosyl Radical in 2014
RNR from Different Sources Compared with Calculated

Values for Phenoxyl+ Water Complexes S0k

hydrogen
bond Ox Oy 0;

E. coliRNR? —  2.0087 2.0042 2.0020 .

S. typhimuriunRNR —  2.0089 2.0043 2.0021 &
Phenoxyl (this work) 2.0087 2.0050 2.0025 52008
HSV1 RNR? 2.0076 2.0043 2.0022 *
mouse RNR/

phenoxyl+ water R(G--H) = 1.95
phenoxyl+ water R(G--H) = 1.70

2.0076 2.0043 2.0022 2.006F 4
2.0081 2.0049 2.0025 ///’JL/
2.0079 2.0048 2.0025

e e e

phenoxyH water R(Q+-H) = 1.50 2.0076 2.0047 2.0025 20041

phenoxyl+ water 180 2 2.0081 2.0049 2.0025 gz

phenoxyl+ water 133 2 2.0078 2.0049 2.0025 2002 . . - . . i

phenoxyl+ water 90 2 2.0074 2.0049 2.0025 20 122 124 k26 128 130 132
istance,

aR(O-++H) 1.95.
2014

lengths in the range 1.221.38 A. Predictions of the ground-
state symmetry strongly depend on the starting guess for zero-
iteration, and two main predictions for the ground state of the
phenoxyl radical are reported. Some authors have assigned the
phenoxyl radical &B, symmetry, which is ther-radical with
the unpaired electron on theorbital of the oxygen ator#®40
However, the most reliable MCSCF treatment Wit{tCAS (7
x 7) and large basis set by Chipman ef’ahnd also DFT 2,006} ;
calculations by Qin and Wheefér2predicted the ground-state m
z-radical €B;). These authors also give a good agreement with 5 ool j
experiments on hyperfine EPR structure and IR spectra. In this
work, the?B; ground state of the phenoxyl radical (theadical) ) , ; ; - g L
was obtained by the ROHF method. *Fa 142 &M disance 148 1.50
The g-tensor of the phenoxyl radical is sensitive to the
geometric structure and it is therefore necessary to carry out a
careful investigation of th@-tensor geometry dependence. In
this work, a B3LYP-optimized CO distance of 1.26 A was used energy is smallAE = 2.17 eV. The in-plane valug, emanates
as a starting point of the molecular structure studies. The mostly from the interaction between tte?B; ground ando
hydrogen bond was simulated with a water molecule close to 2A; excited states, witlAE = 6.66 eV, SOC= 29.97 cn1l,
the phenoxyl oxygen. van Dam et al. propose that the hydrogenand AM = 0.92. The rather high excitation energy was
bond in mouse RNR is directed 20ut of the phenoxyl plane  compensated for by large values of the SOC integrals and AM
with the O--H bond in the plane normal to the ring and passing matrix elements. Gauge and relativistic mass corrections were
through the G—C;—0 axis!” The water molecule was oriented  one order of magnitude smaller than the in-plane SOC/OZ terms.
with the experimental structure as prototype. However, in-plane A low-lying 2A, excited state with excitation energy 2.56 eV
symmetry was used for technical reasons, reducing the com-contributes to the out-of-plane componegptDespite this smalll
putational effort and keeping theorbitals out of the phenoxyl  energy gap, the-shift Ag, was close to zero, which could be
plane. The geometrical influence on theensor was investi- explained by a weak spin-orbit interaction betweesstates,
gated by simulations with changed phenoxyl CO bond length SOC= 0.01 cnt. The SOC/OZ contribution was small, (SOC/
as well as variations in hydrogen bond distance and angle. 0Z), = 147 ppm, and the relativistic mass correction was
3.1. Phenoxyl Radical The experimentaj-tensor anisotropy  negative, (RMC)= —197 ppm.
was reflected in the calculated values (Table 2). The principal Semiempirical UHF-MNDO calculations by Un et al. did not
components of thg-tensor with the 7x 7 CAS weregy = yield significantly differentg-values upon changes in the CO
2.0087 directed along the CO borgj, = 2.0050 in the plane  bond distance from 1.24 A to 1.26 & Furthermoreg-values
of the phenoxyl ring, and, = 2.0025 out of the phenoxyl plane. by this method are insensitive to small variations of the phenoxyl
SOC and OZ cross-terms provided the major contribution to ring geometry. In contrast to these results, calculations in this
the in-plane components, (SOC/QZ) 6363 parts per million work showed significant changes in thevalues as a function
(ppm) and (SOC/OZ)= 2600 ppm. These contributions consist of CO bond length: gy at CO distance 1.24 A was 2.0078,
of SOC integrals and AM matrix elements in the numerator whereasy, = 2.0087 at CO distance 1.26 A (Figure 2a). This
and energy differences between ground and excited states inperformance could be explained by a decreaset wsomo
the denominator. The used MCSCF response method forexcitation energy together with increased SOC and AM matrix
g-tensor calculations includes thousands of contributions from elements at increased CO bond lengths (Figure 3). Experimental
all single excitations in the spectrum. However, the main observations and calculations of energies and vibrational
contribution togx originated from the the lowest electronic frequencies by Ivancich et al. indicate that the CO bond distance
transition?B; — 2B,, which actually includes a single electron decreases at decreased hydrogen bond distance until hydrogen
excitation from the oxygen lone-paifby)-orbital to the single bond equilibrium is reache}. Thus, hydrogen bonding may
occupied molecular orbitat-somo (b1). The SOC integral, SOC influence the CO bond length. Variation of-€C, bond lengths
= 35.38 cnt?, and the AM matrix element, AM= 0.75, for also resulted in substantial differencegx:= 2.0093 at R(G—
this transition are both relatively large, whereas the excitation C,) = 1.44 A, whereagy, = 2.0083 at R(¢—C,) = 1.46 A

g-tensor

Figure 2. (a) Phenoxyl radicag-values as a function of CO distance.
(b) Phenoxyl radicag-values as a function of ££C, distance.
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Figure 4. Excitation energies from the ground to the lowest states of
2A, 2Ay, and?B, symmetry. These states contribute to ¢heg,, andgyx
components, respectively.

TABLE 3: Excitation Energies, SOC, and AM Matrix
Elements of the2B; — 2B, (n — &somo EXcitation

E
:,-J energy  SOC
-73 (eV) (cm  AM
s phenoxyl 2.17 3538  0.75
£ phenoxyl+ water R(G--H) = 1.95 2.12 33.63 0.69
& phenoxyl+ water R(G--H) = 1.70 2.13 32.91 0.69
& phenoxyl+ water 180 2 2.12 33.63 0.69
phenoxyl+ water 135 @ 2.23 33.58 0.70
phenoxyl+ water 90 @ 2.46 33.85 0.70
b) aR(Or++H) = 1.95.
20 122 124 1.26 128 1.30 132
€O distance, A of the oxygen lone pair%, orbital) to the active space did not
affect the result appreciably.
3.2. Hydrogen Bonding. 3.2.1. Linear ModelAs a first step
0.80

the hydrogen bonding was simulated with one water molecule
in a linear configuration with respect to the phenoxyl CO bond
(Figure 1d). This configuration is the simplest model of
H-bonding in the phenoxylwater complex; it does not cor-
respond to the real equilibrium structure, which is actually bent.
B3LYP/6-31G** geometry optimizations of the phenoxylater
complex yielded the following structural parametefSC—O—H
=112.5, R(O-*H) = 1.94 A, R(C-0) = 1.26 A,JO—-H-0
= 160.6.

Inclusion of a water molecule at the hydrogen bonding
distance R(®+H) = 1.95 A lowered they, value from 2.0087
to 2.0081 (Table 2). They-tensor showed only a slight

o
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o
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e
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ry
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Angular momentum matrix element

o
2
=]

o dependence on the hydrogen bond distange= 2.0079 at
0 1m 12 126 128 30132 R(O---H) = 1.70 A andg, = 2.0076 at R(®@-H) = 1.50 A.
CO distance, A Examination of the individual components contributing to the
Figure 3. Energies of théB, and?B; states (a), SOC (b), and AM  SOC/OZ term showed that the excitation energy of the most
matrix elements (c) for these states (the> wsomo excitation), which importantn — zsomo excitation was lowered in the linear

provide the major contribution to ttgg value of the phenoxyl radical. phenoxyk-water complex compared with the isolated phenoxyl

. ) .~ radical (Table 3). This could imply a highex value upon
(Figure 2b). These calculations were performed by narrowing pyqragen honding but, in contrast, thevalue was decreased.
and extending the phenoxyl ring in tlyedirection. The lower excitation energy in the denominator is thus

Calculatedg-values were sensitive to the choice of active compensated for by the terms in the numerator. That is, the
space. This sensitivity could be traced to strong correlation and Jower g, value in the phenoxytwater linear model depends
strong coupling between the low-lying excited states. Excitation on the lower SOC and AM matrix elements (Tables 2 and 3).
energies of the two lowest excited staisandA; were 2.17  Theg-value was also reduced upon a decreased hydrogen bond
eV and 2.56 eV, respectively, at the B3LYP equilibrium ground- distance. This reduction could be traced to a lower SOC constant
state geometry. A potential energy surface crossing for thesefor R(O:+-H) = 1.70 A compared with R(©-H) = 1.95 A.
two states near the MCSCF ground-state minimum at CO 3.2.2. Bent ModelsThe B3LYP geometry optimizations of
distance 1.23 A was observed (Figure 4). The<77 CAS the phenoxyl-water complex gave a nonlinear<©:---H bond
yielded results in agreement with experiment, whereas smallerwith the angled0C—O—H = 112.5 with an almost plane
CAS resulted in overestimategvalues. Interestingly, inclusion  “phenoxyl ring+ C=0---H—0" structure (the dihedral angle
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was 20.9). The bond length ©-H was obtained equal to 1.94
A. The g-values for the phenoxylwater model in the more
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models can be explained by the shape of the oxygen lone-pair

orbital. The oxygen lone-pairis the g orbital, and a phenoxy

water complex in bent configuration produces an overlap

between the phenoxyl and water molecular orbitals that is
not produced in the linear configurations.
The AM matrix elements remained basically unaltered for

all hydrogen-bonding models. The SOC integral, however,
shows small variations depending on both hydrogen bond length

and angle.

4. Conclusions

The calculatedg-tensors according to the phenoxyl and
phenoxytwater models were comparable with experimental

observations of the tyrosyl radical. That is, the calculations
reproduced the anisotropy of the tyrosyl radical as well as the

shift of g« toward lower values upon hydrogen bonding that
was observed experimentally for mouse and HSV1 RNFhe
other two componentsy, and g,, were not affected by the
presence of a hydrogen bond.

Interestingly, then — 7z (B; — 2B;) excitation was scarcely
affected by hydrogen bonding in the linear configurations.
However, the strong blue shift of this transition upon bent
H-bond formation is the most prominent feature of the tyresyl
water interaction. Together with the small reduction of fihé]
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integral and the SOC matrix element it explained the charac- gy atmann. R. E.- Burant. J. C.- Dapprich, S.; Millam, J. M.; Daniels, A.

teristic lowering of thegx term. The blue shift of the — x
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transitions in polar solvents is well known for a number of stable M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

diamagnetic molecules with the singlet ground state when a
hydrogen bond is formed to the atom on which the nonbonding

orbital (lone paim) is located'® Here we predict that a similar
blue shift is typical for then — zsomo transition in ar-radical
like phenoxyl upon H-bond formation.
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