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The communication between the cysteine, Cys439, at the substrate site and the tyrosyl radical, Tyr122, in
ribonucleotide reductase is studied by quantum chemical models at the DFT-B3LYP level. Recent theoretical
and experimental studies have indicated that an electron transfer between these sites is highly unlikely. Instead,
a model based on the hydrogen atom transfer (HAT) mechanism is investigated. In this mechanism both the
proton and electron are moved in each step to avoid a costly charge separation. It is found that the hydrogen
atom transfer steps required for communication between Cys439 in R1 and Trp48 in the region of the iron
dimer in R2 all have quite low energy barriers. The radical transfer between Tyr731 and Tyr730 has a
barrier of 4.9 kcal/mol, while the one between Tyr730 to Cys439 has a barrier of 8.1 kcal/mol. An interesting
aspect of these transfers is that the dielectric contribution from the protein is very small, indicating very
small charge separations. The radical transfer from Tyr122 to Trp48 over the iron dimer is considerably
more complicated. A model is suggested where this transfer occurs in essentially one step by a hydrogen
atom transfer from a water ligand of the iron dimer to Tyrl22. In this process an electron is transferred
between Trp48 to the hydroxyl ligand of iron over the Trp48-Asp237-His241 chain leading to a cationic
tryptophan radical.

I. Introduction SCHEME 1
Ribonucleotide reductase catalyzes the reduction of ribo- (PPPQ 0 Base
nucleotides to their corresponding deoxyribonucleotides (see ", RNR
Scheme 1). H -
Although apparently simple, this reaction has been shown to H® Paady
occur n a a surprisingly complicated sequence of steps. The HO BH
present knowledge of RNR has been summarized in recent
reviews? There are three classes of RNR. Thscherichia ribo- deoxyribo-
coli RNR belongs to Class | and has been shown to be,An nucleotide nucleotide
tetramer that can dissociate into two catalytically inactive
homodimers, R1 and R2.The X-ray structures of both R% and a resting Fe(lll111) dimer. This is the situation when the
and R2 have been determined rather recently. ribonucleotide becomes hydrogen bonded at the substrate site

The mechanism by which RNR catalyzes the reaction in in R1. The distance (see Figure 1) between the tyrosyl radical
Scheme 1 can be briefly described in the following way. An in R2 and the substrate site in R1 is more than 30 A. These
oxygen molecule is dissociated by an Fe(ll,Il) dimer complex Sites are connected by a single hydrogen-bonded chain. The
in R2. For a detailed discussion of the iron dimer complex Substrate reactions at R1 are initiated by a transfer of radical
and its reactions in RNR, see recent reviéWsThe immediate ~ character from Tyr122 to Cys439 at the substrate site. The
product of the @ dissociation is at present not fully known. transformation shown in Scheme 1 is then catalyzed by the
One possibility is suggested by the large similarity between the Cys439 radical. Based on isotopic labeling, kinetic, spectro-
iron dimer complexes in RNR and MMO (methane monooxy- Scopic, and site-directed mutagenesis experiments, a reaction
genase). For MMO, a complex termed compottas been mechanism for this part has been suggééteonsisting of five
identified and shown to react with hydrocarbons. Based on a Steps. On the basis of density functional theory (DFT) calcula-
compilation of experiments,on DFT calculation® and on tions, another mechanism is suggested consisting of six Steps.
EXAFS measurementd,compoundQ has been suggested to When the transformation in Scheme 1 is done, the radical is
be a biss-oxo Fe(IV,IV) dimer, but there are also other then transferred back to its resting position at Tyr122.
possibilities!2 For RNR, an intermediate has been observed  The present study concerns the mechanism for radical transfer
termed X, which is reduced one step comparedQo This between Tyrl22 and Cys439. Initially, the mechanism was
intermediate has been spectroscopically characterized as an Fesuggested to be electron transfer followed by local proton
(IV,111) dimer.13 A possibility is that compouni is obtained transfers to create neutral radicals. In past years, more and more
from compoundQ through a hydrogen atom (proton and experimental information has been gathérethat makes this
electron) abstraction from surrounding residues. In the next suggestion rather unlikely. In particular, mutagenesis experi-
step, a hydrogen atom is abstracted from a tyrosine, Tyr122, ments have been performed that strongly suggest that the
fairly close to the iron dimer to create a neutral tyrosyl radical hydrogen bonds in the chain shown in Figure 1 are in some
way essential for the communication between Tyrl22 and
* Author to whom correspondence should be addressed. Cys439%6 By means of theoretical DFT studies on simple
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hydrogen atom transfers between amino acid residues. This
model will be tested for two cases, first the hydrogen atom

transfer between Tyr730 and Tyr731, and second between
Cys439 and Tyr730. The mechanism for radical transfer in the
Cys 225 second part of the hydrogen-bonded chain, between Tyr122 and

CyS 462 R1

Cys 439 Trp48, involving the iron dimer is considerably more compli-
N cated and therefore more uncertain. A detailed picture from
) Tyr 730 the X-ray structurg of this region is shown in Figure 2. A
model for how the radical transfer in this region could occur is
Tyr 731 nevertheless suggested below. This mechanism involves,

besides a hydrogen atom transfer of the type mentioned above,
also a transfer of radical character involving the His118-Asp237-
Trp48 chain of the same type as has been experimetitaliyg
theoretically® shown to occur in cytochromeperoxidase (CCP)

i through the same triad of residues, but involving a heme group

i rather than an iron dimer as in RNR.

i R2 In the present study the hybrid DFT (density functional

i theory) method B3LYP is used:?? For benchmark tests

H comprising 55 common first and second row molecules per-
formed using slightly larger basis sets than used here, an average
absolute deviation compared to experiments of 2.2 kcal/mol was
obtained for the atomization energies, of 0.013 A for the bond
distances and of 0.82for the bond angle® The present
accuracy should be almost as high as in this benchmark test for
the systems that do not contain transition metals. For the latter
systems the accuracy should be somewhat Idtkut should

still be enough for the present purposes. For processes such as
the ones studied here where charge separations could occur, it
is also important to account for long-range polarization effects,
and this has been done here using dielectric cavity methods.

Figure 1. Conserved residues participating in the proposed hydrogen- ) )
bonded long-range transfer chain between the substrate site in proteinll. Computational Details

R1 and the tyrosyl radical in protein R2 &. coli ribonucleotide The calculations were performed in three steps. Following
reductase (RNR). The dashed lines indicate possible hydrogen bonds e . - A .
in the crystal structures of the proteins. an optimization of the geometry using medium-size basis sets,

. . . - the energy is evaluated using large basis sets. In the third step
amino acid models, an alternative possibility was suggésted. he effect of th |arized di luated. Al th
In this mechanism entire hydrogen atoms, protons and electronst € etflect of the polarnzed surrounding was evauated. ese

) . steps were made at the B3LYP le¥’éusing the Gaussian-94
are transferred in each step. Three different types of mecha- 5
nisms were found in the model study. The first one was termed program . .
. o The B3LYP functional can be written as

proton-governed hydrogen transfer since the transfer is initiated
by a proton transfer, which is then followed by an electron
tr);nsfgr and a final proton transfer. The second{‘;ossibility was F207 = (1— A) x FRH+ Ax FIT + B oo+
termed overlap-governed hydrogen transfer, since an overlap CxEYYP + (1- C),:VWN
is needed between the electron donating and electron receiving ¢ ¢
orbitals. In this case the proton and electron take slightl . .
different paths in each step? Finally, in the third mecharﬂsmy, whereFf'ate;Lkazhe Slater e.xchangé,;": is the HartreeFoc.k
the coupling of the electron and proton motion is so strong that €Xchanger, e the gradient part of the exchange functional
a hydrogen atom can be identified during the entire transfer. Of Beckel* F.™ is the correlation functional of Lee et &f,
Common for all three mechanisms is that charge separation isandF; " is the correlation functional of Vosko et #l. A, B,
always kept very small and that at each step a hydrogen atomandC are the coefficients determined by Be&kesing a fit to
is transferred. The common name for this mechanism is experimental heats of formation, but Becke did not E%N
therefore hydrogen atom transfer (HAT). Recently, another and FEYP in the expression above when the coefficients were
DFT study was made which shows that the structure around determined, but used the correlation functionals of Perdew and
Cys439 and Tyr122 in RNR is very nonoptimal for electron Wang instead?
transfer between these residd&sin fact, the results of the In the B3LYP geometry optimizations standard doubleasis
calculations are that this electron transfer is so strongly sets were used. For the metal-containing systems the LANL2DZ
endothermic (by more than 40 kcal/mol) that it is not energeti- set (from Gaussian-94) was used. This basis set uses an ECP
cally feasible. In the present study, the hydrogen atom transfer (effective core potentialj for the metal atoms. For the systems
model is investigated in detail for the radical transfer in RNR. composed of only first and second row atoms, the d95 basis
The hydrogen-bonded chain in Figure 1 consists of two quite set was used. These rather small basis sets can safely be used
different sections. There is first the region from Cys439 at the for the present purposes since it has been clearly shown that
substrate site in R1 to the Trp48 residue which is in the the final energy is very insensitive to the quality of the geometry
neighborhood, although not a direct ligand, to the iron dimer optimization?33° The B3LYP final energy calculations were
in R2. It is suggested here that the radical transfer in this part made using much larger basis sets. For the metal-containing
of the chain occurs through a sequence of individual steps of systems, the LANL2DZ basis set was extended by adding
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Asp &4
Figure 2. The region around the Fe(lILlll) dimer from the X-ray structure of the R2 protein of RNR.

diffuse functions and a single set of polarization functions for at this level was found to be too expensive and instead evaluated
all atoms taken from the 6-3#%5(1d,1p) basis set. For the at the Hartree' Fock level and with the frequencies scaled by
systems that do not contain metal atoms, the somewhat larger0.9 as usual. For the metal containing systems, differential zero-
6-311G(2df,p) basis set could be afforded. The difference in point vibrational effects are assumed to be small when forms
quality between these large basis sets should be very small forof the same complex are compared. WhenHDbond strengths
the present type of B3LYP calculations. are calculated a zero-point effect of 6.2 kcal/mol was subtracted
The dielectric effects from the surrounding protein were based on the effect obtained at the B3LYP level for a water
obtained using the self-consistent isodensity polarized continuumligand in a five coordinated Mn(IV) compleX. A systematic
model (SCI-PCM) as implemented in the Gaussian-94 pro- basis set and method correction to the kD bond strength of
gram?>3! This is a simple model for treating long-range solvent +1.7 kcal/mol was also added to the values discussed below
effects and considers the solvent as a macroscopic continuunmbased on the error obtained for a free water molecule.
with a dielectric constard and the solute as filling a cavity in
this continuous medium. The cavity is defined self-consistently ||| Results and Discussion
in terms of a surface of constant charge density for the solute
molecule. The default isodensity value of 0.00@3%evas used, The present model study on hydrogen atom transfer in RNR
which has been found to yield volumes close to the observedis divided into two parts which are quite different from a
molar volumes. The solvent effect is derived from the interac- modeling perspective. In the first part, discussed in the first
tions of the surface potential with the dielectric continuum. The subsection below, hydrogen atom transfer is suggested to occur
dielectric constante) of the protein is the main empirical in steps between individual amino acid residues. This type of
parameter of the model and it was chosen to be equal to 4, intransfer should occur once the radical has been transferred from
line with previous suggestions for proteins. This value corre- Tyrl22 to Trp48, see Figure 1. In the first step after that, the
sponds to a dielectric constant of about 3 for the protein itself radical is transferred from Trp48 probably to the nearby Tyr356
and of 80 for the water medium surrounding the protein. It by a hydrogen atom transfer in the opposite direction. Since
should be emphasized that with such a simple model of the the structure of the protein in this region is not very clear, this
protein as a dielectric medium, it is absolutely necessary to step is not discussed below. In the following steps, the radical
include important hydrogen-bonding effects in the quantum should be transferred between tyrosines. An example of this
chemical modet®32 In the present case, the choicecof 4 will be discussed in detail below for the hydrogen atom transfer
can also be motivated by the fact that this value gives good between Tyr730 and Tyr731. Since these residues are directly
agreement with experiment for two different electron-transfer linked by the backbone, the effect of the backbone on the

processes in the bacterial photosynthetic reaction c&hteNR transfer will also be discussed. Apart from this case, the
is similar to this system in terms of water contents and should backbone is left out of the model calculations. After the
therefore have a similar dielectric constant. sequence of radical transfers between the tyrosines, there should

For the systems not containing metals, zero-point vibrational be a final transfer between Tyr730 and Cys439. This step is
effects were obtained at the same B3LYP level as the geometriesalso discussed in the first subsection. In the second part of this
were optimized except in one case. For the hydrogen atomsection, the radical transfer involving the metal center in R2 is
transfer between two tyrosines including the backbone, a Hessiardiscussed. Since this part is substantially more complicated than
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the cases mentioned above, only a plausible mechanism for this
transfer can be suggested. This part of the transfer chain is
also too big to be modeled in its entirety by the present quantum
chemical methods, and a more approximate modeling is
therefore required. The most drastic aspect of the modeling
used here is that only one-half of the iron dimer is kept. The
bis-«-oxo bridges are modeled to give the right oxidation state
for the iron atom that is kept in the model and which is directly
involved in the radical transfer. This transfer is discussed in
the second subsection below.

a. Hydrogen Atom Transfers between Amino Acids. The
first hydrogen atom transfer between amino acids discussed in
this subsection is the one between Tyr730 and Tyr731, which
is in the part of the hydrogen-bonded chain that is in R1, see
Figure 1. In the previous quantum chemical model study of
hydrogen atom transféf,the case of a transfer between two
tyrosines was modeled .by two vinyl al'cohols. The. res'ults .Of Figure 3. The optimized structure of the transition state for the
these C_aICUIat'OnS' which _had considerable Q|ff|cult|es N quantum chemical model for hydrogen atom transfer between Tyr730
converging to a proper transition state, was a barrier of 9.8 kcal/ and Tyr731.
mol corresponding to a rate of 161, The mechanism of the . e . L
transfer was one of overlap-governed hydrogen transfer (seet0 the two rings. Th|s Is necessary since the tyrosyl rad|_ca| IS

as-radical. By moving out of the-plane, the hydrogen orbital

Introduction) since the vinyl alcohols lined up in a parallel S ; .
fashion with overlap between theorbitals. Placing a water can mix with therr-orbitals of the tyrosines and thereby lead to
a smooth transfer from one-radical to the other. The other

molecule between the vinyl alcohols in a way such that the ibilit d h b ¢ ton bet th
hydrogen transfer goes via the water, considerably stabilized possibiiity wou ave been to move a proton between the
tyrosines and let the electron go directly betweenvttabitals.

the transition state. The barrier obtained was 5.4 kcal/mol This would require overlan between theorbitals and would

corresponding to a rate of 481 This led to a suggestiéh havse g:rrese?)ﬁ di(;) S) a{f rr?ecr?:nism“eoof ivse?la c())l\J/erne q

that a water molecule in the immediate neighborhood, actually P - . P g .
hydrogen transfer as found in the vinyl alcohol case with

seen in more refined X-ray structuretakes part in and helps . ;
the transfer. It was also shown in these model studies that if amtermed@te groups (water or carboxylate). In that case the
shortest distance between the vinyl alcohols was-2.8 A,

carboxylate group is present in this type of transfer, which is depending on the intermediate group. The shortest distance

not the case in RNR, the hydrogen atom transfer barrier is between the phenol rings in Figure 3 is 3.25 A, which appears
reduced even further to 3.0 kcal/mol. . . .
) to be too long to give a sufficient direct electron transfer between

In the previous study of hydrogen atom transfer, the accuracy the rings. Instead, the mechanism in this case is the most clear
of the B3LYP method for this type of process was alsO aqe of pure hydrogen atom transfer seen so far: a hydrogen
discussed. This was done partly because the problem with t004i0m can be identified along the entire reaction path. The
low barriers using DFT methods had previously been pointed {5nsition state is quite symmetrical, as expected, withHO
out3>% Comparison between B3LYP was made to the PCI- gistances of 1.19 and 1.22 A. The-O distances are both
80 method}” which is expected to give barriers too high 1 34 & which is between the tyrosine value of 1.39 A and the
compared to experiments by-2 kcal/mol. The barrier heights tyrosyl radical value of 1.31 A.
obtai_ned using these methods were for the hydrogen transfer” e computed barrier for hydrogen atom transfer between
reaction between 0 and CH 12.9 (B3LYP) and 14.7 kcall  1yr730 and Tyr731 is 4.9 kcal/mol, corresponding to a rate of
mol (PCI-80), between OOH and GR0.9 and 22.7 kcal/mol, 10 51, This rate is substantially faster, as required, than the
and between OH andJ#® 4.2 and 5.0 kcal/mol. The conclusion g pstrate turnaround time for RNR of 101s Zero-point
drawn was that B3LYP does work quite well for these reactions, yiprational effects and dielectric effects of the protein are
but that the barriers may be slightly too low. This effectis not jncluded in the barrier height. The zero-point effects are
of any consequence for the conclusions drawn for the presentspstantial with a lowering of the barrier by 4.6 kcal/mol, from
systems. 9.5 kcal/mol to 4.9 kcal/mol. The dielectric effects are quite

In the present study tyrosine is modeled by a phenol group interesting for this new type of mechanism. If there would be
which should be a quite accurate model, better than the vinyl a substantial charge separation as there must be in a pure electron
alcohol used previously. In the initial attempts to locate a transfer, the dielectric effects should be quite large. If, on the
transition state using the phenol model, the same problem asother hand, the electron and proton are close to each other at
noted previously for the simpler models was encountered. After the transition state, a much smaller effect is expected. The
some fruitless attempts, it was decided to also include the actual result is that dielectric effects only decrease the barrier
backbone joining Tyr730 and Tyr731 in the model. This led height by 0.1 kcal/mol. This is one of the most important results
to a larger and therefore more expensive model, but the of the present study since it clearly demonstrates that this is
convergence to the transition state, shown in Figure 3 was muchnot simply a variant of electron transfer. This type of result, a
easier. This transition state has some notable features. Firstyvery small dielectric effect, is typical for all of the present model
the structure is quite similar to the one of the resting state from systems of hydrogen transfer between amino acids, also for the
the X-ray structure in Figure 1. It is therefore clear that one ones studied previouslh. An important technical advantage
role of the protein is to hold the phenol rings in a position in this context is that the choice of dielectric constant (in the
suitable for the transfer, see further below. Another striking present case = 4) is not critical at all and that an uncertain
feature of the structure is that the hydrogen atom moves out ofand difficult modeling of the protein is not necessary. The
the phenol planes with angles of 50.&nd 59.7 with respect hydrogen transfer mechanism shown in Figure 3 is structurally
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Cys 439

Figure 4. The optimized structure of the transition state for the quantum chemical model for hydrogen atom transfer between Cys439 and Tyr730.

and energetically almost identical in the gas phase and in the
protein, and is ideally suited for a treatment using the present
accurate DFT methods.

Having obtained the transition state between the tyrosines
including the backbone, it should be possible to go back and
find the transition state without the backbone. The initial
attempts had been unsuccessful, as mentioned above. It turns
out that it is still difficult to obtain a stable transition state
without the backbone, but finally a reasonably stable structure
with small remaining average forces and a Hessian leading to
one imaginary frequency was found. The barrier height without
the backbone is 9.5 kcal/mol which is much higher than the
value of 4.9 kcal/mol obtained with the backbone. The main
reason for this is that the structures of the reactants (and
products) are quite different without the backbone. The
transition state is, on the other hand, very similar.

The second hydrogen transfer described here is the final one
in the hydrogen-bonded chain between Cys439 and Tyr730,
creating the cysteinyl radical. The transition state obtained is
shown in Figure 4, and was much easier to converge than the
one between the two tyrosines. It should be noted that the
cysteine and the tyrosyl are not oriented quite the same way in
the model as they are in the protein, since they are not held in
positions by the backbone in the model. This is of no
significance for the mechanism or the barrier height, since the
rotation around the SH bond is almost without cost of energy.
The calculated barrier is 8.1 kcal/mol, corresponding to a rate
of 107 s71, again much faster than the overall reaction rate of
RNR. The reaction is found to be only slightly endothermic
by 0.4 kcal/mol, which means that the backward hydrogen
transfer is almost as fast. The zero-point vibrational effects of
—1.7 kcal/mol in the forward direction (toward the cysteinyl
radical) are important for the rate, but smaller than for the above
reaction between the tyrosines. For the backward reaction they Trp 48
are larger with~4.2 kcal/mol. This is expected, since the large gigyre 5. The optimized structure for the quantum chemical model

loss of zero-point energy occurs when the@bond of tyrosine  of the iron dimer system in its resting Fe(lll, Il state. A water molecule
is entirely broken. The corresponding loss of zero-point energy is used to model the Glu115 bridge, and a hydroxyl group models the

by breaking the SH bond is much smaller since the mass of u-oxo bridge.
sulfur is larger. The dielectric effects of the protein are quite
small, increasing the barrier by 0.3 kcal/mol and increasing the b. Hydrogen Atom Transfer Involving the Iron Complex.
endothermicity by 0.8 kcal/mol. The mechanism of hydrogen The part of the radical transfer that remains to be discussed is
transfer thus does not involve any significant charge separationthe one between Tyr122 and Trp48 over the iron dimer complex,
and can be described as hydrogen atom transfer (HAT). Thissee Figure 1. The mechanism tested here corresponds to
is also supported by the bending angle of 4&étween the essentially a single step for this entire distance. Since it involves
O—H direction and the phenol plane at the transition state, alarge number of amino acid residues and also the iron complex,
allowing mixing between the-orbitals and the hydrogen orbital. ~a more approximate modeling is required. After some initial
Unfortunately, the lack of structural information of part of investigations, the model used is the one shown in Figure 5
the hydrogen-bonded chain does not allow any more model and Figure 6. As seen there, only half of the iron dimer was
calculations of radical transfer between different amino acids kept in the model, and a water molecule is used to model the
to be made. The indication from the structure is that additional Glu115 bridge and a hydroxyl group models thexo bridge.
hydrogen transfers between tyrosines might occur, possibly To model radical transfer, it was considered more important to
involving also Tyr356. The barriers for these should of course keep the hydrogen-bonded chain including His118, Asp237, and
be quite similar to the one shown in Figure 3. Instead, the Trp48. One reason this chain is believed to be important in
second part of the radical transfer involving the iron dimer the radical transfer is that in the protein CCP these same amino
complex will be discussed in the next subsection. acids are present and in that case the tryptophan is found to be
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Asp 84 2) where the other oxygen is hydrogen bonded to a glutamine.
% This bonding situation is different from the one in CCP where
one oxygen of the aspartate is hydrogen bonded to the histidine
and the other to the tryptophan. Since the glutamine of the
actual RNR structure is not included in the model, the optimized

geometry in Figure 5 is probably only in a local minimum, but
this was never tested since the energy difference should anyway
be quite small. The optimizedNO distance between His118
and Asp237 is 2.52 A compared to the experimental value of
2.71 A, while the N-O distance between Trp48 and Asp237 is
2.75 A compared to 3.01 A. The difference in these distances
of about 0.3 A is well reproduced, but the calculated values are
somewhat short, which is typical for optimizations using the
present basis sets. However, these minor errors should have
only very small effects on the calculated energetics. It is further
noteworthy that the NH bond on the histidine is quite long,
1.12 A, and the @ H distance to the aspartate rather short, 1.41
A, which are indications of a strong hydrogen bond.

When the tyrosyl radical has abstracted a hydrogen atom from
the water coordinated to iron, the product structure shown in
Figure 6 is obtained. The coordination around iron in this
structure is quite similar to the one in the reactant with six-
coordination and a bidentate carboxylate. The spin on iron of
4.04 is also quite similar even though the system has been
oxidized, which means that the oxidation state is still Fe(lll).
This means that a substantial spin population must be present
Figure 6. The optimized structure for the quantum chemical model On at least one of the amino acids. Not too surprisingly, from
of the iron dimer system at the stage when a hydrogen atom has beerthe experimental knowledge of what happens in CCP, most of
abstracteq from the irorwater I|gand by the Tyr122 radical. A water this sp|n appears on the tryptophan For fhestate’ which
molecule is used to model the Glul15 bridge, and a hydroxyl group was the state optimized, the spin on tryptophan is 1.07. There
models theu-oxo bridge. are also large spins of 0.36 and 0.30 on the hydroxyl ligands.
Attempts were also made to obtain an Fe(IV) solution, which
should correspond to compoudd(see Introduction) spectro-
scopically characterized as an Fe(IV,Il) dinféihut no stable
solution was found. Instead, as the geometry convergence
progressed, the solution continued down to the more stable Fe-

a radical in the oxidized staté. The reactant for the radical
transfer investigated is the resting state of the enzyme, which
has a Tyr122 radical and an Fe(lll,II) dimer complex. In this
state a hydrogen bond between the tyrosyl radical and, most

probably, the water molecule on the iron atom closest to Tyr122 ) . .
has been identified for R2 proteins from mouse and H&V1. (111 solution with a tryptophan radical. However, a metastable

In the product state a hydrogen atom has been abstracted byFe(IV) solution was seen in the initial geometry steps with an

Tyr122 from this water molecule. Since Tyr122 is notinvolved €Nerdy about 10 kcal/mol less stable than the high SpiRe-
further in the radical transfer, it is not included in the model (Il) solution. The instability of the Fe(IV) solution seen here,

shown in the figures. The energetic effect of the hydrogen with an energy about 10 kcal/mol higher than that of the Fe-
abstraction, which is equal to the-®i bond strength of tyrosine (1) solution, is consistent with recent more accurate modeling

is taken to be the same as the experimental value for phenol ofof compoundX using the entire dimer with all of its ligands.
86.5 + 2 kcal/mol® Since tyrosine is not included in the N this case an ©H bond strength of 96.4 kcal/mol was

calculation, no attempt could obviously be made to obtain a OPtained for an added hydrogen to compodaavhich is about
transition state like those for the radical transfers in the preceding 10 kcal/mol more than the ©H bond strength of tyrosine,
subsection. This type of optimization was considered too indicating an instability of the same magnitude. This means
difficult for this process at the present stage. that the _radlcal transfer from_Tyr122 to_ Cys439 in RNR should
The optimized model structure for the resting state of the NOtgo via a compoun solution of the iron dimer but through
enzyme is shown in Figure 5. A few features of this structure @n unoxidized Fe(lll) solution with a tryptophan radical, which
should be pointed out. First, the iron center is six-coordinated S &N important result.
with a bidentate binding to the carboxylate, not unlike the  From the energies for the structures in Figures 5 and 6, an
bonding in the X-ray structure. The iron oxidation state in the O—H bond strength of the water coordinated to iron can be
model is Fe(lll) as it should be to model the resting Fe(lll,Ill) obtained. The result is 82.4 kcal/mol, which is quite close to
complex. This is seen on the spin population of 4.00 which is the O—H bond strength of tyrosine of 86.5 kcal/mol. This result
typical for Fe(lll) oxidation state® Also quite typical of highly means that a hydrogen atom transfer from the coordinated water
oxidized iron complexes is the large spin-delocalization over to the tyrosyl radical is quite feasible energetically, and that in
the ligands. The largest spin populations are found on Trp48 this simple process, the radical is transferred all the way from
with 0.33 and on the hydroxyl group with 0.35. His118 has a Tyrl22 to Trp48. From the hydrogen-transfer model calcula-
spin population of 0.12, but on Asp237 there is no spin. tions discussed in the previous subsection, the barrier for this
Concerning the His-Asp-Trp chain, it should first be noted process is furthermore expected to be quite low, but this remains
that the fact that only one of the oxygens in the aspartate is to be shown. If the exact result of the calculations should be
involved in hydrogen bonding to the histidine and the tryptophan taken literally it would also mean that the tyrosine would
is adopted directly from the experimental structure (see Figure spontaneously abstract a hydrogen atom from the water, which
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is not what happens in the actual RNR system where the tyrosyl
radical is in the resting state. However, the present modeling

should clearly be regarded as quite approximate considering the
size of this system, and a few kcal/mol error must be expected.
The most severe modeling approximation is probably that only

one-half of the iron dimer is kept.

The calculated ©H bond strength of 82.4 kcal/mol includes
an interesting dielectric effect, which increases the bond strength
by as much as 9.6 kcal/mol. This effect is the largest one we
have so far obtained for any process which preserves electro-
neutrality. This means that the protein surrounding, here His118
modeled by a medium with dielectric constant equal to 4, is of
significant importance in keeping the-M bond strength close
to the one in tyrosine as is required for the hydrogen atom
transfer. The fact that the proteincreasesthe O—H bond 1.020
strength is also quite interesting. The most important changes
of the Mulliken charges in this process are that tryptophan goes
from +0.20 to+0.73 and that the water ligand (the one that
loses a hydrogen to the tyrosine) changes friebnl16 to—0.36.

Given the qualitative aspect of the charge concept, these values
reasonably indicate that an electron has been transferred from
tryptophan to the water ligand as water loses a hydrogen atom

to tyrosine. It should be noted that the tyrosine does not accept

any charge during this process since in the present model it iSTrp 48
neutral before and after the hydrogen transfer. Normally, the
protein is expected to make electron transfers such as the one

from tryptophan to water easier, but in this case the effect is

the opposite. This is due to a very large polarity of the complex

before the electron transfer (the dipole moment of the structure

in Figure 5 is 11.1 D), which is in fact larger than after the
transfer (the dipole moment of the structure in Figure 6 is 7.6

D). It should finally be pointed out in this context that the pre-

sent chemical model is only qualitative. Besides the simplifica-

tion of keeping only one iron atom, also some part of the hydro-

gen bonding, for example to Asp237, has been left out. It is Figure 7. The optimized structure for the quantum chemical model
quite possible that a larger, more realistic model where theseof the iron dimer system at the stage when a hydrogen atom has been
effects are included should stabilize charge separation evenabstracted from the irorwater ligand by the Tyr122 radical, and a

further and thereby change the energetics of the radical transfefydrogen atom has also been abstracted by Asp237 from the nearby
somewhat y g 9 Tyr356. A water molecule is used to model the Glu115 bridge, and a

) ) ) hydroxyl group models thg-oxo bridge.
In the radical transfer discussed above, the radical has moved

from Tyrl22 to Trp48 in one single hydrogen atom transfer Tyrl22 has abstracted a hydrogen atom from the coordinated
from a water ligand of the iron dimer to Tyr122. A remaining Water and the radical is transferred to Trp48, the radical can in
question is whether the radical character in the region aroundturn be transferred to Tyr356 by a second hydrogen atom trans-
Trp48 is strong enough to abstract a hydrogen atom from somefer. In the sequence of hydrogen atom transfers discussed in the
neighboring amino acid residue. According to what is known Previous subsection involving Tyr731 and Tyr730, the radical
about the structure of RNR in this region, this amino acid should ¢an then finally be transferred to Cys439 at the substrate site.
probably be Tyr356. To investigate this question a hydrogen
atom is added to the structure in Figure 7. This hydrogen atom
cannot be added directly to the tryptophan since it is already  The present quantum chemical model calculations have shown
protonated. Instead it is added to the aspartate, and the structurehat a radical transfer between Tyr122 in R2 and Cys439 at the
shown in Figure 7 is obtained. The calculatee & binding substrate site is energetically quite feasible through a sequence
energy of this hydrogen atom is 84.6 kcal/mol, again quite close of hydrogen atom transfer steps. The calculated barrier for
to the O-H bond strength of tyrosine of 86.5 kcal/mol. Unlike hydrogen atom transfer between Tyr730 and Tyr731 is only
the hydrogen transfer from the water ligand discussed above,4.9 kcal/mol while the one between Cys439 and Tyr730 is
there is almost no dielectric effect in this process, ofili.0 somewhat higher with 8.1 kcal/mol. These barriers lead to
kcal/mol on the G-H bond strength. This low effect is not  predicted rates of 2651 and 1G s™2, respectively, both much
immediately obvious since the charge on tryptophan goes from faster than the overall substrate turnaround rate for RNR of 10
+0.73 to+0.05 and the one on aspartate frer@.67 to+0.03, s 1. These fast rates give a good rationalization for why the
clear indications of an electron transfer from the aspartate to protein only has a single hydrogen-bonded chain between
the tryptophan. However, the result is in line with our previous Tyr122 and Cys439 and also why mutations that severely disrupt
experience that local charge transfers over short distances arehe hydrogen bonding in this chain stop substrate activity. In
well handled by the quantum chemical gas-phase modelsparticular, mutations substituting Tyr730 and Tyr731 by phen-
provided they are large enough, like the present ones. Theylalanines lead to a total loss of activity, even thoughrbital
calculated G-H bond strength of 84.6 kcal/mol means that once overlap is retaineédt

IV. Conclusions
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An interesting aspect of the calculations is that these hydrogen
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