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Bond Valence Sum Analysis of Metalloenzymes. andr, is an empirical parameter for a given metifjand
3. Predicting Bond Lengths in Adjacent Redox combination. The sum of the individual values\gffor the |
States Using Inner-Sphere Reorganizational bonds around a central metal gives the BVS, which is generally

close to the formal oxidation state of the metal; this notion can
be traced originally to Pauling in 1929. The BVS analysis is
H. Holden Thorp useful for interpreting EXAFS data on metalloproteins where
Department of Chemistry, University of North Carolina, bond lengths are determined with high precision but where
Chapel Hill, North Carolina 27599-3290  coordination numbers are usually not uniquely defined in the
. . fit.14 By determining how many multiples of; for each type
] o Receied April 20, 1998 ~of bond are required to give the formal oxidation state, the
_In transporting and delivering electrons needed for catalysis, coordination number can also be determifédThis analysis
biological systems often utilize electron-transfer proteins that has been frequently applied to interpreting EXAFS data on
contain a transition metal center at the active sife Transition metalloproteind52° understanding changes in metéigand
metal ions are often stable in two adjacent redox states, andpond lengths about zinc ions during hydrolytic cataly3i®
the energy difference can be finely tuned by the ligand and in analyzing geochemical substan®es.
environment provided by the protein, allowing precise control  ypon reduction, the metaligand bonds in a coordination
over the thermodynamlcs Of e|ectr0n transfer. E|ectr0n-transfel’ Complex genera”y |engthen to Compensate for the |ower pos|t|ve
kinetics are favorable with transition metals because the change%harge developed on the metal center by the addition of an
in the metat-ligand bond lengths are relatively small compared glectron. In homoleptic complexes, the BVS method could be
to those in organic systems, which lowers the barrier to redox ysed directly to calculate the new bond length provided all of
Interconversion. . ~ the bonds lengthened by the same amount, since a unique value
The fundamental assumption of electron-transfer theory is of r would give aV; equal to the new oxidation state divided
that the reactions are S|mp|e enough that a re|atI0nShIp betweerby the number of bonds. In heteroleptic Complexes’ however'
the. k'nitlscs and thermodynamics of the reaction can be the analysis is not straightforward. Even in a complex with
derived:-™* Specifically, the shapes of the potential energy only two different types of bonds, there are many combinations
Surfaces Of the II"IItIa| al"ld f|na| states must be Slml|al’ enough Of expansions Of one bond or the Other that Would cause the
that the transition state is halfway along the reaction coordinate gys to decrease by 1.0 from a giving starting point. For
at zero driVing force. This situation allows the calculation of examp|e, one type of bond could |engthen while the other
the activation free energy from the driving force and the vertical remained constant or both could lengthen by an equal amount
energy difference between the initial and final states, which is or any other combination (including expansion of one bond and
called the reorganizational energy. This energy is composedcontraction of the other) that would increment the BVS
of an outer-sphere solvent reorganization term (usually the |afgerappropriately. Here | show that the bond lengths in the reduced

Energies

term) and the inner-sphere reorganizational eneigywhich state can be predicted if the combination of bond length changes
is the sum of squares of the changes in bond length betweenthat give the minimuni; according to eq 1 is selected from the
the redox states times the force constant for each Bond: subset of bond length changes that give the appropriate BVS
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Table 1. Parameters Used in Calculations on Copper and Diiron  cyanin is by two histidines and a thiolate from cysteine. The

Proteins long bond to the thioether gave a very sm¥]l and was

ro (A)2  k (kcal/molp ro(A)2 Kk (kcal/moly neglected. The observed distances by EXAFS are an average
CE—N 1.751 388 F&—0  1.759 485 distance for the two nitrogens of(+1) = 2.05 AryH2) =
Cﬂ;—N 1.595 388 l;%*—o 1.734 485 1.97 A and a unique distance for the thiolater gf+1) = 2.21
Cw®*—S  2.054 336 -N  1.855 419 = i i i
S Thos 00 SN lene a9 A, rg(+2) = 2.05 A. As discussed in an earlier pafahese

distances give good BVS values for thel and+2 states of

a b H .
Taken from ref 6° Calculated according to ref 25; force constants 1.02 and 1.95, respectively.

for Fe are for oxidized MMO and are slightly different for Hr according

to eq 3. The calculation involved determining all of the BVS ahd
values for each combination of bond lengths beginning with
Parameters the starting (oxidized) state and incrementing each bond by 0.01

Ther, values used were those reported in an earlier faper A from the starting distance up to the starting distasc8.20

and are given in Table 1 for the specific cases of interest here, A For plastocyanin, therefore, BVS antj values were

There has been considerable discussion recently of how best tocalculate(j for<each cszinationlwrere the 1:97y ; 2.17 Af
determine ther, parameter§” Palenik has discussed the @nd2.11<rs<2.31 Aforatotal of 441 states. The BVS for

importance of developing oxidation-state independept ~ €ach state was then 2 exp((1.595)/0.37) + exp((1.898—
vaﬁjesi?*lo which couldp bg very powerful for de?ermining rg)/0.37). There were 101 states with a BVS between 0.96 and

oxidation states or predicting absolute bond lengths. Since the1-04, and these states hadvalues ranging from 3.4 to 15.5
present calculations are aimed at determining changes in bond<Cal/mol- There was at least one state with an acceptable BVS
length rather than absolute bond lengths, the distinctions for every increment of each bond. For example, the state where
associated with oxidation-state independent parameters are not\ was unchanged but there was an unreasonablyﬂg(fgss
particularly important, so | have chosen to use our original ) had a; of 12.3 kcal/mol.  The state with an unchanged
oxidation-state dependeng values as set out in Table 1. In and an elongatedy (2.16 A) had a; of 7.0 kcal/mol. The

the applications discussed here, the oxidation states are knowr"@imum energy state hadia= 15.5 kcal/molry = 2.17 A,

explicitly, so the oxidation-state dependent values are adequate@Ndrs = 2.12 A. The state with the minimum energy had

To use eq 1 in the minimization, values of the force constants (+1) = 2.03 A andrg(+1) = 2.22 A, which compared well

for the important metatligand bonds are required. | have With the experimental values.

chosen to use force constants calculated according to the 1nere were 14 states that had both acceptable BVS values
methods and parameters of the universal force field (UFF) @nd i values that were within 1 kcal/mol of the minimum
described by Rappet al2> These force constants are deter- €nergy. These states were found for bond distances(6fl)

mined using an approach similar to Badger’s rule as = 2.00-2.06 A andrs(+1) = 2.18-2.25 A. These ranges
included the precise experimental distances observeg 6fl)
k= 664.12,Z,/r® 3) = 2.05 A andrg(+1) = 2.21 A. Minimization of the energy

without selection of acceptable BVS values did not produce a
whereZ; andZ, are charge parameters specific for each element meaningful result, because the absolute minimum energy for
in the bond and is the equilibrium bond length. The bond the entire set of 441 states is simply the state whetel) =
length chosen for was that present in the starting (oxidized) r(+2) and4; = 0. Thus, the BVS allows for the selection of
state; the force constants used are given in Table 1. Althoughthe subset of chemically reasonable states from which the
eq 3 predicts a change in force constant in the two states (whichminimum energy state can be chosen.
have different values), this change is reasonably small 0% The systems described here are all ones in which the EXAFS
for a 0.1 A change in bond length). Further, the predicted bond analysis gives two distinct bond distances, which are often
lengths will be influenced not by the absolute force constants average distances for two or more types of bonds. In plasto-
but rather by the relative force constants of the two bonds being cyanin for example, the EXAFS analysis gives an average
optimized in the systems described. If both bonds are changingdistance for two Ct#N bonds and a unique distance for the
in the same direction, the effect of the changing force constantsCu—S bond. Within the states examined, there are of course a
is negligible. This assumption was confirmed by performing host of other states where, for example, the twe-Gubonds
the calculations using either the force constants for the initial in plastocyanin differ from the average by varying amounts.
state, the force constants for the final state, or the average ofThe approach here does not attempt to differentiate between
the initial and final force constants. In the systems studied here,these states, primarily because the experimental data do not.
all three calculations gave the same optimum bond lengths. ThisAs the number of unique bonds increases, the number of states
condition is important since an assumption of electron-transfer with low inner-sphere reorganizational energies and compatible
theory is that the potential energy surfaces have the same shapBVS values also increases, so the analysis is best used to treat
in both the initial and final statéls3 the minimal number of states needed to be informative. The
analysis is applicable to more unique bonds simply by adding
terms to eqgs 1 and 2; however, the number of compatible states
will increase. This issue has been discussed in detail in earlier
papers.”

Plastocyanin

The first system chosen was plastocyanin because X-ray
crystallography and EXAFS have been performed on both the
Cu(l) and Cu(ll) state3® The initial state in all of the cases
discussed here was the oxidized form, which was the Cu(ll) Dinuclear Iron Proteins

state for plastocyanin. The coordination of copper in plasto-  Calculations similar to that for plastocyanin were performed
24) Caloula . gy Vicual Basio 5.0 133 for the diiron centers in the methane monooxygenase (MMO)
alculations were performed in Microsoft Visual Basic 5.0 on a ; ; fati
MHz Pentium computer. Programs consisted of nested FOR/NEXT and hemerythrin (Hr) proteir¥. For MMO, the two distinct
loops for each bond minimized.
(25) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., Ill; (26) Sykes, A. GChem. Soc. Re 1985 14, 283 and references therein.
Skiff, W. M. J. Am. Chem. S0d.992 114, 10024-10035. (27) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759-805.
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Table 2. Experimental and Predicted Distances (in A) in Copper
and Diiron Proteins

experimental

predicted

oxidized reduced reduced

r ra r ra r r2
CwW* plastocyaninA  1.97 211 205 221 203 222
Fe3ti25 MMOP 1.97 2.14 1.99 2.20 1.99 2.17
Fe3tizt MMOP 1.97 2.14 2.07 2.24 2.06 2.22
Fe3ti2.5t Hre 1.79 2.13 1.86 2.13 1.85 2.17

a Experimental distances taken from ref 26js Cu—N, r; is Cu—
S. " Experimental distances taken from ref 28js Fe-O, r, is Fe—
N. ¢ Experimental distances taken from ref 29is a short Fe-O bond,
rp is an average FeO/N bond, see text.

bonds observed by EXAFS are an-R@ bond length of 1.97
A and an Fe-N bond length of 2.14 &8 With a coordination
model of three FeO bonds on each center and two-F¢
bonds on one center and three-f¢ bonds on the other, good
BVS values are calculated for the oxidized (B 2.85),
semimet (BVS= 2.49), and reduced (BVS 2.07) states, as
discussed previoush.

Using the approach described above, the bond distances wer
calculated for the semimet and reduced forms. For the reduced
state, there were seven of the 441 states that had acceptabl
BVS values and were within 1 kcal/mol of the minimum energy.

The minimum energy state was that with = 2.22 A andro

= 2.06 A, which was in good agreement with the observed

experimental distances of, = 2.24 A andro = 2.07 A. The

same result was obtained by starting with the fully oxidized

Notes

that is of central importance in developing force fields for metal
atoms3® This problem has been addressed using either an
iterative method for assigning partial charges to metal ions and
ligand$?! or using a valence bond description of the entire
electronic structure of the metaligand bonds? These ap-
proaches are much more complete and offer means for predicting
absolute bond lengths and bond angles, whereas here we use
the BVS method only for selecting compatible subsets of bond
distances that must then be optimized using some energy
function. Nonetheless, the simplicity of the BVS method has
resulted in its widespread routine use, and application to other
problems in coordination chemistry as described here is therefore
attractive.

As stated above, the idea that the bond valences should sum
to the oxidation state was originally proposed by Paulihg.
Further, the idea that changes in the ground-state mikgaind
distances could be used to predict the minimum transition state
energy for electron transfer can be attributed to early work by
Marcus and others. These two ideas combine nicely here for
$redicting bond distances in neighboring redox states. These

indings suggest that, at least in the systems tested here, the
conformational freedom in the folded protein is sufficient
felative to the small changes in metdigand bond distance
that the optimum configurations can be obtained. In these
systems, there are well-defined sets of bond distances that
optimize both changes in electron density and inner-sphere
reorganizational energy, and these optimum conditions can
apparently be met by the host protein.

distances and minimizing the energy of the fully reduced state
based on a electron change at each metal center or by starting Despite the good agreement in Table 2, the considerations
with the semimet state and reducing the Fe(lll) center. For the described here do not necessitate optimized valugsasfdV;.
semimet form, the calculation was performed by starting with Rather, the approach provides a simple means for assessing the
the oxidized state and reducing a single Fe(lll) center. There compatibility of the bond lengths in the two redox states and
were 9 of the 441 states that had acceptable BVS values andhe implied inner-sphere reorganization. If the force constants
were within 1 kcal/mol of the minimum, and the minimum are very different in the two states, then the assumption of
energy state gave, = 1.99 A andry = 2.17 A, which was in electron-transfer theory that the two potential energy surfaces
good agreement with the experimental distances of 1.99 andare the same does not hold, which would lead to a deviation
2.20 A. from the optimum bond lengths. FurtherMfis not optimum
Calculations were also performed for Hr starting with the in one of the two states because of steric constraints in the
oxidized form and calculating the distances for the semimet protein, the calculatet} will not be meaningful. Such a system
form. The coordination model for the oxidized state was one may more likely be found in rigid small molecule complexes
short Fe-O bond on each metal center at 1.79 A and two long where steric constraints are more important. So although the
Fe—0O bonds and three FeN bonds at 2.12 & For the cal- approach can be used to predict the bond lengths in an adjacent
culated semimet form, there were six states with acceptable BVSredox state in a system where the bond lengths can only be
values and energies within 1 kcal/mol of the minimum energy. measured in one of the two states (with the assumptionsi.that
The minimum energy state gave a shost= 1.85 A and @ andV; are optimized), the approach can alternatively be used
long ron = 2.17 A, in good agreement with the observed i test whethef,; andV, are optimized in a protein where the
distances of 1.86 and 2.13 A. Results for the calculations on hond lengths are known in both states, as was essentially done
plastocyanin and the diiron proteins are summarized in Table phere. A system where the protein conformation forces the
2. selection of an unoptimized set of bond distances by these
criteria has not yet been identified, although the existence of

such a system can be supported using the relationship between
The BVS analysis has been widely applied to problems in the BVS values and..

coordination chemistry, particularly in the assignment of oxida-

tion states and coordination numbers in the interpretation of ~Acknowledgment. Useful encouraging discussions with
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during hydrolytic catalysi$*?> The BVS method is a very  Scholar Award and an Alfred P. Sloan Fellowship.
simple means for assessing the degree of charge transfer between
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