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Cenk Selcuki," Rudi van Eldik,* and Timothy Clark*?

Computer-Chemie-Centrum der Wersitd Erlangen-Nunberg, Nayelsbachstrasse 25, 91052
Erlangen, Germany, and Institutfnorganische Chemie der Urersitd Erlangen-Nunberg,
Egerlandstrasse 1, 91058 Erlangen, Germany

Received July 9, 2003

Density functional and molecular orbital theory calculations on models for cobalamin suggest that NO binds similarly
to the Co(ll) and Co(lll) oxidation states. However, Co(lll) can bind water far more strongly than Co(ll) as a sixth
ligand, so that the competition between water and NO complexation strongly favors water for Co(lll) in the gas
phase. Although the Co(ll) oxidation state is found to bind water slightly more strongly than NO in the gas phase,
the inclusion of solvation effects via the polarizeable continuum model makes NO hinding more favorable. Thus,
the experimentally observed ability of cob(ll)alamin to bind NO in aqueous solution is the result of its weak
complexation with water and the relatively poor solvation of NO. Calculated vibrational frequencies support the
interpretation of the cob(ll)alamin—NO complex as being cob(lll)alamin—NO~, although the DFT calculations
underestimate the degree of charge transfer in comparison to Hartree—Fock calculations.

Introduction occurs® Reaction 1, therefore, cannot account for the
observed physiological effects. However, bVis, EPR, and
resonance Raman spectroscopic studies suggest that the
reduced form of vitamin B reacts with nitric oxide to form

a Cbl(I)-NO complex-2 with a formation constant of (1.0

+ 0.5) x 108 ML A recent detailed spectroscopic and
kinetic investigation of this reactidnndicated that reduced
cobalamin binds NO extremely rapidly and efficiently and
that the formal character of the nitrosyl adduct id'édNO ™,

as suggested ByN NMR measurementsThus, the effective
binding of NO to reduced cobalamin (which is present under
physiological conditiorfs”) may be responsible for inhibition

of NO actions in vivo, as well as NO-induced inactivation
of selected cobalamin-dependent enzyfé&sirthermore,
such reactions also seem to play an important role in the
interaction of reduced cobalamin and nitroprusside, a well-
recognized hypotensive agéent.

The many studies on the structure and reactivity of vitamin
B12 have resulted in much interest in the mechanisms of its
biological functions. One of the most recent topics of interest
concerns the role of aquacobalamin (vitamia BCbl(IIl) —
H,0) and reduced cobalamin (vitamin B Cbl(ll); Chart
1) in modifying the physiological action of nitric oxide in
vivo. Such interactions have been suggested to play an
important role in various biological processes involving nitric
oxidel? A possible explanation for these observations
involved the effective formation of a nitrosyl complex
between aquacobalamin and NO, according to the overall
reaction given in (1), by which aquacobalamin acts as a
biological scavenger of N&?

Cbi(ll) —H,0 + NO= CbI(Ill)-NO + H,O (1)
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i i i in (4) Wolak, M.; Zahl, A.; Schneppensieper, T.; Stochel, G.; van Eldik, R.
that no direct interaction between NO and aquacobalamin 3. Am. Chem. So@001 123 9780,
(5) Pezacka, E. HBiochim. Biophys. Actd993 1157 167.
* Author to whom correspondence should be addressed. E-mail: clark@ (6) (a) Watanabe, F.; Saido, H.; Yamaji, R.; Miyatake, K.; Isegawa, Y.;

chemie.uni-erlangen.de. Ito, A.; Yobisui, T.; Rosenblatt, D. S.; Nakano, ¥Y..Nutr.1996 126,
T Computer-Chemie-Centrum. 2947. (b) Watanabe, Bitamin 1992 66, 617.
* Institut fir Anorganische Chemie. (7) Zheng, D.; Birke, R. LJ. Am. Chem. So@002 124, 9066.

(1) (a) Kruszyna, H.; Magyar, J. S.; Rochelle, L. G.; Russel, M. A.; Smith  (8) (a) Nicolaou, A.; Kenyon, S. H.; Gibbons, J. M.; Ast, T.; Gibbons,
R. P.; Wilcox, D. E.J. Pharmacol. Exp. Therl998 285 665 and W. A. Eur. J. Clin. Invest.1996 26, 167. (b) Nicolaou, A.; Ast, T;
references therein. (b) Wolak, M.; Stochel, G.; Hamza, M.; van Eldik, Anderson, M. M.; Schmidt, W.; Yeboah, F. A.; Gibbons, W. A.
R. Inorg. Chem.200Q 39, 2018 and references therein. Biochem. Soc. Trand 994 22, 224S.

(2) Brouwer, M.; Chamulitrat, W.; Ferruzzi, G.; Saulus, D. L.; Weinberg, (9) Wolak, M.; Stochel, G.; van Eldik, Rl. Am. Chem. So003 125,

J. B.Blood 1996 88, 1857 and references therein. 1334.
2828 Inorganic Chemistry, Vol. 43, No. 9, 2004 10.1021/ic0347945 CCC: $27.50  © 2004 American Chemical Society

Published on Web 04/07/2004



NO Binding to Cobalamin

Chart 1

Co(IT): CbI(IT)
Co(I1I): CbI(III) Co(ID): 1

Co(I1I): 2

Co(II): 3
Co(IIl): 4

uncertainty as to the suitability of the B3LYP functional,
we have also used the PerdeWang 91 combination of
exchange and correlation functionals (PW®las well as
Hartree-Fock optimizations and single-point calculations
using a second-order MgllePlesset (MP2) correction for
electron correlation (MP2J to assess the applicability of
different techniques and levels of theory. Our results provide
new insight into cobalamiiNO binding in both oxidation
states. This study is part of a wider analysis of the redox-
controlled binding of NO by transition metal complexXeés*
Rather than to use the entire cobalamin, we have used the
model compounds Cbl(ll) and Cbil(lll), their water complexes
1 and 2, respectively, and their NO complex&sand 4,
respectively.

Methods

All structures were initially optimized at the PW91/DNP level
using the DMOLI progran®® in Materials Studio 2.2% These
geometries were used as starting points for HF/6-31G(d), PW91/
6-31G(d), and B3LYP/6-31G(d) geometry optimizations using the
Gaussian 98 program package. All structures were characterized
as true minima by calculating their normal vibrations within the
harmonic approximation. Single-point self-consistent reaction field
(SCRF¥® calculations were used to calculate the solvation energies
in aqueous solution. The PCM model as implemented in Gaussian
98 was used for solvent calculations. The following discussion
will be based on PW91/6-31G(d)//PW91/6-31G(d) results with
corrections for zero-point vibrational energies unless otherwise
stated.

There have been many theoretical studies of cobalamins
almost all of which used density functional theory (DFT).
Kozlowskit? has reviewed the work published before 2001,
and more recently Maseras and co-worketshave also
reported DFT studies on cobalamin models fgs &factors.

These studies have concentrated on the strength and mech-

anism of cleavage of the Ga&C bond and on the effect of
trans-ligands on these properties. Nevertheless, the author
have drawn some conclusions that are useful in judging the
reliability of different calculational levels. There are some
indicationg® that the Becke 3-parameter hybrid functidial
with the Lee-Yang—Parr correlation function#l (B3LYP)6
underestimates the €dC bond dissociation energy by about
10 kcal mot? and that the scaling factor required for the
Co—C stretching vibration is unusually smédiDespite these
potential problems, the B3LYP functional has been used for
the vast majority, if not all, of the DFT studies reported so
far for cobalaming®-13.17

We now report a theoretical study as to why NO prefers
to bind to Cd and not Cd' in cobalamin. Because of the
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Table 1. Calculated Total Energie€for, in hartrees), Zero-Point Energies (ZPE, in kcal mpl Total Energies in SolutionBsoLy, in hartrees),
Binding Energies Eginp, in kcal molt), Exchange Energie€gchangein kcal molt), and lonization Potentials (IP, eV) for Cobalamins and Their

Complexes at the B3LYP/6-31G* Level
Eror ZPE  Eginp®(vacuum)  Eexchangd (vacuum)  IP (vacuum) EsoLv IP (Water)  Eexchang? (Water)
B3LYP/6-31G(d)
Cbil(I) —2564.50391  282.8 8.87 —2564.556 50 7.48
Chl (111 —2564.17788  284.2 —2564.281 59
Cbl(1)—H20, 1 —2640.922 41 297.2 —-4.9 8.17 —2640.970 30 3.78
Cbl(ll)—H,0,2 —2640.62225  300.2 —19.5 —2640.831 55
Cbl(1)-NO, 3 —2694.400 82 287.8 —-3.3 +1.6 8.68 —2694.442 04 4.49 -1.5
CbI(Ill)—=NO,4  —2694.08195 288.1 -8.9 +11.4 —2694.277 00 +12.5
H,0 —76.408 93 13.3 —76.418 30
NO —129.888 16 2.8 —129.885 86
PW91/6-31G(d)
Chil(11) —2564.19010 276.0 8.60 —2564.244 08 4.19
Chl(11) —2563.87569  277.0 —2564.091 72
Cbl(1)—H20, 1 —2640.58213  289.9 —6.9 -2640.65247 4.19
CbI(ll)—H20,2 —2640.29323 292.8 —23.8 7.99 —2640.502 99
Cbl(I)—-NO, 3 —2694.09179  280.6 —28.8 -21.9 —2694.134 99 4.75 -12.1
Cbl(lll)-NO,4  —2693.76838  280.9 -23.9 -0.1 8.81 —2693.960 35 +4.0
H>0 —76.37962 13.0 —76.388 77
NO —129.852 73 2.7 —129.850 40
HF/6-31G(d)
Chl(I1) —2555.50789 302.6 9.54 —2555.561 21 5.12
Chbil(11) —2555.16128  305.1 —2555.376 94
Cbl(1)—H20, 1 —2631.526 23  318.0 —-3.8 8.82 —2631.579 04 4.53
Cbl(lll)—H0,2 —2631.20212 322.0 -23.0 —2631.418 97
Cbl(11)-NO, 3 —2684.64418  309.2 +66.6 +72.4 6.30 —2684.693 97 4.45 +66.6
CbI(Il)—NO,4  —2684.41154 308.6 -1.8 +21.2 —2684.529 58 +71.7
H>0 —76.010 75 14.4 —76.020 88
NO —129.247 88 3.2 —129.24575
MP2/6-31G(d)//(PW91/6-31G(d)
MP2 Eginp? (Vacuum) Eexchang? (vacuum) 1P (vacuum) PMP2  Egnp® (vacuum) Eexchang? (Vacuum) [P (vacuum)
Cbil(11) —2559.261 50 2.55 —2559.404 84 6.45
(—2559.501 20 (9.07y
Chl(1n) —2559.169 50
Cbl(I)—H»0,1 —2635.696 79 —148.8 7.56 —2635.710 29 —66.8 7.93
(—2635.712 63 (—3.4¥
Cbl(lll)—H20,2 —2635.423 67 —33.2 —33.2
Cbl(I)—NO,3  —2689.061 05 —153.8 -5.0 8.95 —58.1 +8.7 8.42
(—3.4y (+4.3y
Cbl(ll)-NO,4 —2688.732 52 —6.1 +147.7 —2688.752 11 —12.6 +20.6
(—2688.768 04) (+20.3y (+12.9%
H>0O —76.196 73
NO —129.55141 —129.560 63
(—129.566 169

aThe calculated energy for the reaction cobalariitX — cobalamin-X (X = H,O or NO), correcteda 0 K using the unscaled zero-point energies.
b The calculated energy for the reaction cobalantiO + NO — cobalamin-NO + H,0, correctedd 0 K using the unscaled zero-point energielslP2
energies corrected using the unscaled PW91 zero-point enetf&@MP2.

Results and Discussion

Cobalamin has a structure similar to that of porphyrins.
However, it lacks one of the bridging methylene groups in
the tetrapyrrolic ring, which makes its corrin ring smaller
and more flexible because of the partial lack of aromatfity.

In reduced cobalamin, where Co(ll) is 5-coordinate, the

ring is tilted upward.

As seen in Figures-13, these tilted structures are hardly
affected by the binding of NO and B to the Co(ll) and
Co(lll) metal centers. This behavior may indicate that the

oK)

shape of the cobalamin (or corrin ring) does not play an

(29) Mennucci B.; Tomasi, J. Chem. Physl997 106, 5151. Mennucci,
B.; Cancs, E.; Tomasi, 1. Phys. Chem. B997 101, 10506. Cammi,
R.; Mennucci, B.; Tomasi, JJ. Phys. Chem. A999 103 9100.
Cammi, R.; Mennucci, B.; Tomasi, J. Phys. Chem. 2000 104,
5631. Cossi, M.; Barone, V.; Robb, M. A. Chem. Physl999 111,
5295. Cossi, M.; Barone, \d. Chem. Phys200Q 112, 2427. Cossi,
M.; Barone, V.J. Chem. Phy=2001, 115 4708. Cossi, M.; Rega, N.;
Scalmani, G.; Barone, \d. Chem. Phy=2001, 114, 5691. Cossi, M.;
Scalmani, G.; Rega, N.; Barone, Y. Chem. Phys2002 117, 43.
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Figure 1. PW91/6-31G(d)-optimized structures of the model compounds
Chl(Il) and Cbl(llI).

important role in the addition or exchange reactions of NO
and HO ligands. Table 1 shows the calculated energies.

As seen from Figure 1 and Table 1, there are very signifi-
cant differences in the calculated bond energies, even be-
tween the two DFT methods. As expected, the absolute
values of Hartree Fock and MP2 bond dissociation energies
are not reasonable and even the calculated ligand-exchange
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Cobalamin Complexes
B3LYP PW9I1 HF B3LYP PW91 HF B3LYP PW9I1 HF B3LYP PW9I1 HF

Co—N(imidazole) Co-OH;,
Cbl(I)—H20, 1 2.169 2.088 2.302 3.433 3.334 3.468
Cbl(lll) —H20, 2 1.910 1.882 2.089 2.043 2.042 1.976
Co—N(imidazole) Co-N N-O Co-N-O
Chl(Il)-NO, 3 2.196 2.227 2.103 1.867 1.847 1.916 1.185 1.193 1.184 119.6 120.7 118.0
Cbl(lll)—NO, 4 1.927 1.996 1.936 2.081 1.865 3.352 1.149 1.167 1.124 127.4 129.9 1171

energies (for reactions that are not isodesmic but shouldTable 3. NO-Stretching Frequencies of Free NO Species and
. . . Cobalamin Complexes Calculated at the B3LYP/6-31G* Level
nevertheless profit from some error cancellation) deviate very

significantly from both DFT methods. The agreement B3LYP Pwo1
between the B3LYP and PW91 hydration energies in _ frE_ql bondAlength frE_q1 bondAlength
aquacob(ll)alamin€4.9 and—6.9 kcal mot?, respectively) species (cm™) A (cm™) A

i _ 1 NO* 2479 1.073 2366 1.084
and aq_uacob_(lll)alamln =€19.5 and —23.8 kcal mot?, NO Too1 1150 Toos 1170
respectively) is reasonable. However, the two DFT methods yo- 1467 1.276 1375 1.288
differ very significantly for the NO-binding energies in  Chi(l)-NO, 3 1733 1.185 1679 1.193
cob(Il)alamin-NO (—3.3 and—30.6 kcal mot* for B3LYP Cbi(l)—NO, 4 1941 1.149 1792 1.167

and PW91, respectively) and for cob(lll)alamiNO (—8.9

and—23.9 kcal mol). Although our current results clearly ~ {@mination ($1= 2.98) caused by spin states higher than

do not allow us to judge the accuracy of any one of the quartet C$2|].increase§ to 6.58 on quartet a'nnihilation) but
calculational levels, we can extrapolate from the known the energetic effect is not large (the_restrlcted open-shell
problems that B3LYP exhibits for the €€ C bond!317 Hartree-Fock energy for cob(ll)alamin is only 0.001 hartree

We base the remainder of the discussion on the PW91 resultd€SS neégative than the UHF energy). The consequences of
as these give higher bond-dissociation energies than B3LYpPthiS Spin contamination for the UMP2 energies are, however,
for all ligands, suggesting that PW91 does not suffer from ey Significant. The adiabatic UMP2/6-31G(d)//PW91/
the known B3LYP weakness in this respect. The general 6-31G(d) |on|zat_|on potential of cob(Il)alamin is only 2.55
conclusions, however, remain the same whichever functional€¥ _compared with 9.54 eV at the HartreBock level and

is used, although the magnitudes of the effects found differ 8-:87 and 8.60 eV with B3LYP and PW91, respectively.
widely. Quartet spin annihilation for the reference function helps

The interactions between Co(ll) anc,®l are weak T: somewhat (the PMP2 ionization potential is 6.45 eV) but

Figure 2), so that replacing the water ligand ought to be cannot cure the problem completely because of the contribu-
tions from higher spin states than quartets. As found

previously by Radom and his group for calculations on
organic radicals and their reactiof¥nf the Hartree-Fock-
based methods, restricted open-shell MP2 (ROMP2) gives
by far the most reasonable results for the systems considered
here. The ROMP2 results are in general fairly similar to those
obtained with B3LYP.

The gas phase DFT-binding energies indicate that displac-
ing water by NO in cob(Il)alamin is strongly exothermic
(—22.8 kcal mot?) for the PW91 functional but slightly

1 2 endothermic 1.6 kcal mof?') for B3LYP. The SCRF
Figure 2. PW91/6-31G(d)-optimized structures of the Ebl,0 com- calculations within a simulated water environment show a
plexes Cbl(I}-Hz0, 1, and CbI(ll}-Hz0, 2. significant solvent effect. The binding situation is reversed

N . . for B3LYP: replacing water by NO is now favored by 1.5
kinetically favorable. The different calculational methods, kcal mol%. The effect of solvation on the exchange energy

h?mevgr, %lsggtree S|gg|f|candtlyll\lzéb§ql: tgi n_lz_i;ure and r‘:‘trengthusing PWO91 is the reverse: replacing water by NO is roughly
E. d.e ond be Wetﬁnl tct) an leul tnd t. b esggi-p I::el 9 kcal mol™ less endothermic in water than in the gas phase.
Inding energy in the latter1s calculated 1o be 5.6 kCal Mol i case, however, both calculations indicate that NO can

I 1
Imore nteg?/%i f_cl)_f; thbgndfoeratt\S&YP tt))ultISIkca'I mGId NO replace water. The exchange reaction is less sensitive to
owera - The binding between cob(ll)alamin an solvation for cob(lll)alamin. Water solvation disfavors

|shtreattid partlc:JI%rl_y Foorg/tatbthe I;artredégck lIeveI:[ 3 NO binding by -4 kcal mol, and the two functionals
where the complex 1S found to be unbound by almos agree that cob(lll)alamin cannot bind NO in an aqueous

_T_\r{. despt:e |t_havmg Zl;e&tlsorf]abtlilhs?gs 340 dlitalrce. ._environment. Thus, the calculations indicate clearly that
IS problem IS caused by the fact that two open-she Spec'escob(lll)alamin cannot bind NO in aqueous solution but that
combine to give a singlet complex, for which Hartrdeock

. . " reduced cob(ll)alamin can. However, the reasons are different
theory sometimes gives a positive bond energy. In contrast

to B3LYP (_[$2D= 0.76) and PV_V91[$2_D_: 0.77), the _UHF (30) Parkinson, C. J.; Mayer, P. M.; Radom, 1..Chem. Soc., Perkin 2
wave function for cob(ll)alamin exhibits strong spin con- 1999 2305.
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Table 4. Calculated Charges on Selected Atoms of Cobalahi® Complexes Calculated at B3LYP/6-31G*, HF/6-31G*, and
HF/6-31G*//B3LYP/6-31G*

B3LYP PW91 HF//HF HF//B3LYP

atom Mulliken NPA Mulliken NPA Mulliken NPA Mulliken NPA
Chbl(I)-NO Co 0.990 1.341 0.919 1.306 1.550 1.841 1.537 1.814

N 0.012 0.017 0.003 0.002 —0.090 —0.163 —0.072 —0.145

(@] -0.172 —0.247 —0.139 -0.211 —0.329 —0.405 —0.323 —0.395

NO -0.160 -0.230 —-0.136 —0.209 —-0.419 —0.568 —0.395 —0.540

Nim —0.460 —0.584 —0.426 —0.536 —-0.672 —0.685 —0.658 —0.681
Cbl(l11) —=NO Co 1.072 1.447 0.964 1.350 1.737 2.025 1.473 1.493

N 0.138 0.159 0.107 0.124 0.171 0.249 0.172 0.248

(@] —-0.016 -0.066 —0.038 -0.070 -0.144 —-0.241 —0.151 -0.222

NO 0.122 0.093 0.079 0.054 0.027 0.008 0.021 0.026

Nim —0.485 —0.549 —0.454 —0.538 -0.727 —0.709 —0.635 —0.623

for the two functionals. PW91 suggests that NO can replace evidence in the literature that the Co(HNO complex
water at a cob(Il)alamin center both in the gas phase and inexists, in accord with our resul.In contrast, binding of
water, whereas B3LYP indicates that this preferential binding NO to the five-coordinate Cob(ll)alamin results in the
of NO over water is a solvent effect. formation of a six-coordinate nitrosocob(Il)alamin complex
Some selected geometrical parameters are given in Tablen which the bond trans to NO is weakened as shown by the
2. In aquacob(ll)alamir, H,O is loosely bound to the metal increase in K, value of the dimethylbenzimidazole ligafAd.
and the Ce-O distance is between 3.334 (PW91) and 3.468 These results are consistent with the calculated geometries
A (HF). Surprisingly, the other axial ligand imidazole is also despite the large differences between the three different
bound relatively loosely with CeN bond lengths between  calculational methods.
2.088 (PW91) and 2.302 A (HF). The situation is reversed A comparison of NO bond lengths and NO stretching
in aguacob(lll)alamin, where both axial ligands are tightly frequencies (shown in Table 3) in NO complexes of cob-
bound, resulting in shorter and stronger bonds (Table 2). Thealamin, the free NO radical, cation, and anion, suggests that
bond-length variations cannot be rationalized as the resultNO has radical character in the Cob(lll)alamiNO com-
of competition between the two axial ligandsirbut are  plex, 4, whereas it is partially anionic in the cob(ll)alamin
rather consequences of the methods used. Both axial bondNO complex, 3. This provides evidence for an electron
lengths are shortest with PW91 and longest with HF, the transfer from the Co(ll) center to the NO to give Co(Hl)

B3LYP values being intermediate. NO-, as has been suggested by experimental results on the
The Co-NO fragment has a bent structure in both Cob- pasis of resonance Raman afitl NMR spectroscopy:#
(INalamin—NO, 3, and Cob(lll)alamin-NO, 4 (Figure 3),  These results are essentially independent of the functional

used. However, the formal (natural population analysis,
NPA3Y) charge on NO in3 is only —0.23 or —0.21 €
(B3LYP and PW91, respectively), far from indicating that
the NO is bound as an anion (Table 4). Density functional
theory tends to underestimate charge transfer and pdfafity
so that an electron transfer would not necessarily be evident
in the DFT results. We have therefore used the HF/6-31G*
results to be able to characterize the nature of the NO
complexes because DFT is known to underestimate charge
3 4 separation in comparison to HartrelBock*

Figure 3. PW91/6-31G(d)-optimized structures of the Cbl:NO complexes Table 4 shows the NPA and Mulliken charges calculated
Chl(1)—NO, 3, and Cbl(lI-NO, 4. . .

at both levels. The HF calculations give a charge-6f57

although there are once again significant differences betweenon the NO group in the Cbl(}NO complex, compared with
the different methods fod. There is, however, relatively ~ essentially zero for the corresponding Co(lll) complex. These
good agreement on the geometry of the cob(ll)alamin results suggest that the Co(HNO™ bonding model is
complex3, for which the Ce-NO bond is calculated to be
1.82-1.92 A long and the CeN—O angle between 118 and ~ (31) feagf pf?telgbgfelri;Jwginwle?hr?élgﬁoé SAt;JCtééL';EggggE%lfgg
121°. The N-O bond length is increased to 1:18.19 A 7211. Reed, A. E.; Weinhold, B. Chem. Phys1983 78, 4066. Reed,

(from 1.15 A in4), whereas the distance between Co and A. E.; Weinhold, F.J. Chem. Phys1983 78, 1736. Reed, A. E.;

the bound imidazole nitrogen is 2:2.2 A. This trend is Xveénstgﬁlr(t’isz' E';Xv.e\',cgﬂﬂbﬁ'ggﬁ?n'qugﬂ%%sasgyggé Reed,
reversed in nitrosocob(lll)alamin. The €O distance (32) Szilagyi, R. K.; Metz, M.; Solomon, E. 0. Phys. Chem. 2002
increases and CeN(imidazole) decreases significantly at 106, 2994.

. L (33) Perdew, J. P.; Ernzerhof, M. Driving out the Self-Interaction error. In
B_3LYP and slightly at PW91. These re.sults 'nd|Cat_e weaker Electronic Density Functional Theory: Recent Progress and New
binding of NO to the Co(lll) center. It is worth noting that Blrectlor':ls D?(bsEn,lgésF., Vignale, G., Das, M. P., Eds.; Plenum
. . _ ress: New York, .
HF/6-31G* shows a very weak interaction (ENO = 3.352 (34) Kar, T.; Angyan, J. G.: Sannigrahi, A. B. Phys. Chem. 800Q 104

A) between NO and the Co(lll) center. In fact, there is no 9953,
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appropriate, especially as the HF charges on NO in the exchange reaction is thermoneutral for cob(lll)alamin. In this
Cbl(111) —NO complex are very close to zero. However, the case, simulation of the bulk solvent has the effect opposite
NO is dissociated from the Co center in the HF geometry of of that found with B3LYP in that it disfavors NO binding
this complex, so that the charge separation may be artificially to cob(ll)alamin by about 10 kcal mol.

small. We therefore performed single point HF calculations  The calculated vibrational frequencies support the idea that
* 1 . .
on the B3LYP/6-31G* geometries to rule out a purely the Chi(Il)~NO complex is best described as ChI(HNO™,
geometrlc':al.effgct. The results show essentllallly the sameajthough the charge transfer from metal to NO is hardly
charge distributions as found for the HF-optimized geom- eyigent in the DFT population analyses. This preference for
etries (see Table 4). covalent bonding in B3LYP calculations has been noted
Conclusions previously¥? but seems to be particularly evident in this
) example. Perdew and Ernzerfdfiave pointed out that this

Our calculations on model systems support the proposal\yeakness is a direct consequence of the self-interaction error.

that cob(ll)alamin can bind NO in aqueous solution but that |5 tree-Fock calculations support the charge-transfer in-

cob(lll)alamin cannot. The reason for this behavior varies, terpretation of NO binding to Cbl(ll) but are completely
however, with the DFT method used. unreliable for calculating energies.

B3LYP suggests that the reason for the experimental .

. ; . o The extreme dependence of the results on the density
observations lies less in the abilities of the two oxidation functionals found in this work has been inferred in previous
states to bind NO than in their complexation energies to water wudi the CeC bond st i balami P del
as a sixth ligand. Cbl(ll) (complexation energn3.3 kcal studies on ne ot bond strengih in-cobalamin mode

compound&1” by comparison of the experimental and

mol™) is calculated to bind even less strongly to NO in the h ical its but h b . . d .
gas phase than Cbl(Ill) (complexation energ.9 kcal theoretical results but has not been investigated systemati-
cally. Our results for the CoNO bond strength suggest that

mol~Y). However, in competition with water, which binds ) )
strongly to Cbl(Ill) (complexation energy19.5 kcal mot?) the PW91 functional performs better than B3LYP, but this
conclusion must remain tentative until comparison studies

but weakly to Cbl(ll) (complexation energy4.9 kcal mot™) : , !
in the gas phase, NO complexation is more favorable for with nonhybrid functionals have been performed for the
Co—C bond problem.

Cbl(ll). The calculated solvent effects in simulated water
solution tip the bonding equilibrium in favor of NO binding
for Cbl(ll) but not for CbI(lll).

The PW91 functionals give a simpler and probably
more reliable picture. In this case, the inherent ability of
cob(ll)alamin to bind NO is higher than that of cob(lll)-
alamin by about 5 kcal mot in the gas phase. This,
combined with the fact that cob(Il)alamin coordinates about
17 kcal moi'* more strongly to water than cob(lll)alamin,
results in a 22 kcal mot preference for NO binding over
hydration for cob(ll)alamin in the gas phase. The gas-phaselC0347945
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