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Abstract: High-level, all-electron, density functional calculations on a 104-atom model (B3LYP/6-311G**
level) have been used, in conjunction with high-resolution X-ray structural data, to predict the remarkable
paramagnetic contact shifts recently measuredyrH, 13C, and!®N nuclei in Clostridium pasteurianum
rubredoxin. Three published X-ray structures for the Fe(lll) rubredoxin feopasteurianumvere employed

to construct a 104-atom model for the iron center that included all atoms shown to have strong electronic
interactions with the Fe. Each of these models served as a starting point for guantum mechanical calculations
at level B3LYP/6-311G**, which, in turn, yielded calculated values for Fermi contact spin densities. The
results indicate that the experimental hyperfine shifts are dominated by Fermi contact interactions: calculated
Fermi contact spin densities were found to correlate linearly with isotropic hypéiinéH, 13C, and>N

NMR chemical shifts determined for Fe(lll) rubredoxin. At the current level of hyperfine peak assignments
(all signals assigned to residue and atom types; some assigned to sequence specifically), comparisons were
made between experimental shifts and those calculated from the structural model derived from each of the
three X-ray structures. For Fe(lll) rubredoxin, tR&values for the correlation between the calculated spin
densities and experimental chemical shifts ranged, depending on the model, from 0.93 to 0.96 for 12 experimental
2H signals and from 0.85 to 0.96 for 12 experimefthl signals. The correlation with experiment was improved

by performing partial geometry optimizations at B3LYP/3-21G* on two of the 104-atom models. In particular,
the R? correlation with experimentaPN chemical shifts was improved from 0.85 to 0.94 upon optimizing the
positions of the nitrogen bound protons reported for one of the X-ray structures. A small increase in the
correlation with experiment was also found after optimizing the positions af-thaedj-protons of the cysteines

of another model. The consistent overall agreement between calculation and experiment supports the validity
and usefulness of combining quantum chemical methods with NMR spectroscopy and X-ray crystallography
for the testing and refinement of molecular structures. Significantly poorer correlations with experiment were
obtained when hypothetical Fe(ll) models, derived from two of the X-ray structures of Fe(lll) rubredoxin,
were used as the basis for the spin density calculations; this suggests that the protein undergoes subtle structural
changes upon reduction.

Introduction tions as high as 0.9 A. In addition, rubredoxins have been
Rubredoxins represent the simplest type of irsnlfur investigated extensively by NMR;1® EPR;7®Mossbauet?*°

proteins, in that they contain a single iron ion ligated by sulfur a@nd MCD¥ spectroscopy.

atoms from a surrounding cage of four cysteine residues. A (1) Eggink, G- Lageveen, R. G.. Altenburg, B.. Witholt. B Biol, Chem
simplified model of the iror-sulfur center is shown in Figure 1987 565 17712-17718. T ’ ' '
1. Whereas the rubredoxin froRseudomonas oleoranshas (2) Eggink, G.; Engel, H.; Variend, G.; Terpstra, P.; WitholtJBMol.
been shown to be involved in the hydroxylation of alkahes,  Biol. 1990 212, 135-142.

; ; ; ; fen (3) Kok, M.; Oldenhuis, R.; van der Linden, M. P. G.; Raatjes, P.;
the biological function of the rubredoxin fror@lostridium Kingma, J.: van Lelyveld P. H.. Witholt, BJ. Biol. Chem 1989 264

pasteurianuntemains to be discovered. The X-ray structures s5435-5441.
of several rubredoxins have been reportetlincluding two (4) Watenpaugh, K. D.; Sieker, L. C.; Jensen, L.JHMol. Biol. 1979

i ; i _ 131, 509-522.
independent structures 6f pasteurianunmubredoxin at resolu (5) Watenpaugh. K. D.: Sieker, L. C.: Jensen, L.3Mol. Biol. 1980

T Coordinates for the model structures, the input data for the Gaussian 138 615-633.
94 calculations, and the calculated values for the Fermi contact spin densities  (6) Frey, M.; Sieker, L. C.; Payan, F.; Haser, R.; Bruschi, M.; Pepe, G.;
have been deposited at BioMagResBank (URL: http://www.bmrb.wisc.edu) LeGall, J.J. Mol. Biol. 1987, 197, 525-541.
under the following accession numbers (in parentheses): oxidized rubre-  (7) Stenkamp, R. E.; Sieker, L. C.; Jensen, L Rtoteins Struct. Funct.
doxin models (4118); reduced rubredoxin models (4119). Except as noted Genet.199Q 8, 352—-364.

above, all calculations were performed at B3LYP/6-311G**. (8) Adman, E. T.; Sieker, L. C.; Jensen, L. H.Mol. Biol. 1991 217,
* Graduate Program in Biophysics. 337-352.
§ Department of Chemistry. (9) Dauter, Z.; Wilson, K. S.; Sieker, L. C.; Moulis, J. M.; Meyer, J.
U Department of Biochemistry. Proc. Natl. Acad. Sci. U.S.A996 93, 8836-8840.
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Figure 1. Two-dimensional representation of the covalent (lines) and
H-bonding (arrows) network for the residues included in the simplified
structural models of the irensulfur site in rubredoxin. The’Satoms

of the four cysteines are denoted by “S”; the other letters are
conventional single-letter amino acid designations.

Rubredoxins provide attractive targets for detailed theoretical
investigations, owing to the simplicity of their iron environment
(relative to other iroasulfur proteins) and the wealth of

experimental data available for comparison. Previous theoretica

studies on iroa-sulfur proteins have focused primarily on
calculations of the charge distribution and redox potential of
the small synthetic rubredoxin analog#es® studied by Holm
and co-workerd%27 Our interest lies in studying the remarkably
large chemical shifts that have been measuredHorH, 13C,
and 1N nuclei near the iron center, reflecting conjugative
interactions with the paramagnetic cerfferThese shifts are

J. Am. Chem. Soc., Vol. 120, No. 19,48288

of the protein. This wealth of NMR data, exhibiting sensitive
dependence on minor changes in local structure, provide an
excellent framework for testing the utility of quantum mechan-
ical calculations to predict realistic NMR spectra from inde-
pendently determined structural models.

In paramagnetic molecules, the spatial distribution of electrons
of “up” (o)) and “down” (3) spin is generally different, leading
to nonzero spin densities distributed throughout the system. For
atomic orbitals with zero orbital angular momentum (s orbitals),
the characteristic nonvanishing wave function amplitude (“cusp”)
at the origin leads to nonzero spin density (a net imbalance
betweeno. andg spin) at the position of the nucleus. Positive
spin density at the nucleus causes a shift of the NMR signal of
that nucleus to higher frequency (downfield), while negative
spin density shifts the peak to lower frequency (upfield).

| Atomic orbitals originating from neighboring nuclei can also

contribute spin density at the position of the nucleus of interest.
This isotropic shift mechanism, termed the Fermi contact

jinteraction? is the focus of the present study.

Alternative approaches have been developed for utilizing the
structural information inherent in electremuclear (hyperfine)
interactions in paramagnetic biological macromolecules. Several
recent investigations have exploited through-space metal-
centered dipolar interactions (pseudocontact interactions) includ-
ing studies of the docking of cytochrontg with cytochrome
c,3! refinement of the solution structure of horse heart ferricy-

evidently an extremely sensitive probe of protein structure and tochromec by the addition of paramagnetic dipolar constraffts,
function, and a more complete theoretical understanding of theirand investigation of conformational changes in horseradish

electronic origin could considerably advance the utility of NMR
investigations of this class of proteins.

The C. pasteurianunmtubredoxin apoprotein has been over-
produced inEscherichia coliand reconstitutedn witrol6 to

peroxidase induced by substrate bind¥g.

Much work has gone into developing techniques for calculat-
ing Fermi contact coupling constants basedatninitio3*—37
and density functional metho@s37-43 and the latter have proven

obtain the recombinant holoprotein, which is abbreviated here particularly efficient for treating transition metal species.

as “Rdx”. Rdx samples were labeled uniformly wiiC and/
or 1N or selectively with2H, 13C, and!®N, leading to full
assignments for the diamagnetid, 13C, and>N signalg82°
and to partial assignments for paramagnetically shifté?H,
13C, and!®N resonancé$ in both the Fe(lll) and Fe(ll) forms

(20) Phillips, W. D.; Poe, M.; Weiher, J. F.; McDonald, C. Rature
197Q 227, 574-577.

(11) Krishnamoorthi, R.; Markley, J. L.; Cusanovich, M. A.; Przysiecki,
C. Biochemistry1986 25, 50—54.

(12) Werth, M. T.; Kurtz, D. M., Jr.; Moura, |.; LeGall, J. Am. Chem.
Soc.1987 109, 273-275.

(13) Blake, P. R.; Park, J. B.; Bryant, F. O.; Aono, S.; Magnuson, J. K.;
Eccleston, E.; Howard, J. B.; Summers, M. F.; Adams, M. W. W.
Biochemistry1991, 30, 10885.

(14) Blake, P. R.; Park, J. B.; Zhou, Z. H.; Hare, D. R.; Adams, M. W.
W.; Summers, M. FProtein Sci.1992 1, 1508.

(15) Blake, P. R.; Park, J.-B.; Adams, M. W. W.; Summers, MJF.
Am. Chem. Sod 992 114 4931-4933.

(16) Xia, B.; Westler, W. M.; Cheng, H.; Meyer, J.; Moulis, J. M.;
Markley, J. L.J. Am. Chem. Sod.995 117, 5347-5350.

(17) Peisach, J.; Blumberg, W. E.; Lode, E. T.; Coon, MJ.JBiol.
Chem.1971, 246, 5877-5881.

(18) Lode, E. T.; Coon, M. X0. Biol. Chem1971, 246, 791.

(19) Rao, K. K.; Evans, M. C. W.; Cammack, R.; Hall, D. O.; Thompson,
C. L.; Jackson, P. J.; Johnson, C.HBochem. J1972 129 1063-1070.

(20) Schulz, C.; Debrunner, P. @. Phys.1976 37, C6-153-C6-158.

(21) Bennett, D. E.; Johnson, M. Biochim. Biophys. Actd987, 911,

71.

(22) Bair, R. A.; Goddard, W. A,, lIlJ. Am. Chem. Sod978 100
5669-5676.

(23) Noodleman, L.; Norman Jr., J. G.; Osborne, J. H.; Aizman, A.; Case,
D. A. J. Am. Chem. S0d.985 107, 3418-3426.

(24) Moulis, J. M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D.
A. J. Am. Chem. S0d.994 116, 11898-11914.

(25) Koerner, J. B.; Ichiye, T. Phys. Chem. B997, 101, 33633-3643.

(26) Holm, R. H.; Ibers, J. A. Itron—Sulfur ProteinsLovenberg, W.,
Ed.; Academic Press: New York, 1977; p 205.

(27) Holm, R. H.Adv. Inorg. Chem.1992 38, 1.

Because the isotropic shifts experienced by NMR-active nuclei
in the proximity of the iron center of rubredoxin are dominated
by the Fermi contact interaction, and since high-resolution
structural models are available for this protein, rubredoxin
qualifies as an excellent candidate for theoretical investigation.
Previous theoretical studies of the contact interaction in smaller
species have noted the profound dependence on molecular
geometry*243 This sensitivity to geometry suggests the utility

of combining Fermi contact shifted NMR data and quantum

(28) Volkman, B. F.; Prantner, A. M.; Wilkens, S. J.; Xia, B.; Markley,
J. L. J. Biomol. NMR1997, 10, 409-410.

(29) Prantner, A. M.; Volkman, B. F.; Wilkens, S. J.; Xia, B.; Markley,
J. L. J. Biomol. NMR1997, 10, 411-412.

(30) Bertini, I.; Luchinat, C. INNMR of Paramagnetic Molecules in
Biological SystemsBenjamin Cummings: Menlo Park, CA, 1986.

(31) Guiles, R. D.; Sarma, S.; Digate, R. J.; Banville, D.; Basus, V. J.;
Kuntz, I. D.; Waskell, L.Nat. Struct. Biol.1996 3, 333—-3309.

(32) Qi, P. X. R.; Beckman, R. A.; Wand, A. Biochemistryl996 35,
5(38), 12275-12286.

(33) de Ropp, J. S.; Mandal, P.; Brauer, S. L.; La Mar, GJNAm.
Chem. Soc1997, 119, 4732-4739.

(34) Lim, M. H.; Worthington, S. E.; Dulles, F. J.; Cramer, CACS
Symp. Serl996 629 402-422.

(35) Cramer, C. J.; Lim, M. HJ. Phys. Chem1994 98, 5024-5033.

(36) Barone, V.; Adamo, C.; Grand, A.; Subra, ®hem. Phys. Lett.
1995 246, 53-58.

(37) Cohen, M. J.; Chong, D. Ehem. Phys. Lettl995 234, 405—
412.

(38) Malkina, O. L.; Salahub, D. R.; Malkin, V. @. Chem. Physl996
105 8793-8800.

(39) Barone, V.; Adamo, C.; Russo, ihem. Phys. Lett1993 212
5-11.

(40) Adamo, C.; Barone, V.; Fortunelli, Al. Chem. Phys1995 102
384-393.

(41) O'Malley, P. J.; Collins, S. Xhem. Phys. Lettl996 259 296—
300.
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Table 1. Regression Analysis of Experimental Chemical Shifts vs CalculatgdB3LYP/6-311G** 104-Atom Model). p,s Calculated at
B3LYP/6-311G** from 104-Atom Models

calculation
2H 15N

104-atom model used

in the calculation and Fe(lll) rubredoxin level of the slope (std dev)/ intercept slope (std dev)/ intercept

its iron oxidation state structure (reference)  calculation R?  1CPppmau’ (stddev)/ppm RZ 10°ppmau?l (std dev)/ppm
5RXN-M, Fe(lll) 5RXN (4, 5) B3LYP/6-311G** 0.94  2.49 (0.19) 43.6(32.9) 093 2.37(0.20) 162.4 (24.9)
5RXN-Gyg, Fe(lll)° 5RXN (4, 5) B3LYP/6-311G** 0.95 2.24(0.16) 42.6 (30.9) 0.94 2.41(0.20) 157.0 (24.4)
1IRO-M, Fe(lll) 1IRO (9) B3LYP/6-311G** 0.96  2.64 (0.17) 31.1(28.0) 0.85 2.86(0.38) 148.0 (39.2)
1IRO-Gy, Fe(lll) 1IRO (9) B3LYP/6-311G** 0.95 2.57 (0.19) 39.6(31.9) 0.94  2.46(0.20) 1336 (25.2)
4ARXN-M, Fe(ll) 4RXN (4, 5) B3LYP/6-311G** 0.95  2.61(0.20) 48.3(31.0) 0.96 2.38(0.15) 144.8 (18.7)
4RXN-M, Fe(ll) 4ARXN (4, 5) B3LYP/3-21G** 0.97  3.62(0.21) 22.7(25.9) 0.85 1.28(0.17) 309.1 (27.1)
4RXN-M, Fe(lly 4RXN (4, 5) B3LYP/6-311G** 0.93  2.21(0.19) 21.6(13.4) 0.75 1.61(0.29) 129.5 (32.1)
5RXN-M, Fe(ll) 5RXN (4, 5) B3LYP/6-311G** 0.94  2.13(0.17) 19.3(12.6) 0.72 1.51(0.30) 137.8 (33.6)

2 Protein Data Bank accession code for the X-ray structure used in generating the simplified structural model for the irdhGmmtestry-
optimized cysteine. andf protons.c Geometry optimized backbone amide protohslodel Fe(lll) geometry used to calculate chemical shifts for
Fe(ll) rubredoxin for comparison with experimental NMR data (see the text).

chemical methods to refine protein structures, particularly in Pro®>-Leuf’-Cys*2-Gly**-Val*, each containing two cysteines ligated
cases for which NMR techniques relying on NOE or scalar to the iron. A PDB file was generated containing the coordinates of
coupling are ineffective (e.g., due to relaxation effects caused the residues of interest plus Phand Vaf Insightll (Molecular

by electron-nuclear interactions). The development of such a Simulations) was employed to convert Tfvaf’, and Led" into glycine

combined theoretical/experimental methodology for ealfur residues and to truncate residues 5 and 38 to formyl groups (by
. converting their € atoms to hydrogens) in order to retain a realistic
proteins is the goal of the present work.

electronic environment for the N-terminus of each peptide chain. The
Method C-terminal residues of each chain, Yand Ty, were truncated to
ethods N-methyl groups by converting their' @nd & atoms to hydrogens.

Structural Models. The input structures for the quantum chemical 10 Simplify the model further, the Cand C atoms of Pr& were
calculations were derived from three high-resolution X-ray crystal converted to hydrogens to yield afrmethylglycine residue. Once
structures of oxidize. pasteurianuntubredoxin. The resolution in ~ completed, the simplified models contained a total of 104 atoms each.
all three was sufficiently high that hydrogens were included in the The models were then converted matrix format using Xmol
structural models deposited in the Protein Data Bank (URL: hitp:// (Network Computing Services, Inc., 1993) and visualized using
www.pdb.bnl.gov)445 Two structures were derived from data collected Molden
at 1.2 A resolution: in one model (5RXN), structural constraints had Basis Sets and Computational Strategy.Computational efficiency
been imposed during refinement, whereas in the other (4RXN), no was a particular concern with the 104-atom models. For systems of
restraints were imposed during the refinement pro¢esshe third this size, perturbative and multiconfigurational correlation methods were
structure (1IRO) was derived from data at 1.1 A resolution which had impractical. Therefore, the spin-unrestricted B31*YRybrid density
been refined using the SHELXL-93 progrdnEach of these coordinate  functional approach (as implemented in Gaussidfi‘9dwas employed
sets was truncated in an identical fashion to produce the three, 104-for all calculations, allowing the effects of spin polarization and electron
atom, initial models of oxidized rubredoxin used for the calculations: correlation to be included at a reasonable computational cost. Our
5RXN-M, 4RXN-M, and 1IRO-M (Table 1). results support previous conclusions that the B3LYP hybrid density

The X-ray structure of the corresponding reduced F&{lIpasteur- functional approach offers a good combination of accuracy and
ianumrubredoxin has been solved at 0.9 A resolution, and the structures computational efficiency! especially when used in combination with
of the oxidized and reduced protein are reported to be highly sifilar, the 6-311G** basis sét.
but the coordinates are not yet available for the latter. In the absence Using a locally dense methodology that places a greater number of
of an experimentally derived structure for reduced rubredoxin, the basis functions on atoms of particular interest and fewer basis functions
4RXN-M and 5RXN-M geometries (see Table 1 for nomenclature of on those atoms of lesser importance may prove to be a cost saving
rubredoxin models) for Fe(lll) rubredoxin were therefore taken as measure. Such a technique was not attempted here, because we were
provisional structural models for the reduced species (Table 1). investigating the utility of combining quantum chemical methods in

The goal in selecting a tractable model structure for the calculations conjunction with X-ray crystallographic data in order to gain insight
was to make the model as simple as possible, while retaining enoughinto hyperfine interactions measured by NMR. Moreover, since electron
atoms to produce a realistic electronic environment at the atoms of density is delocalized through several covalent and hydrogen bonds, it
interest, including all nuclei known be characterized by large, hyperfine seemed likely that the use of a well-balanced basis set is important in
NMR shifts. Figure 1 shows a simple two-dimensional picture of the achieving an accurate description of the overall delocalization pattern.
residues included in the chosen model, with their covalent and hydrogen Achieving convergence on such a |arge model in a timeiy manner
bond connectivities. Coordinates for the amino acid residues and iron required Speciai measures. Two factors contributed to difficulties in
atom for each model were extracted from the respective PDB file from
the Protein Data Bank. The model consisted of the iron center and  (46) Schaftenaar, GQQCPE 1992 12.

two hexapeptide chains, Cy$hr’-Valt-Cy<S-Gly-Tyr!! and Cys% (47) Becke, A. DJ. Chem. Phys1993 98, 5648-5652.
(48) Gaussian 94 (Resion D.4) Frisch, M. J., Trucks, G. W., Schlegel,
(42) Ellinger, Y.; Pauzat, F.; Barone, V.; Douady, J.; Subral.RChem. H. B., Gill, P. M. W., Johnson, B. G., Robb, M. J., Cheeseman, J. R., Keith,
Phys.198Q 72, 6390-6397. T. A., Petersson, G. A., Montgomery, J. A., Raghavachari, K., Al-Laham,
(43) Barone, V.; Grand, A.; Minichino, C.; Subra, R. Chem. Phys. M. A., Zakrzewski, V. G., Ortiz, J. V., Foresman, J. B., Cioslowski, J.,
1993 99, 67876798. Stefanov, B. B., Nanayakkara, A., Challacombe, M., Peng, C. Y., Ayala,

(44) Abola, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F.; Weng, P. Y., Chen, W., Wong, M. W., Andres, J. L., Replogle, E. S., Gomperts,
J. In Crystallographic Databases-Information Content, Software Systems, R., Martin, R. L., Fox, D. J., Binkley, J. S., Defrees, D. J., Baker, J., Stewart,
Scientific ApplicationsAllen, F. H., Bergerhoff, G., Sievers, R., Eds.; Data J. P., Head-Gordon, M., Gonzalez, C., Pople, J. A., Gaussian, Inc.,
Commission of the International Union of Crystallography: Bonn/Cambridge/ Pittsburgh, PA, 1995.
Chester, 1987; pp 167132. (49) The B3LYP functional employed in Gaussian 94 is slightly different
(45) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, Jr. E. from the one given in ref 48. The form used is in Stephens, P. J.; Devlin,
F.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi, F. J.; Chabalowski, C. F.; Frisch, M. J. Phys. Cheml1994 98, 11623~
M. J. Mol. Biol. 1977, 112, 535-542. 11627.
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convergence. The first obstacle to be overcome was a near degeneracy occ
in HOMO and LUMO energies, which led to oscillatory convergence Pop = 2[|zpi—(0)|2 — [y (0)7 (5)
behavior. Such oscillations often can be damped by shifting the virtual T
orbitals up in energy so as to break the near degeneracy. We found a
virtual orbital shift of 100 mhartrees sufficient to damp oscillations in ~ Substitution ofA: and & into eq 2 yields the desired formula for the
the convergence algorithm. The second factor contributing to difficulty contact NMR chemical shift
in wave function convergence was the poor initial semiempirical guess s o
by Gaussian 94 at the form of the final wave function. To minimize con_ Mots e (ST 1)
the number of SCF iterations performed when using the 6-311G** basis 0= T okT P ®)
set (1380 basis functions), we bootstrapped from calculations performed
at lower levels of theory. This was done by reading in a converged expressed in terms of spin-uppf() and spin-down ;) molecular
B3LYP/3-21G* wave function as the initial guess for a B3LYP/3-21G**  orbitals which can be obtained from quantum chemical calculations.
calculation, which was in turn read in as an initial guess for the final Equations 1 and 6 can be written in the form
calculation done at B3LYP/6-311G**. Therefore, at each step in the
calculation, hybrid density functional wave functions were used as initial ot = Mo, + ores (7)
guesses instead of vastly inferior semiempirical guesses. The final
calculation of 20 SCF iterations required approximately 500 CPU hours \yherem, the coefficient of the theoretical spin density expresgign
on a Silicon Graphics Onyx workstation (six 195 MHz R10000 CPUS). (in atomic units), is a collection of physical constants
Theory. The total observed chemical shift can be factored into

contributions from Fermi contact, diamagnetic, metal-centered dipolar Ho 1 Zg 2(S+ 1)
(metal-centered pseudocontact), and ligand-centered dipolar (ligand- — 0B Y~/ (8)
centered pseudocontact) terms as shown bélow: KT

ot scon dia dip dip and d's represents the residual contribution of noncontact tedfi (
07 =0""4 0"+ dyc +dic 1) + ou 4+ o' in eq 1. AtT = 308 K, the theoretical value of the
coefficientm for oxidized rubredoxin$ = 5/2) is
For systems containing high-spin iron, the Fermi contact téffh
usually is much larger than the othéf$! This separation in scale of rrﬂ;i‘”: 2.6743x 10° ppm 9)
coupling strengths greatly reduces the complexity involved in analyzing
the hyperfine interaction by allowing one to neglect both the metal- and that for reduced rubredoxis & 2) is
and ligand-centered pseudocontact terms. Furthermore, Kurland and
McGarvey have shown that the zero-field splitting paramitgipically mbe’ = 2.2923x 10° ppm (10)
has a negligible effect on the Fermi contact coupling consta@ur
results indicate that these approximations hold adequately for oxidized Equations 9 and 10 show that a very small amount of net spin density
rubredoxin. _ _ on a given nucleus will result in a large observable chemical shift for
The chemical shifo*" that results from a nonzero Fermi contact ot oxidized and reduced rubredoxin. For example, for an ordinary
contribution is proportional td\., the scalar Fermi contact coupling hydrogenic 1s orbital with amplitude 4¥2 (in atomic units) at the
constant, ané,, the thermal average of the total electron spin the nuclear cusp, an imbalance as small as 1% in the densityasfd

direction of the magnetic field. spins should lead to contact chemical shifts on the order of

con_ [Av\ [aBYr [ A 2.67x1
o (_) - _(B_o) - _(hynBo)S* @ o= 2239 (0. 01y~ 850 ppm ay
S is also referred to as th@urie spif2 and is defined in the high- ~ for an isotropicS = 5/2 system at 308 K.
temperature approximation by It is known that contracted Gaussian basis functions, although
suitable for describing the valence region, cannot accurately describe
Qe 14aBo the nuclear cuspf Thus, evaluations od" based directly on eq 6
S=-YS5+ I)W 3) are likely to incur a systematic overall error due to the incorrect

amplitudes ofy;” andy; at the nuclear cusp. This absolute error is
ordinarily of little chemical consequence, since the molecular orbitals
are expected to show the propegriations of cusp amplitude with
changes in chemical environment. However, this systematic error of
the Gaussian basis set results in a change in the “apparent” value of
the coefficientm in eq 8, with respect to its ideal theoretical value.
We can therefore account for this systematic difference by expressing
o as shown in eq 7 and finally compam,, (obtained as the slope
u in a direct linear regression fit with experimental hyperfine chemical
_ o — N2 )2 shifts) with the “ideal” values from eqs 9 and 10. Similarly, the
Ac—s—shi/ngeﬂBZ[lw O — [y ™1 (4) apparentofs, obtained as the intercept in such a regression can be
compared with the ideal diamagnetic shifts in order to assess the
importance of neglected dipolar contributions and other systematic error.
Data from the regression analysis of each model structure are given in
Table 1.

In these equationdi is Planck’s constant divided byn2 y, is the
nuclear gyromagnetic ratid®, is the applied magnetic fieldj. is the
free electrong-factor, ug is the Bohr magnetonk is Boltzmann’s
constant, and is the absolute temperatiite.

The hyperfine coupling constaAt is proportional to the spin state
Sand the difference in the and g spin densities at the nucleus

occ

wherei is an index that runs over all occupied molecular orbitals and
is evaluated at the position (the origin or “0” of a local coordinate
system) of a nucleus of interest. Tbentact spin density, is defined

as Results and Discussion
30§§0) Kurland, R. J.; McGarvey, B. R.. Magn. Resonl97Q 2, 286~ Hyperfine-Shifted 2H and 15N Signals of Fe(lll) Rubre-

(51) Shporer, M.; Ron, G.; Loewenstein, A.; Navon, I6org. Chem. doxin. Figure 2 shows linear regression fits of the experimental
1965 4, 358-361. 2H and 15N chemical shifts of oxidized rubredoxin versus the

(52) Gueron, MJ. Magn. Resonl975 19, 58-66.
(53) Standard values for the physical constants can be found at http://  (54) Hehre, W. J.; Radon, L.; Schleyer, P.v. R.; Pople, JAB Initio
physics.nist.gov/PhysRefData/contents.html. Molecular Orbital Theory Wiley: New York, 1986; p 19.



4810 J. Am. Chem. Soc., Vol. 120, No. 19, 1998 Wilkens et al.

Table 2. Assignments for the Hyperfine Shiftédl and >N Peaks from Oxidized. pasteurianunRubredoxir

2H chemical shift assignmerits 15N chemical shift assignmerits
structural model for the iron center structural model for the iron center
_NMR data 5RXN-M 1IRO-M _ NMR data. 1IRO-M
2H shifts/ppm 4RXN-M 5RXN-Ggg 1IRO-Gyn 15N shifts/ppm 4RXN-M 5RXN-M 1IRO-Gy
-115 G He Ce He CHe -25.1 c? ce Cc2
—-11.5 C He CB39 H« CS He —68.8 (¢} c* c?
150.4 C2He CoHe CoHe 305.9 G" G0 G*
177.3 CHe Ci2He Ci2He 3195 Gl G® Gl
376.9 GO HP2 Co HP2 CoHP2 336.6 Iz v v
406.7 C H2 C8 Hi2 C8 Hi2 351.0 T T T
437.0 GO e Co Co R 398.2 PO po po
478.5 G HS Co Hie Co Hie 508.9 V8 Ve Ve
520.6 CHPE CoHp Co HAs 521.3 L4 L L4
557.4 Q2Hss Cr2Hps Cr2Hps 571.1 9 o c®
771.7 G Hp2 Co He2 Co He2 594.4 c® Cc cs
771.7 c2Hp2 Ci2Hp Ci2Hp 606.0 & yu yit

a Assignments take into account prior information about residue type, atom type, and assignment and provide maximal agreement with chemical
shift calculations (B3LYP/6-311G** 104-atom modehAll correlations are in agreement with prior assignmenttdfand?H peaks of cysteines
to He, H#2, and H? positions (but not to specific cysteine residues) by selective labélidgderlined residue designations indicate correlations that
were altered in order to be consistent with experiments involving selectively labeled saffeg.the 5RXN-M and 5RXN-G models were
affected by the ¥ backbone!>N resonance assignment.
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Figure 2. Linear regression fits of experimental chemical shifts of the rubredoxin €opasteurianungin ppm) versuss (au) calculated from

a 104-atom simplified model of the active site of the iraulfur protein (4RXN-M) used as input to Gaussian 94 with the iron as Fe(lll). Atom
positions in this model were taken from one of the X-ray structureS. gfasteurianunie(lll) rubredoxin (4RXNY*® The solid lines indicate best
fits to the data, and the dashed lines represent the theoretical slopes and intercepts. (A) &yatadfie’H chemical shifts assigned experimentally
to the H: (black circles), H? (open circles), and £ positions (gray circles). The best fit is in agreement with these assignments. (B) BaéRione
chemical shifts. The best fit shown takes into account prior residue-specific assignmehtyté P, and L#! (black squares) with ¥ and \#
shown separately (gray squares), and identifications by residue type for the renf@iNy/R signals (open squares). The imposition of this
information forced less optimal correlations for thg values for T, V&, G0, L4, G*3 and \* (Table 2) with the experimental chemical shifts (and
hence degraded th& value for the fit).

calculatedoggs (for the 4RXN-M structure). The experimental ment was imposed prior to ranking the calculajgg with

2H and!*N chemical shifts were ranked in ascending order and experimental data. In no case did this procedure alter the
plotted against the ascending order of calculatgd Theoreti- ordering of the cysteine + H%2, or H?3 chemical shifts, but in

cal chemical shifts from the contact spin densities were not some cases, it changed the order of correlation between
calculated in this correlation to avoid the introduction of experimental’®N chemical shifts and those calculated from
assumptions. AN resonances have been identified experi- certain models (resulting in lower correlation coefficients).
mentally by amino acid type, and a few have been assigned to The solid line in each of the graphs corresponds to a linear
individual residues in the sequence (Xia, B., et al., manuscript regression fit of the data points, while the dashed line represents
to be published elsewhere). In addition, for oxidized rubredoxin a theoretical line with a slope (267 430 ppm) obtained from eq
resonance assignments t® ¥nd V* have been made by 7. They-intercept for each plot in Figure 2 represents the
reference to thé®N NMR spectrum of a chemically synthesized diamagnetic chemical shift (zero Fermi contact contribution)
rubredoxin containing®N only in the amide of ¥* (unpublished with respect to the reference compound for the given nuclear
data). The cysteintH signals have been classified a%, H#2, species, in all cases DSS, with indirect referencing for nuclei
or H?3 on the basis of selective labeling of the prot&inAll other than'H.55 For Figure 2A, the theoreticgtintercept for
known information about residue type, atom type, and assign- the dotted line was obtained from a weighted average ®f H
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and H chemical shifts for cysteine (3.6 ppm). The theoretical
y-intercept for the dotted lines in Figure 2B was obtained from
a weighted average of the average diamagriéhlcchemical

shifts for the amino acid types used in the model (118.7 ppm).

Values for the diamagnetic shifts were obtained from BioMag-
ResBank (URL: http://www.bmrb.wisc.ed@f. Fit parameters
and chemical shift assignments derived from rankiqpg are

J. Am. Chem. Soc., Vol. 120, No. 19,4898

the chemical shift of the protons, although thaétcontribution
is likely to be small.

In summary, contributions to the chemical shift from sources
other than Fermi contact are expected to be small. The relative
significance of such effects may be larger for chemical shifts
of hydrogens ir positions than i positions. The calculations
reported here indicate that the sensitivity gfs to small

summarized in Tables 1 and 2 for all model structures. ReSU|tSstructural perturbations is larger than that expected from

for individual types of nuclei are discussed below.
Cysteine?H Resonances of Fe(lll) Rubredoxin. Figure 2A

shows a linear regression fit of the experimental cystéitfe

and?H? chemical shifts vs the calculatgdg for the 4RXN-M

structure. Similar results were obtained with the other two

models (5RXN-M and 1IRO-M). The pairings H NMR

peaks with hydrogen atoms in the structure that yielded optimal
linear regressions were in full agreement with assignments

derived from selective labeling witBHi#243|cysteine and chiral
labeling with PHA?]cysteine. All three models were consistent
with the same assignments for the cysteiné lnd H3
resonances, but not for the cysteinerndsonances. These latter

mechanisms other than Fermi contact; thus, slight errors in the
placement of the protons during the X-ray refinement process
may be a greater source of disagreement with experiment than
the neglect of other contributions to the chemical shift.

15N Resonances of Fe(lll) Rubredoxin. The linear regres-
sion fit of experimental®N chemical shifts vs calculateal,s
for the 4RXN-M structure is shown in Figure 2B. The chemical
shift assignments for the three model structures are listed in
Table 2, and the fitted parameters are given in Table 1. It should
be noted the greater number of missed assignment&Sfor
resonances comparedad is likely to be primarily due to the

differences are present despite the minor geometrical differencegd"€ater number of accumulated errors in nitrogen positions in

between the models (0.063 A RMS deviation between 1IRO-

M, 4RXN-M, and 5RXN-M structures at the®HH?2, and H?3

comparison to the cysteine hydrogens. Models derived from
the two coordinate sets deposited by Watenpaugh and co-

positions). For all three model structures, the slopes are Workers (4RXN and SRXN) yielded calculated shifts that agreed

systematically lower (by 510%) than predicted by eq 8, and

closely with experiment, whereas that from the independently

the y-intercepts are also significantly larger than the average determined structure (1IRO) yielded chemical shifts that showed

diamagnetic shift of 3.6 ppm.

significantly poorer correlationR? = 0.85) with experiment.

Because all atoms of the model are in close proximity to the 1h€ reason for the poor correlation of the one model with
iron center, the metal-centered pseudocontact contribution to€XPeriment is discussed below; discussion here s restricted to
the chemical shift could be significant. Since the orientations "esults with the 4RXN-MR? = 0.96) and 5RXN-M R* = 0.93)

of the magnetic susceptibility angltensors are unknown, an

exact value for the metal-centered pseudocontact shift cannot

structures.
Interestingly, the optimal assignment®dN chemical shifts

be determined. Although the point-dipole approximation breaks was different for two of the structural models for Fe(lll)
down for nuclei close to the iron, this approach can be used to rubredoxin (4RXN and 5RXN): rankings were swapped for two
estimate the maximum value for the metal-centered pseudo-residue pairs: GKf and GIy%, and Cy4? and Cy$ (Table 2).

contact contribution to the chemical shift.

6dip —

MC
Ho 35ug”(9” — 9°) 3 cod 6 — 1|l1 B 329" + ",9:") D
4 36(1— r3 l 15(9”2 — gDZ) kT

12)

For oxidized rubredoxinD = 2.53 K2! and for a closely
homologous rubredoxirgn = (gx + gy)/2 = 2.01 andg, = g,

= 2.09%7 Taking T = 308 K, the maximum chemical shifts
(at 6 equal to 0) are found to be approximately 12 ppm for the
a proton positionsi(= 4.8 A) and 43 ppm for th@ positions

Thus, the independent assignment of these signals is of critical
interest, since it will allow further refinement of the correlations.
In addition, the calculated spin density for ¥& less than that
of Val*4 for the 5RXN-M structure in disagreement with
experiment. Imposing the correct order on the valine assign-
ments before fitting lowered tHe& slightly (from 0.94 to 0.93).
We are in the process of synthesizing rubredoxin peptides with
individual glycine and cysteine labels to resolve the remaining
uncertainties in the resonance assignments.

Effects of Optimizing the Positions of the Cysteinex- and
p-Hydrogen Atoms. In the refinement of the X-ray structures
of Fe(lll) rubredoxin used in this study, the authors had
positioned each hydrogen on the basis of the coordinates of the

(r = 3.1 A). These contributions, which are small relative to heavy-atom framework. They then employed the resulting
the Fermi contact interaction, have magnitudes comparable tostructural model in calculating the structure factors. To
the uncertainties in the intercepts@p = 0 (Table 1). investigate possible errors introduced by this method, the bond
Contributions to observed chemical shifts from ligand- angles and distances for te and S-hydrogens of the four
centered dipolar interaction usually are assumed to be negligibly cysteines in the SRXN-M simplified model were optimized at
small for one-electron atoms, because nearly all the electronB3LYP/3-21G* while the remaining atoms in the model cluster
density resides in 1s orbitals, which have no orbital angular were held fixed. This procedure led to very small changes in
momentum. Dipolar fields originating from net electron spin the coordinates for the hydrogen atoms in the resulting model,

density on surrounding nuclei can also make contributions to SRXN-Gys. Thep,s values calculated from model SRXNgg

(55) Wishart, D. S.; Bigam, C. G.; Yao, J.; Abildgaard, F.; Dyson, H.
J.; Oldfield, E.; Markley, J. L.; Sykes, B. . Biomol. NMRL995 6, 135—
140.

(56) Ulrich, E. L.; Argentar, D. R.; Manabat, N. C.; loannidis, Y. E;
Livny, M.; Markley, J. L.FASEB J.1997, 11, 1553.

(57) Hearshen, D. O.; Hagen, W. R.; Sands, R. H.; Grande, H. J.; Crespi,

H. L.; Gunsalus, I. C.; Dunham, W. R. Magn. Reson1986 69, 440—
459.

(with optimized positions for cysteine- and g-hydrogens)
correlated only slightly better with the experimental NMR
chemical shifts than those from the unoptimized model (Table
1), and the refinement had only small effects on values for the
fitted slope and intercept (Table 1). Interestingly, the quality
of the 15N fit improved slightly after optimizing the cysteine
o- andg-hydrogens.
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Figure 3. Linear regression fits of experimental chemical shifts of the rubredoxin fomasteurianunfppm) versus,s (au) calculated from a
104-atom simplified model of the active site of the iresulfur protein (4RXN-M) used as input to Gaussian 94 with the iron as Fe(ll). Atom
positions in this model were taken from one of the X-ray structureS.qfasteurianunte(lll) rubredoxin (4RXNY:® The solid lines indicate the
fits to the data, and the dashed lines represent the theoretical slopes and intercepts. (A) &yatedfie’H chemical shifts assigned experimentally
to the H* (black circles), H? (open circles), and £ positions (gray circles). The best fit is in agreement with these assignments. (B) BaéRidone
chemical shifts. The best fit shown takes into account prior residue-specific assignmeht¥tg P°, and 1! (black squares) and identifications
by residue type for the remainif§\N NMR signals (open squares). The imposition of this information forced less optimal correlations fgj the

0.000 0.001 0.000

values for G, V8, Y11, C%, P, and L#! (Table 3) with the experimental chemical shifts (and hence degradefthalue for the fit).

Effect of Optimizing the Positions of the Backbone Amide
Hydrogens in the 1IRO Structural Model. Attempts were
made to identify the reason results calculated from the model
derived from the 1IRO X-ray structure gave much poorer
agreement with experiment than those derived from the 4RXN
and 5RXN structures (Table 1). The three structures were
superimposed on each other in Insight Il (Molecular Simula-
tions), and the RMS deviations between various atomic coor-
dinates and bond distances were calculated. Although the
coordinates for the backbone heavy atoms were quite similar
(RMS deviation for nitrogen of 0.042 A), the 1IRO structure
showed a systematic difference in the backbone amide proton
to nitrogen bond distances. This distance for all such protons
in the 1IRO structure was approximately 0.86 A, considerably
smaller than the average value of 1.00 A found in the 4RXN
and 5RXN structures. Consequently, the bond lengths and
angles of the eleven backbone amide protons (excludin Pro
which has no amide proton) of all three simplified models were
optimized at B3LYP/3-21G* while the coordinates of the other
atoms were held fixed. Not surprisingly, the bond lengths of
the optimized protons converged to an average length of 1.02
A in close agreement with the 4RXN and 5RXN structures,
while the bond angles changed little (RMS deviation in position
0f0.109 A). The structural model resulting from this refinement
of model 1IRO-M model is denoted 1IROxf.

Calculatedpes values derived from model 11ROz cor-
related significantly better with experimentaN chemical shifts
(RZ2 = 0.94) than values derived from the nonoptimized 11RO-M
model R = 0.85). This result indicates that these calculations
are capable of detecting and rectifying errors in the molecular
structures of paramagnetic molecules.

Hyperfine-Shifted 2H and 15N Signals of Fe(ll) Rubre-
doxin. No high-resolution structure of reduc€d pasteurianum
rubredoxin is currently available. As a first approximation, the
models that gave the best fit to the experimental NMR data for
Fe(lll) rubredoxin (5RXN and 4RXN) were used in calculating
pas for Fe(ll) rubredoxin. Although the correlation wittH
chemical shifts (Figure 3A) was nearly as good as that obtained
for Fe(Ill) rubredoxin, that fo®N chemical shifts (Figure 3B)
was clearly worse. The optimal ranking #f chemical shifts

Table 3. Assignments for the Hyperfine Shifté# and'*N Peaks
from ReducedC. pasteurianunRubredoxif

2H chemical shift assignmerits 15N chemical shift assignmeifits

NMRdata  structural model ~NMRdata  structural model
2H shift/ for the iron center 15N shift/ for the iron center
ppm  4RXN-M 5RXN-M  ppm  4RXN-M 5RXN-M
—-0.4 C?H« C*2He —-17.3 C? c?
—0.4 C H* CHe 6.5 (e c*
10.9 CoHe C8 H* 2175 G?® G0
18.6 CHe C39 H« 217.5 GO G*®
157.0 CHR? CBOH? 262.8 A4 V&
158.6  CG°HA2  COHA 271.4 pro o
193.4  CGOHB  CIHP 274.1 T ~
196.0  GHB  COHM 287.4 s =t
2330 QHB  COHP 311.9 c® cs
233.0  C?HP C®HE 3816 @yl yit
2437  CGHR  COHR 419.6 L4 L4
2513  C2HR2  CRHEZ 4777 Ve vz

a Assignments take into account prior information about residue type,
atom type, and assignment and provide maximal agreement with
chemical shifts calculations (B3LYP/6-311G** 104-atom modeIll
correlations are in agreement with prior assignmefdHoind?H peaks
of cysteines to K, H?2, and H? positions (but not to specific cysteine
residues) by selective labelingUnderlined residue designations
indicate assignments that were altered in order to be consistent with
experiments involving selectively labeled samples.

also was in agreement with the atom type identifications derived
from selective labeling® We interpret this as indicating that
the positions of the cysteine ligand side chain atoms do not
change significantly when Fe(lll) rubredoxin is reduced; on the
other hand, the poor fit of th®N data suggests the existence
of conformational differences or other small structural variations
between the oxidized and reduced rubredoxin that affect the
positions of backbone nitrogens. We consider it highly desirable
that these calculations be repeated when coordinates for the
reduced X-ray crystal structure are made available.
Hyperfine-Shifted 13C Resonances of Fe(ll) and Fe(lll)
Rubredoxin. Table 4 contains the predicted chemical shifts
for both oxidized and reduced cysteine carbons. Of these, only
signals from thé3C? nuclei in reduced Fe(ll) rubredoxin have
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Table 4. Predicted Hyperfine Contact Shifts for Cysteine Carbons T T T
in Oxidized and Reduce@. pasteurianunRubredoxid

oxidized reduced 0.0025 |- .
C ct C c* (o C
shift/  shift/ shift/  shift/ shift/ shift/ 0.0020
residue  ppm ppm ppm ppm ppnf ppm

cysteine6 2496 338 —41 1767  288(327) —23 0.0015
cysteine9 1225 1033 —60 647 —928(-939) -—22
cysteine39 2181 305 —37 1549 —127(-36) —30 0.0010

cysteine42 1386 1228 —66 709 -761(755) —19

p af (AU)

@ Contact shifts (ppm) for oxidized rubredoxin are 267 430 times 0.0005
the pos Obtained from B3LYP/6-311G**. Shifts for reduced rubredoxin
used 229230 as the multiplierReduced Fe(ll)po,s values were
calculated for the oxidized Fe(lll) structure (5R*N by changing the 2'5 2I6 2'7 2]8 2'9
oxidation state in the input to Gaussian 94&hifts in parentheses are ' ' - ' )
experimentally observed values. Assignments to specific cysteine H - § distance (A)

residues shown were based on a simple ranking of the shifts. Figure 4. Relationship between the calculated valueggf(au) for

V8 Y1 41 and V* and the backbone amide proton to cysteine sulfur
been resolved. The correlations of chemical shifts with residuesbond distances in the structural models used in the calculations (A):
shown in Table 4 will be tested by residue selective labeling. 4RXN-M (black circles), 5SRXN-M (open circles), and 1IRQq(gray
New strategies will be used in attempts to locate the otf@r  circles).
resonances.

Transmission of Fermi Contact Interactions across Hy-
drogen Bonds. The role of hydrogen bonds to iron ligated
sulfurs as electron delocalization pathways is illustrated by the
nitrogen of Ty#., which is hydrogen bonded to the sulfur of
Cy<. This nitrogen exhibits the largest calculaieg and the
shortest hydrogen bond to sulfur. Since the nitrogen ofTyr
is eight covalent bonds from the iron center, the mechanism Conclusions
for generating the large netelectron spin density at this atom
clearly must be delocalization through the amide hydrogen bond  In this paper we have shown how Fermi contact spin densities
to sulfur. Similar effects were observed in NMR studies of in an iron sulfur protein can be calculated from a simplified
cadmium- and mercury-substituté@rococcus furiosusubre- structural model derived from a prOtein X-ray structure by means
doxins, in which it was found that backbone amide protons ©f an efficient, hybrid density functional treatment employing
hydrogen bonded to cysteine sulfurs exhibited scalar coupling @ large basis set. Chemical shifts calculated directly from these
to the metal nucleus{®Cd and%Hg)58 Strong evidence results, with no empirical adjustment, gave remarkably good
suggests that the scalar coupling is electron orbital mediated.agreement with experiment. It is encouraging that the calcula-

On structural grounds, the residues that give rise to hyperfine tions mad‘? a strong distinction petween cysteine nitrogens
shifted nitrogen signals can be separated into four groups. TheShifted to higher frequency (downfield) and to lower frequency

. : : : ; : field). The model structures yielded negatjpug for the

first group consists of cysteines or residues that immediately (qp . .

follow cysteine whose Mis not hydrogen bonded to’Sr O nitrogens of both Cysand Cy4? suggesting that the shifts to
of cysteine (Cy§ Thr, Cys®, and Prd?). The second consists lower frequencies (upfield) are not due to pseudocontact shifts.

of residues that immediately follow cysteine in the protein Because the metal site contains a large excegmsitive Spin
sequence and whosé'lis hydrogen bonded to O of a cysteine dens_lty arising from _the_ five unpalr_enl elgctrons f_ormally on
(Gly®and GIy*3). The third group consists of cysteines whose the iron atom, t_he f|nd|ng_ oh_e_gatve spin density at these
HNis hydrogen bonded to”of another cysteine (C§sand nitrogen nuclei is counterintuitive. The excellent agreement

Cys'?). The fourth group consists of residues other than cysteine between the experimental chemical shifts from Fe(ll) rubredoxin
whose H' is hydrogen bonded to’®f a cysteine (Va, Tyri: in solution and those calculated from models based on the X-ray

Lewtt, and Vaf4). A clear symmetry exists in these groupings structures indicates that the structure of the region around the
as sh,own in Figlure 1 metal center is very similar in solution and in the crystals.

- As stated above, it is likely that the geometry of the iron-
11 1
The_fourth group (Fhat consisting of \Pa_ﬂ'yr , Leut, and coordinated cysteines is very similar in Fe(lll) and Fe(ll)
Val*) is of particular interest because their backbone nitrogens

e . - . rubredoxin. A comparison of X-ray crystal structures of
exhibit large isotope shifts to lower frequency (upfield) when oxidized and reduceB. furiosusrubredoxin indicated that the
the nitrogen-bound protons are replaced by deutetdrisor

. . - o most significant structural change occurring in close proximi
these residues a strong linear relationship is foungfgrand g g 9 b ty

; to the iron center was an increase in iron-to-sulfur bond distances
the distance between the hydrogen-bonded proton and the sulfuroy an average of 0.04 ® This comparison also showed a

E)Figure 4). Bedce;]use ?fn analogous rzl_ationshiphdoe_s not existyacrease in the amide proton-to-sulfur H-bond distances by an
etweerp,s and the sulfur-to-nitrogen distance, the orientation 5 era9e 0,09 A upon reduction, while a molecular dynamics

of the nitrogen-to-prpton bond vector with respect to the sulfur study predicted that many of the structural differences between
appears to have minimal effect on the amount of orbital overlap. qiqizeq and reduced forms of rubredoxin are localized in the

The electron density is being delocalized from a lone pair orbital region surrounding the FeS centef! This is in agreement

on the sulfur to the nitrogen by way of the hydrogen in the

hydrogen bond. The insensitivity to bond vector orientation is

postulated to be caused by rough spherical symmetry in the
sulfur electron donor and electron accepting nitrogen-to-proton
antibondingo™* orbitals over the range of angles presented in

the crystal structures.

(58) Blake, P. R.; Lee, B.; Summers, M. F.; Adams, M. W. W.; Park, J. (60) Day, M. W.; Hsu, B. T.; Joshua-Tor, L.; Park, J.-B.; Zhou, Z. H.;
B.; Zhou, Z. H.; Bax, A.J. Biomol. NMR1992 2, 527. Adams, M. W. W.; Rees, D. (Protein Sci.1992 1, 1494-1507.

(59) Xia, B.; Wilkens, S. J.; Westler, W. M.; Markley, J. L.Am. Chem. (61) Shenoy, V. S.; Ichiye, TProteins: Struct., Funct., Genet993
Soc.1998 120, 4893-4894. 17, 152-160.
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with results from a recent NMR study of the diamagnetic region Moreover, the slope for thEN data in the 3-21G** basis level

of rubredoxin: the largest chemical shift differences between is less than half the theoretical value.

Fe(ll) Rdx and Fe(lll) Rdx were found to occur at residues  Unlike pure density functional methods, the hybrid density
adjacent to the hyperfine shifted CXXCGX regiofig? Indi- functional methods such as B3LYP are well-behaved over a
vidual changes for atoms in the cluster may be small. However, wide range of chemical systems for calculating Fermi contact
small changes coupled together can have a large impact on thespin densitie$* However, like pure density functional methods,
electronic structure and thus the observed isotropic shift. hybrid density functionals do not obey the variation principle

Likely sources of residual differences between calculation as do pureab initio methods. Thus, one cannot guarantee that
and experiment include incomplete assignments (to be remediedncreasing the number of basis functions will result in an
by additional experimentation), the use of oversimplified basis improvement of the quality of the wave function and Fermi
sets (to be approached through more extensive computations)contact spin densities. It is highly probable that improvements
errors in the atomic coordinates of the starting models (to be in the basis set would result in greater agreement with
evaluated through additional refinement of X-ray structures), experiment, but it is difficult to judge when these improvements
and the neglect of contributions to the chemical shift other than would become large enough to justify the additional computation
the random coil diamagnetic shifts and Fermi contact paramag-time.
netic shifts.

Deviations between calculated spin densities and experimental
NMR data in rubredoxin could result from the neglect of
motions in the calculations. Atom positions determined by
single-crystal X-ray diffraction analysis represent time-averaged
positions. It is conceivable that the time average of spin
densities over the range of vibrationally accessible atom
positions would be significantly different from that calculated
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