J. Am. Chem. Soc. 1992, 114, 4931-4933 4931

regioselectively O-germylated acyclic enolates!! which have the
potential utility for basic investigation on the stability and nu-
cleophilic reactivity of germanium enolates.
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At present, the copolymerization mechanism may be explained
as follows. A lithium catalyst reacts with germylene 1 to produce
a germyl anion species 5,2 to which cyclic ketone 2 adds via a
Michael-type addition giving rise to an enolate anion 6. The
germyl anion is regenerated by the reaction of 6 with 1. The steric
hindrance of the bulky silyl amide group of 1 and the very poor
homopolymerizability of 2 prevent the homo unit formation of
1 and of 2, which allows the alternating propagation of 1 and 2
leading to copolymer 3.
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Further investigations on the physical and chemical properties
of the resulting copolymers and the mechanism of the co-
polymerization are now in progress.

Acknowledgment. This work was partly supported by a
Grant-in-Aid for Scientific Research on a Priority Area of “New
Functionality Materials, Design, Preparation, and Control” from
the Ministry of Education, Science and Culture, Japan (No.
03205009).

(11) The formation of oligomers having a germanium enolate structure by
the reaction of difluoro- and phenylhalogermylenes with a,8-unsaturated
carbonyl compounds has been claimed; however, the resulting oligomers were
not well characterized. Rivigre, P.; Satgé, J.; Castel, A. C. R. Hebd. Seances
Acad. Sci., Ser C. 1977, 284, 395.

(12) It is well known that the reaction of a germylene with an alkyllithium
affords the corresponding germyl anion.? The detailed initiation mechanism
is not yet understood.

(13) (a) House, H. O.; Crumrine, C. S.; Teranishi, A. Y.; Olmstead, H.
D. J. Am. Chem. Soc. 1973, 95, 3310. (b) Stork, G.; Kraus, G. A.; Garcia,
G. A. J. Org. Chem. 1974, 39, 3459,

(14) Ojima, I.; Kogure, T. Organometallics 1982, 1, 1390.

Novel Observation of NH---S(Cys)
Hydrogen-Bond-Mediated Scalar Coupling in
113Cq-Substituted Rubredoxin from Pyrococcus furiosus

Paul R. Blake,' Jae B. Park,! Michael W. W. Adams,* and
Michael F. Summers*!

Department of Chemistry and Biochemistry
University of Maryland Baltimore County
Baltimore, Maryland 21228

Department of Biochemistry and Center for
Metalloenzyme Studies, University of Georgia
Athens, Georgia 30602

Received February 3, 1992

Revised Manuscript Received April 14, 1992

Understanding the nature of NH--S hydrogen bonding in
iron-sulfur proteins is important since these interactions may be
determinants of protein redox potential and function.!> Very
recently, deuteron hyperfine and quadrupole coupling were de-
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Figure 1. Downfield region of the '"H NMR spectra obtained for Zn(Rd)
(ca. 1.2 mM) after dissolution into D,O at 25 °C. Data were obtained
with a2 GE Omega-PSG 600 NMR instrument using a DANTE sequence
for suppression of the residual solvent signal, followed by a SCUBA train
for recovery of presaturated oH protons (referenced to internal HDO at
5 = 4.773 ppm). Residues implicated in types I, II, and III NH=.S
hydrogen bonding are labeled.
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tected in 2H Mims® pulsed ENDOR studies of ferredoxin from
Anabaena, demonstrating that at least one (unidentified) backbone
NH--S hydrogen bond contained significant covalent character.*
To gain additional insights into the nature of NH-.S hydrogen
bonding in iron-sulfur proteins, we have applied 'H-!13Cd het-
eronuclear spin-echo difference (HSED) NMR spectroscopy to
13Cd-substituted rubredoxin [!'*Cd(Rd)] from the hyperther-
mophilic archaebacterium, Pyrococcus furiosus (P. furiosus), an
organism that grows optimally at 100 °C.5¢ Of the six backbone
NH protons proposed to be involved in NH--S hydrogen bond-
ing,”10 four exhibit two-bond N'H--S(Cys)-'13Cd scalar coupling,
indicating that the NH-~-S(Cys) hydrogen bonds formed by these
protons contain significant covalent character. The 'H-!13Cd
HSED signals are assigned specifically to the Ile(7), Cys(8),
Ile(40), and Cys(41) backbone amide protons that are involved
in types 1 and 11 NH--S tight turns. No HSED signals are
detected for the Tyr(10) and Ala(43) amide protons that are
believed to be involved in type I1 NH--S tight turns. This rep-
resents the first NMR observation of H-bond-mediated scalar
coupling in a protein and provides a rationale for the high metal
affinities exhibited by proteins that contain the Cys-X-X-Cys-
Gly-X (X = variable amino acid) metal-binding motif.

The NMR structure of zinc-substituted P. furiosus Rd [Zn-
(Rd)] has recently been determined,®!? and the structure of the
metal-binding site was found to be essentially identical to that
observed by X-ray crystallography for native Clostridium pas-
teurianum Rd.!%!! In both structures the NH protons of residues
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istry 1991, 30, 10885.
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determined recently by NMR and X-ray crystallography: Blake, P. R.; Park,
J. B.; Zhou, Z. H.; Hare, D. R.; Adams, M. W. W_;: Summers, M. F. Protein
Science, submitted. Day, M. W.; Hsu, E. T.; Joshua-Torr, L.; Zhou, Z. H.;
Park, J. B.; Adams, M. W. W.; Rees, D. C. Protein Science, submitted.

(11) Superposition of backbone atoms of the metal-binding residues
[Cys(5)-Tyr(10) and Cys(38)-Ala(43)] of P. furiosus Zn(Rd) onto relevant
residues of native C. pasteruianum Rd (determined by X-ray crystallography)’
afforded pairwise RMSD values of ca. 0.33 A (see ref 10).
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Figure 2. Downfield region of the 500-MHz 'H-'"*Cd heteronuclear
spin-echo difference (HSED) spectrum obtained for P. furiosus ''*Cd-
(Rd) (3.0 mM, 90% H,0/10% D,0, 25 mM acetate-d,, pH 6.3, 250 mM
NaCl, T = 45°; obtained with a GE GN-500 NMR instrument with 2
days of data acquisition; 140000 scans) using 60-ms Jiyiscy evolution and
refocusing periods (7; see below). Observed HSED signals are due to
two-bond NH--S mediated 'H-'"*Cd scalar coupling, indicating that the
NH-S hydrogen bonds contain covalent character. The structure of a
representative Cys(i)-X(i+1)-X(i+2)-Cys(i+3)-Gly(i+4)-X(i+5) met-
al-binding sequence is included in the insert, where the amide protons of
residues X(i+2), Cys(i+3), and X(i+5) are from types I, III, and II
NH+~S tight turns, respectively. In P. furiosus Rd, the two metal-binding
sequences are C-K®-I'-C*-G®-Y'® and C*-P*-1*-C*.G*-A%. The
HSED sequence used is 90x(H)-r-90x(Cd) 180x(H)90%x(Cd)-r-Acq-
- =

X(i+2), Cys(i+3), and X(i+5) [the metal-binding amino acid
sequences are defined here as Cys(i)-X(i+1)-X(i+2)-Cys(i+-
3)-Gly(i+4)-X(i+5); in P. furiosus Rd, X(i+1) = Lys(6) and
Pro(39), X(i+2) = lle(7,40), X(i+5) = Tyr(10) and Ala(43)]
are oriented in a manner consistent with hydrogen bonding to the
Cys(i), Cys(i), and Cys(i+3) sulfurs, respectively. Deuterium
exchange results obtained for P. furiosus Zn(Rd) are consistent
with the proposal that these protons are involved in hydrogen
bonding. Thus, no '"H NMR signal loss was observed for the
putative NH-+S hydrogen-bonded protons after ca. 7 h of incu-
bation in D,0 at 25 °C, and after 36 h of incubation (during which
a 2D NOESY? spectrum was obtained in order to unambiguously
assign the observed signals), only the Cys(8) NH proton exhibited
substantial signal loss (Figure 1). The Tyr(10) and Ala(43) NH
signals were unaffected even after further incubation for 20 min
at 80 °C.

As a probe for electron-mediated metal—proton scalar coupling,
113Cd substitution was performed in order to exploit the favorable
nuclear (/ = '/,) and electronic (S = 0) properties of this me-
tallobioprobe.'> Complete 'H NMR signal assignments are made
for '"*Cd(Rd) by standard procedures and will be published
elsewhere. Although some chemical shift differences were observed
for residues that comprise the metal-binding sites, cross peak
patterns and intensities observed in homonuclear 2D NOESY
spectra of ''"*Cd(Rd) and Zn(Rd) matched (Figures S1 and S2
in the supplementary material), demonstrating that ''*Cd sub-
stitution did not cause a significant structural perturbation. 'H-
113Cd HSED'" spectra were obtained using DANTE' and
SCUBA'® preparation sequences, and four signals corresponding
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42,341, Cohen, J. S.; Chen, C.-W.; Bax, A. J. Magn. Reson. 1984, 59, 181.

(15) DANTE refers to a pulse train that allows selective saturation of
intense solvent resonances: Hore, P. J. J. Magn. Reson. 1983, 55, 283,

Communications to the Editor

to the Ile(7), Cys(8), Ile(40), and Cys(41) backbone NH protons
were observed in the downfield region of the spectrum (Figure
2). {Intense HSED signals involving the Cys-Hp protons and
very weak signals (s/n > 2/1) from the Cys(5) and Cys(38)-Ha
protons were also observed, as expected on the basis of NMR
studies of other ''*Cd-substituted proteins).'”'®* In 'H-'"3Cd
HSED spectra, only signals of protons that are scalar coupled to
the !'*Cd nucleus are detected.'* 'H-!"*Cd scalar coupling via
the peptide backbone is implausible since the Cys and Ile NH
protons are five and eight bonds removed from the '"*Cd nucleus,
respectively. Indeed, in previous NMR studies of ''*Cd,-
metallothionein employing heteronuclear filters, no intraresidue
five-bond NH(Cys)~'"*Cd scalar coupling could be detected.”
The observed amide HSED signals are therefore attributed to
two-bond 2Jijj1¢4 scalar coupling mediated by NH=-S(Cys) hy-
drogen bonds. These findings provide strong evidence that types
I and II1 NH--S tight turns exist in P. furiosus Rd and further
demonstrate that the NH---S hydrogen bonds contain significant
covalent character.

The X(i+5) NH protons proposed to form type IT NH--S tight
turns did not give rise to detectable HSED signals, despite the
fact that these protons exhibited the lowest deuterium exchange
rates (Figure 1). The lack of observable HSED signals could,
in principle, be attributed to rapid proton T2 relaxation, HSED
signal cancellation due to homonuclear '"H-"H couplings, and /or
weak (or absent) heteronuclear "H-'"*Cd coupling. T2 mea-
surements by the CPMG method? reveal that all six NH protons
have similar T2 values (ca. 0.09 s; Figure S3 in the supplementary
material). Although the homonuclear NH-aH coupling constants
for the X(i+5) residues are small (<3 Hz) compared to the X(i+2)
and Cys(i+3) residues (>8 Hz), HSED spectra collected with
Jijiicy evolution delays (7) of 20, 40, 60, 80 and 100 ms all lack
signals for the X(i+5) amides; it is therefore unlikely that signal
loss resulted from cancellation of homonuclear J coupling com-
ponents since these components could not be antiphase for all
evolution periods employed. In addition, the relative magnitudes
of the observable amide HSED signals were not significantly
different over the range of evolution delays employed. The
combined findings suggest that the lack of an observable X(i+5)
HSED signal is the result of very weak (or absent) 'H-'*Cd scalar
coupling and that the differences in signal intensities for the
observed HSED signals reflect differences in the magnitudes of
the two-bond NH-""3Cd coupling constants. This does not dem-
onstrate that the proposed type Il NH-S hydrogen bonds are
weaker or that they contain less covalent character since scalar
coupling is influenced by multiple factors (e.g., bond length, bond
angle, electronegativity, etc.).

'H-""*Cd HSED NMR spectroscopy provides a powerful direct
probe of NH+S hydrogen bonding in metalloproteins. The
presence of types I and III NH--S hydrogen bonds in P. furiosus
Rd has been confirmed by direct detection. Efforts are now
underway to determine the magnitudes of the %Jiyicq coupling
constants, which would be useful for quantum mechanical studies
of NH-S hydrogen bonding.
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Note Added in Proof. Additional 'H-'>Cd scalar coupling
involving the Ala(43) methyl group, which was originally at-
tributed to incomplete cancellation in the !H-113Cd HSED spectra,
has been detected and confirmed in a 2D 'H-!13Cd heteronuclear
multiple quantum correlation experiment. This scalar coupling
is probably due to direct orbital overlap between the methyl protons
of Ala(43) and the Cys(42) sulfur (6- and 8-bond 'H-'!3Cd scalar
coupling mediated by the Ala(43) NH--S hydrogen bond or by
the covalent bonds, respectively, would appear implausible) and
thus may have important implications for understanding intra-
protein electron transfer.

Supplementary Material Available: Figures of the full 2D
NOESY spectra of 113Cd- and zinc-substituted P. furiosus ru-
bredoxin, the downfield region of the 500-MHz 2D NOESY
spectrum of '3Cd(Rd), and a stacked plot of the CPMG data
for 113Cd(Rd) (4 pages). Ordering information is given on any
current masthead page.

Minor Groove Binding of [Ru(phen);]** to
[d(CGCGATCGCG)], Evidenced by Two-Dimensional
Nuclear Magnetic Resonance Spectroscopy

Magdalena Eriksson,*! Mikael Leijon,! Catharina Hiort,?
Bengt Nordén,! and Astrid Graslund'

Department of Medical Biochemistry and Biophysics
University of Umea

S§-901 87 Umea, Sweden

Department of Physical Chemistry

Chalmers University of Technology

S-412 96 Goteborg, Sweden

Received December 10, 1991

The chiral transition metal complex [Ru(phen);]2* (phen =
1,10-phenanthroline), Figure 1, exists in two enantiomeric forms,
A and A, which bind differently to DNA.I"¢ Despite extensive
studies, the structural DNA-binding characteristics have remained
unclear. Both minor’® and major groove binding®®!%!! have been
suggested, and various modes of binding have been proposed,
intercalation of one of the phenanthroline wings being one of
them.l.J—S.ll

Here we report the first two-dimensional NMR study on the
interaction of [Ru(phen),]?* with the self-complementary deca-
nucleotide duplex [d(CGCGATCGCG)],.!? The results provide
evidence for binding of both A- and A-[Ru(phen);]?* to the AT
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Figure 1. [Ru(phen),]**, A-enantiomer.
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Figure 2. 'H NOESY spectrum of A-Ru(phen),?*-[d-

(CGCGATCGCG)),, molar ratio 0.3, 4 mM duplex at 41 °C, in 10 mM
phosphate buffer (D,0), uncorrected pD = 7.0. Upper panel: aro-
matic-H1’ region. Lower panel: aromatic-aromatic region. Cross peaks
labeled as (a) 2-H2(AS5), (b) H2(A5)-3, (¢) 4-H1'(G4), (d) 2-HI’-
(G4/T6/C7), and (e) 3-H1/(T6/C7). Asterisks indicate intramolecular
cross peaks from small amounts of A-[Ru(phen);]?* present. Assign-
ments are indicated for the four nonequivalent protons of A-[Ru-
(phen);]?* (2, 3, 4, and 5) and for the aromatic protons H6 and H8 of
the bases (horizontally) and the H1’ sugar protons (left-hand side),
respectively (cf. Patel et al.'*). The NOESY spectrum was acquired on
a Bruker AM 500 spectrometer in the phase-sensitive mode with TPPI
and a mixing time of 450 ms.

region in the minor groove of the oligonucleotide and strongly
indicate a non-intercalative type of binding.

Selected regions of a NOESY spectrum of A-[Ru-
(phen);]?*-[d(CGCGATCGCG)], (molar ratio 0.3) are shown
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