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»(C=N) band (Figure 2, inset). We believe the “jump” in ab-
sorbance is due to the deposition of Rh-B polymers from the
preparative solution onto the fiber itself demonstrating the ex-
istence of “in situ” coating of the optical fiber.

Preliminary experiments have shown that these thin films coated
on optical fibers adsorb water molecules when exposed to air. The
polymers themselves have been shown to be hygroscopic.!# Other
small molecules of interest may also be adsorbed by these films,
undoubtedly due their network-like nature, and this point is now
under investigation. Providing that interesting and relevent ad-
sorbates be found one may envision using these and similar coated
fibers as chemical sensors.
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Hydrogenases catalyze the activation of molecular hydrogen:
H, = 2H* + 2¢~. The proposed site for H, oxidation and pro-
duction in the Fe-containing hydrogenases is a novel Fe-S center,
termed the hydrogenase or H cluster.!® The H cluster of hyd-
rogenase I from the anaerobic N,-fixing bacterium, Clostridium
pasteurianum, studied by a variety of spectroscopic techniques®
has an unknown structure comprised of at least three, and possibly,
six, Fe atoms.5¢

We have studied the coordination structure of the H cluster
using a unique combination of pulsed ENDOR spectroscopy,
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Figure 1. Cosine Fourier transforms of the stimulated electron spin—echo
waveforms for experimental data (A and C) and for numerical simula-
tions (B and D). Experimental conditions for Aand C: T =1.7K; (A)
7.930 GHz, 2706 G, = 0.14 us; (B) 9.087 GHz, 3101 G, 7 = 0.18 us.
Simulation parameters for (B and D): ¢?¢Q/h = 4.85 MHz, 4 = 0.20,
Ay =-12MHz, 7 =28A,86=90,6=90,a=v=0,8 = 10.

which is the first application of this technique to a metalloenzyme,
and electron spin—echo envelope modulation (ESEEM) spec-
troscopy. The H cluster is coordinated by two nitrogens. One
of the two nitrogen atoms has an unusually large quadrupole
coupling for a protein nitrogen donor ligand, suggesting a unique
coordination structure for the H cluster.

Hydrogenase I was purified and oxidized as previously de-
scribed.’»¢ ESEEM and ENDOR data were recorded at several
g values and at several microwave excitation frequencies. ESEEM
spectra, obtained by cosine Fourier transformation of the three
pulse stimulated echo waveforms, recorded at 7.930 and 9.087
GHz, are shown in Figure 1. These spectra were recorded near
the extrema, g,,, = 2.10, of the EPR spectrum!* to take ad-
vantage of the enhanced resolution afforded by g-matrix orien-
tation selectivity.”® The ESEEM frequencies, the frequency shifts
between the two microwave excitation frequencies, and the depth
of the ESEEM intensities are indicative of covalently coordinated
nitrogen.’

Quantitative analysis of the ESEEM spectra is possible by
tracking the ESEEM frequencies in spectra recorded at multiple
microwave excitation frequencies.!®-1? Pure nuclear quadrupole
resonance (NQR) transitions can be observed in ESEEM spec-
troscopy when the local magnetic field vanishes in one of the
electron spin manifolds. This occurs when the nuclear Zeeman
field is cancelled by the hyperfine field.'® The three ESEEM
transitions in this manifold are pure 1*N NQR transitions: g,

(6) Protein activity was 810 umol of H, evolved/(min-mg), based on the
Lowry method of protein determination. See ref 5d.

(7) Hurst, G. C.; Henderson, T. A.; Kreilick, R. W. J. Am. Chem. Soc.
1988, 107, 7294-7299.
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Figure 2. (A) Stimulated echo ENDOR spectrum. Experimental con-
ditions: 9.076 GHz; 3104 G; microwave pulse width 0.05 us; rf pulse
width 65.0 usec; rf pulse power 100 W; T = 1.61 K. (B) Cosine Fourier
transform of the stimulated electron spin echo waveform. Experimental
conditions: T = 1.7 K; 9.087 GHz; 3101 G; r = 0.15 us.

v_, vy from which the quadrupole coupling parameters can be
directly calculated.!*> At exact cancellation, the v, transition
frequency reaches its minimum value. Near cancellation, the value
of the quadrupole coupling deduced from the ESEEM spectrum
will be accurate to within 10% for v, - |4|/2 < 0.25¢,, where v,
= g,8,By/h. 1

On the basis of these considerations, the three lines at 0.50,
3.39, and 3.89 MHz recorded at 2706 G (Figure 1A) which shift
to 0.58, 3.37, and 3.95 MHz at 3101 G (Figure 1C) are assigned
to the v, v_, v, NQR transitions for a N nucleus, N1. Taking
2706 G as the approximate field for cancellation, the nitrogen
quadrupole parameters are K = 1.21 MHz, n = 0.21.1* The peaks
at 2.4 and 5.4 MHz (Figure 1A) arise from transitions in the
second electron spin manifold in which the hyperfine field adds
to the Zeeman field. The broader 2.4-MHz peak is assigned to
the overlapping (v, v.) transitions.!* The 5.23-MHz peak, which
shifts to 5.36 MHz at 3101 G, is assigned to the v, or “AM, =
2” transition from this second spin manifold.!®

The line at 3.68 MHz, v(N2) in Figure 1A, shifts to 3.87 MHz
in Figure 1C. This is a shift of 0.44 kHz/G, which is close to
the gyromagnetic value for the nitrogen nucleus (0.31 kHz/G).
¥(N2) is therefore assigned to a second nitrogen, N2, for which
v, = |A|/2 > 0.25v, so that pure NQR transitions cannot be
observed.! The additional lines in Figure 1A, at 3.18 and 4.18
MHz are sum and difference (v % v;) combination peaks between
N1 and N2 Sum peaks between v'(N2) and the v_, v, lines
from N1 can also be observed at 7.1 and 7.6 MHz, respectively.
At 3101 G, » shifts to 3.87 MHz so that, as expected, the »* +
vy peaks shift to 4.45 and 3.29 MHz, respectively.

(13) The '*N quadrupole coupling constants are related to the ESEEM
transitions, vy, v, v4: v, = K(3 + 1), v. = K(3 - 1), vp = 2Kn; where €2qQ/h
= 4K. See ref 31.

(14) ESEEM lines due to the inner transitions (vg, ».) from this manifold
are usually broadened beyond detectability (due to the contributions from the
hyperfine anisotropy) if complete s?herical averaging over the orientationally
disordered samples is operative.'®!™!® In the present case, however, these
transitions are observed because of g-matrix orientation selectivity.

(15) In the absence of hyperfine anisotropy, the v, or “AM, = 2" transition
from the second spin manifold is expected at 2{(v, + 4,./2)* + K*(3 +
7)]"/21! The difference between the calculated frequencies, 5.4 and 5.7 MHz,
and the observed values, 5.25 and 5.36 MHz, at 2706 and 3101 G, respec-
tively, is due to hyperfine anisotropy.

(16) The frequency shifts observed with magnetic field shift at constant
g value for the N2 lines indicates that K > vy and that |4]/2 < wy.

(17) (a) Mims, W. B. Phys. Rev. 1972, BS, 2409-2419. (b) McCracken,
J. Pember, S.; Benkovic, S. J.; Villafranca, J. J.; Miller, R. J.; Peisach, J. J.
Am. Chem. Soc. 1988, [ 10, 1069-1074.
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The ESEEM line assignments for N1 were further confirmed
by numerical simulations® in which g-matrix orientation selec-
tivity?! is explicity incorporated.!®!® Using the quadrupole pa-
rameters obtained directly from the experimental spectrum, the
simulated spectra (Figure 1, B and D) quantitatively reproduce
both the ESEEM frequencies and intensities and the correct shift
of the ESEEM frequencies with shift in microwave excitation
frequency. The simulations also establish the orientation of the
quadrupole tensor with respect to the g matrix?? and provide a
measure of the hyperfine anisotropy.?? The isotropic hyperfine
coupling, |A4;,| = 1.2 MHz, establishes the covalent nature of the
nitrogen coupling.

A direct comparison of the ESEEM and ENDOR spectra is
shown in Figure 2. Nitrogen ENDOR lines in hydrogenase I
are not observed by conventional ENDOR spectroscopy.?
However, nitrogen ENDOR lines from both N1 and N2 are
observed (Figure 2) with use of the stimulated echo ENDOR
technique.?*  The combined ESEEM and pulsed ENDOR
spectroscopies illustrate the complementary nature of the two
techniques’ and provide a method of corroborating the spectral
line assignments. Observation of ESEEM lines requires the co-
herent excitation of allowed and semiforbidden EPR transitions
while ENDOR requires only the excitation of allowed EPR (and
NMR) transitions. This has the consequence (given other con-
ditions equal) that ESEEM lines are more intense at lower fre-
quencies while ENDOR lines are more intense at higher fre-
quencies. Combination frequencies between N1 and N2 observed
in the ESEEM spectrum are also not expected in the ENDOR
spectrum, as confirmed in Figure 2.

The magnitude of the quadrupole coupling, K = 1.21 MHz
(e29Q/h = 4.85 MHz), for N1 is much larger than previously
reported®26-2 values for nitrogen atoms in protein residues. It
is expected that e2gQ/h < 3.4 MHz, with the largest value arising
from peptide nitrogens.?-3° The quadrupole coupling is deter-
mined by the electric field gradient (EFG) on the *N nucleus,
which is in turn determined by the geometry and electronegativity
of bonded atoms, thereby imparting a chemical specificity
analogous to the chemical shift in NMR.3' The direct bonding
of a nitrogen atom to an iron cation of the positively charged H
cluster is expected to decrease, rather than increase, the magnitude
of the quadrupole coupling compared to that of a nonbonded
nitrogen.2® This would suggest that N1 is not directly bonded
to an iron atom of the H cluster. However, the finite isotropic
hyperfine coupling unambiguously establishes a covalent inter-
action between N1 and the H cluster. Isotropic couplings of
similar magnitude have been attributed to peptide nitrogen bonded
to FeS centers.?®32  However, in those cases the quadrupole

(20) Simulations were based on the spin Hamiltonian: H, = 8S-¢-B +
S-Ad - gNB,BI + K[(312 - ) + n(l',2 - I:,’)], in which the g anisotropy
is explicitly incorporated. The hyperfine matrix is represented by an isotropic
plus point dipole coupling model. See ref 17 and 18.
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1985, 107, 7294-7299.
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accounts for the weak intensity of the “AM, = 2" transition at 5.4 MHz in
Figures | and 2B.

(23) The hyperfine anisotropy is evident from the frequency shift of the
“AM, = 2" transition in ESEEM spectra recorded as a function of the effective
g value.
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Hoffman, B. M. J. Biol. Chem. 1987, 262, 6589—6594,
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coupling was that expected for a peptide nitrogen. We speculate
that the unusual coordination which imparts the large quadrupole
coupling to N1 is associated with a unique coordination structure
which is intimately associated with the catalytic function of the
H cluster.
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The cyanine dyes are characterized by intense and sharp ab-
sorption bands in the UV-vis region, and this could provide a
powerful new tool for CD studies of biopolymer conformations
in solution. The biscyanine dye 3, prepared during an exploratory
search for such chromophores, shows two distinct and widely
separated vis bands at 550 (¢ 182000)/480 nm (191000).
Moreover, the sign of its exciton-coupled CD curve is negative,
i.e., opposite to that expected;! the bis-Schiff base 4 also exhibits
similar properties. In the following we account for this unique
behavior.

Reaction of (15,25)-(+)-trans-1,2-cyclohexanediamine (1) and
7-piperidinohepta-2,4,6-trienal (2, merocyanine)? followed by flash
chromatography yielded biscation 3a;? the reaction was performed
in milligram scale, under argon in the dark.* Deprotonation of
3a to bis-Schiff base 4° was achieved in a UV cell; subsequent
titration of a solution of 4 by addition of TFA led to spectral
changes shown in Figure 1. Neutral 4, UV-vis, A, 383 nm (e,
80 000), exhibits a bisignate CD, 412 nm (Ae =73), 362 (+63),
the Cotton effects (CE’s) of which are opposite in sign to its
dibenzamide 5° and bis-p-methoxycinnamate 65 (MeCN), 312
nm (Ae +36), 274 (=25); Anax (MeCN), 287 nm (e 41 000). Upon
titration of Schiff base 4 with TFA, a new UV-vis peak (Figure
1A) and a negative CD band appeared at 520 nm. The data
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'0n leave from the Bulgarian Academy of Sciences.

$ Tohoku University.
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Figure 1. Changes in UV-vis spectrum accompanying stepwise addition
of a 5.0 X 10 M solution of TFA to a solution of bis-Schiff base 4, ¢
=3 X 10 M both in CH,Cl,. Arrows denote the direction of changes.
(A) Equilibrium between neutral Schiff base 4 and monocation. (B)
Equilibrium between neutral Schiff base 4, monocation, and biscation 3b.
(C) Stepwise addition of 20 aliquots of TFA to a solution of neutral
Schiff base 4, both in CH,Cl,. Horizontal axis: Each aliquot represents
1.56 % 10°* umol of TFA (5.0 X 10~ M solution) added to 1.3 mL of
a 3.00 X 107 M solution of 4. Vertical axis: log molar concentration
of respective species, calculated from e values. (a) Neutral, 383 nm (e
80000); (b) monocation, 522 nm (207000); (c) biscation, 480 nm
(191 000); (d) biscation, 550 nm (192000).
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indicate the formation of the monocation species, Ap,, 522 nm
(cf., the monocyanine from cyclohexylamine, Ay, 515 nm,
CH,Cl,). Under more acidic conditions, the monocation peak
is displaced by two strong UV-vis maxima at 550/480 nm (Figure
1B) accompanied by intense bisignate CE’s with signs opposite
to that expected (Figure 2).

Two mechanisms are conceivable for the appearance of two vis
peaks: coexistence of two species absorbing at different wave-
lengths, or exciton coupling in biscation 3b. The first possibility
can be discounted because the titration curves plotted at 550 and
480 nm are very similar, indicating the presence of a single species
(Figure 1C, curves ¢ and d). The following aspects support an
exciton coupling mechanism: (i) the two peaks at 550 and 480
nm are equidistant from that of the monocyanine (515 nm); and
(ii) the CD shows bisignate CE’s of similar intensities. Such large
separations of the two UV-vis peaks arising from exciton coupling
have onlg' been encountered in anthracene crystals’ and not in
solution.

The biscyanine dye 7 (structure in Figure 2) was chosen as the
model to calculate the preferred conformation by MMP1 and

(8) Some bis-naphthalenoids show ca. 15 nm separation: Imajo, S.; Kato,
A.; Shingu, K.; Kuritani, H. Tetrahedron Lett. 1981, 2179.
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