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argon-bubbled CH,CN acquired at various times after excitation
with a 420-nm, 6-ns laser pulse (5.2 mJ/pulse) are shown in
Figure 1. The spectra are corrected for emission. At 20 ns after
the excitation pulse, increased absorbance at 370 nm due to the
bipyridyl anion radical and bleaching at 440~460 nm due to the
loss of the ground-state, dr(Ru') — x*(b,m) transition were
observed, in addition to absorptions in the 490~690-nm region.
At later times, the 370-nm absorption shifted to 390 nm, the
bleaching disappeared, and absorptions in the visible region in-
creased in intensity with maxima at 510 and 610 nm. The band
at 510 nm is due to PTZpn**,!! while the bands at 390 and 610
nm are due to prPQ°**.12 By 45 ns after the pulse, the difference
spectrum corresponded to a superposition of the spectra of
PTZpn** and prPQ’*, consistent with the formation of the re-
dox-separated state, [(PTZpn**)-Lys(Ru''b,m)*-NH-(prPQ**)].
The maximum absorbance increase at 610 nm occurred 45 ns after
the excitation pulse, after which the difference spectrum decayed
monoexponentially to the base line with a lifetime of 146 £ 3 ns
(k7= 6.9 £0.2 X 10°571), The observed monoexponential decay
implies that a single conformation of the triad predominates in
solution or, more likely, that the conformational equilibria which
exist for the interconversion between conformers are rapid on the
time scale of the electron transfer. The energy stored in the
redox-separated state was 1.14 V, based on the measured redox
potentials of the donor and acceptor of the triad.

Analysis of transient absorption and emission data for the model
dyads allows us to assign values to some of the rate constants in
Scheme 1. The rate constant for the appearance of PTZpn** in
the triad, k; = 1.3 X 108 571, was the same within experimental
error as that obtained for quenching of the MLCT excited state
in the dyad [PTZpn-Lys(Ru'b,m)?*-OCH,), based on analysis
of rise-time kinetics monitored at 510 nm. The appearance of
prPQ** in the triad occurs with a rate constant indistinguishable
from that for the appearance of PTZpn**. This is more rapid than
MLCT quenching in the dyad [Boc-Lys(Ru!'b,m)2*-NH-prPQ?*],
k =3x107s"!. From the ratio of rate constants for the models
it can be inferred that k4/k; ~ 0.2, indicating that the left-hand
branch makes a relatively small contribution to excited-state
quenching. We conclude that the redox-separated state is formed
primarily via the k, step followed by k,, with &, rapid on the time
scale of the spectroscopic experiment, 22 X 108571, There was
no evidence for prPQ** in transient absorption difference spectra
of [Boc-Lys(Rul'lb,m)?*.prPQ?*], even though the MLCT
emission was efficiently quenched, from which it can be inferred
that kg > k, in Scheme 1.1* The redox-separated state of the
PTZ dyad, [(PTZpn**)-Lys(Ru!'b,m)?*-OCH,), was observed
and exhibited a lifetime of 7 = 25 ns (k; = 4 X 107 s71) following
laser-flash photolysis. Note that the addition of a second elec-
tron-transfer step in the triad resulted in a 6-fold increase in the
redox-separated state lifetime.

At its maximum appearance, the redox-separated state of the
triad was formed with a quantum vyield, &, of 0.34 £ 0.03. This
value was measured relative to the efficiency of formation of PQ**
following oxidative quenching of (Ru!'b;)2* by PQ?*.!4 The
less-than-unit efficiency in the formation of the redox-separated
state must originate in the deactivational processes, k5 and/or kg
in Scheme 1. From the high degree of emission quenching, the
initial electron transfer is rapid and efficient. Neglecting the
left-hand branch of Scheme 1, using the values for k|, k5, and k4
obtained from the model dyads, and &, = 0.34, we calculate k,
~ 2.9 % 107 57! (r = 35 ns). This is not consistent with the
eerrimental observation that prPQ** appears with k ~ 1.3 X
108571, There may be a significant contribution from the left-hand
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branch of the mechanism in Scheme 1 or a change in rate constants
in the triad compared to the model dyads.

It is possible to convert the stored energy of the redox-separated
state into chemical redox energy.!* Formation of the redox-
separated state of the triad in freeze—-pump-thaw-degassed
CH,CN with 532-nm excitation in the presence of both 4 mM
tetramethylbenzidine (TMBD) and 3 mM benzoquinone (BQ)
was followed by electron transfer from TMBD to PTZpn** (k
=6 X 10° M1 s71) and electron transfer from prPQ** to BQ (k
=1 X 10° M 1s71), The electron-transfer reactions, which fol-
lowed pseudo-first-order kinetics, were observed by monitoring
the quenching of the transient absorption of PTZpn** by TMBD
and the quenching of prPQ** by BQ. In the net reaction visible
light was converted into the chemical redox energy of the transient
products, TMBD** and BQ*~.1¢-17

hvssmm
, o+ o =
TMBD + BQ w— TMBD** + BQ*~ AG° = 0.8 eV
Using redox modules such as those described here, we are
pursuing the assembly of more complex redox-active peptides.
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Homonuclear three-dimensional (3D) proton NMR has been
shown to be useful in both resonance assignments and structure
determination of proteins and saccharides.!”” This technique is
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particularly needed when chemical and biochemical synthesis of
uniformly isotope enriched material of large systems, such as
oligonucleotide sequences, is not readily available. A 3D NOE-
SY-TOCSY spectrum of a DNA dodecamer has recently been
presented,® which demonstrated the separation of overlapped
two-dimensional (2D) NOE cross peaks involving cytidine residues
in the base and sugar proton region by using the H5-H6 scalar
(/) coupling correlations in the 3D NMR spectrum. In this paper
we present a general strategy for nearly complete proton as-
signments in a right-handed DNA sequence through the three-
dimensional dipolar-scalar coupling connectivities observed in a
3D NOESY-TOCSY spectrum by using a 31-mer DNA triplex
as an example.

The sequence and secondary folding of the triplex used in this
work are shown in Scheme I. This triplex contains 21 residues,
and each of the two loops contains five thymidines. In a NOE-
SY-TOCSY spectrum, the wl-w2 correlations correspond to the
NOE connectivity and the w2-w3 correlations correspond to the
J connectivity. We have used spectral planes intersecting the w3
axis at the H1’ and Cyt(HS5) frequency range to observe NOE
cross peaks at positions wl # w2 # w3. These cross peaks are
observed through the J-coupling frequency filter, which permits
the selective assignment of through-space sequential connectivities
between consecutive nucleotide residues (vide infra). The reason
that H1’ and Cyt(HS5) resonances were chosen at the w3 dimension
is two-fold: first, the efficiency of J-NOE magnetization transfer
through H1’ and Cyt(H5) is high, and second, the H1’ protons
are better resolved than other sugar protons, consequently offering
better spectral simplification in the related wl-w?2 planes.

In the following, we demonstrate a new approach, which differs
from the conventional proton assignment methods utilizing 2D
NOESY spectra, for the assignment of DNA protons through 3D
connectivities. 2D proton assignments rely on sequential con-
nectivities of the H8 or H6 base protons to the H1’ protons of
the same and the preceding residues, since the base to H1’ proton
spectral region is best resolved in a 2D NOESY spectrum.® Poor
resolution of the base or H1’ protons prohibits detailed studies
of moderate to large molecules (> 30 residues), such as biologically
interesting triplexes and quadruplexes. Ina 3D NOESY-TOCSY
spectrum, these H8 or H6 and H1’ cross peaks reside on the NOE
lines (w2 = w3) at the planes viewed through the H1’ frequencies.
These 3D cross peaks do not provide resolution enhancement as
compared to their 2D counterparts. Instead, we observed, on the
HY’ planes of the 3D spectrum, well-resolved NOE connectivities
linking H2’,2”” protons of residue i with the H8 or H6 protons
of residues / and i + 1 (Figure 1). Starting from the H1’ plane
of residue / and proceeding to the next H1’ plane, which contains
the i + 1 H8 or H6 resonance, the complete network of intra- and
interresidue H2’,2”-H8 or H2’,2"-H6 connectivities along the
sequence can be traced. For example, Figure 1a shows a plane
at 6.05 ppm (w3 = A9(H1)), which exhibits NOE cross peaks
linking the H2’ and H2" protons of A9 (note that only protons
J-coupled to the A9(H1’) can be observed along the w2 axis) with
the H8 protons of their own and the A10 residue. The plane at
6.02 ppm (w3 = A10(H!")) in Figure 1b exhibits NOE cross peaks
between H2/,2” protons of A10 and the H8 proton of A10 as well
as the H6 proton of T11. Similarly, on the plane at 5.89 ppm
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Figure 1. 3D NOESY-TOCSY spectrum®’ of the DNA triplex re-
corded on a Bruker AMXS500 spectrometer at 25 °C in D,0 solution
containing 10 mM PO, and 0.1 mM EDTA, pH 4.9. The mixing times
for NOE and spin-lock are 200 and 28 ms, respectively. The spectrum
covers a spectral width of 4200 Hz (8.4 ppm) and contains 256 X 66 X
128 complex data points in w3/w2/w! dimensions, respectively. Eight
transients were accumulated for each FID. Data processing was carried
out as described previously,” and final spectral size is 256 X 256 X 256
in real points. The expanded contour plots show NOE connectivities in
the base (wl: 6.9-8.3 ppm) and H2/,2” (w2: 1.7-3.2 ppm) region (left
panel) as well as the H3 (wi: 4.5-5.1 ppm) and H2,2” (w2: 1.7-3.2
ppm) region (right panel) through the frequencies of (a) w3 = 6.05 ppm
(A9(H1"), (b) w3 = 6.02 ppm (A10(H1")), and (¢) w3 = 5.89 ppm
(T11(H1")). These expanded spectra demonstrate the enhanced resolu-
tion in the H2/,2” to aromatic proton region and sequential assignments
for residues 9, 10, and 11 (plots on the left). The overiaps in the H2/,2”
to H3’ proton region of this 31-mer sequence are greatly reduced, such
that the connectivities from H2’,2” to H3’ protons can be identified and
used for the assignment of sequential connectivities.

(w3 = T11(H1")), the connectivities from the H2/,2”” of T11 to
the intraresidue H6 and interresidue A12(H8) were found (Figure
1c). Following this procedure, we were able to proceed from the
5’- to the 3’-end for each of the three strands in the triplex stem
and assign all the base, H1’, H2’,2”, H3’ and some of the H4’
and H5,5” resonances.!® Protons of the 10 individual thymidine

(10) Radhakrishnan, 1.; Gao, X.; Patel, D. J. “Proton Assignments of an
Intramolecular DNA Triplex Containing a GTA triplet. Application of 2D
and 3D NMR Spectroscopy”, in preparation.
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residues in the loops were also identified, although there is little
interresidue contact in the loop structure to permit specific as-
signments. In this approach, the correct identification of the
H2',2” geminal proton pair is critical. This can be easily achieved
in our case, for the 31-mer DNA sequence, by observing well-
resolved strong H2’-H2""1% and moderate H3'-H2’ and H3'-H2"
cross peaks on the same spectral plane (right panel of Figure 1).
A major complication in data analysis arises from the presence
of the so-called “cross-talk™ cross peaks? due to the resolution
limitation of the 3D data set (Figure l1a,b). These ambiguities
can be removed in most cases by comparing the relative intensities
of these cross peaks and the spectral patterns in adjacent planes.

The strategy to assign DNA resonances through 3D NOE-J
connectivities shown herein uses H1’ planes along the w3 dimension
in the NOESY-TOCSY spectrum and H2’,2” to base proton
connectivities observed on these H1’ planes. The assignment is
assisted by spectral regions of H2’-H2” and H3’-H2’,2"” on the
w3 = HI’ planes. The NOE connectivities observed on the H1’
planes exhibit enhanced clarity and a characteristic correlation
pattern. By contrast, the H2’,2” to base proton NOE cross peaks
of a large DNA molecule in a 2D data set are often too crowded
to be of primary use, and the cross peaks in H2'-H2”” and
H3'-H2’,2” regions are extensively overlapped. The HS planes
of the cytidine residues provide well-resolved sequential connec-
tivities of the H6 with the H2’,2” protons for the intra- and
interresidues,® permitting verification of the assignments made
at the corresponding H1’ planes.!° Other spectral regions are
helpful in verifying the assignments. 3D proton—proton NMR
spectroscopy presents great potential in the studies of increasingly
larger DNA molecules as illustrated by its application to the proton
assignment of this 31-mer DNA triplex.!® The assignment strategy
used in this work should be applicable to the interpretation of 3D
TOCSY-NOESY data and could also be extended to the reso-
nance assignments of ribonucleotide sequences.
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The multicopper oxidases (laccase, ascorbate oxidase, and
ceruloplasmin)! catalyze the four-electron reduction of dioxygen
to water. These enzymes contain type 1 (blue), type 2 (normal),
and type 3 (coupled binuclear) copper centers. We have previously
demonstrated that N, binds to laccase and ascorbate oxidase as
a bridging ligand between the type 2 site and one of the type 3
coppers, thereby defining a novel trinuclear copper cluster2 A
recent X-ray structure of ascorbate oxidase supports this cluster
model.> The reduced trinuclear site in a type 1 Hg?*-substituted
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Figure 1. Ligand-field spectra of the T1Hg laccase intermediate. (A)
Room temperature CD: (—), oxygen intermediate; (-), fully oxidized
enzyme. [T1Hg] =0.419 mM, [O,] = 0.45 mM in 100 mM potassium
phosphate, pH 7.4. The spectrum of the intermediate was recorded 1.5
min after oxygenation. At pH 7.4, t,, for decay of the intermediate is
~1 h. Conditions: scan speed, 200 nm/min; time constant, 0.25s. (B)
MCD at 4.2 K and 7 T: (—), oxygen intermediate; (-+), fully oxidized
enzyme. [T1Hg] = 0.476 mM. The sample was reduced in 200 mM
potassium phosphate, pH 7.4, and reoxidation was initiated by addition
of an equal volume of O,-saturated giycerol. The intermediate sample
was frozen in liquid nitrogen after 3 min. The negative band at 614 nm
(*) is associated with a £5% contaminant of native laccase.

laccase derivative (T1Hg) is reoxidized by dioxygen,* indicating
that the trinuclear center represents the minimal structural unit
capable of reducing dioxygen. In the course of these studies, we
detected an intermediate in the reaction of T1Hg with dioxygen.
Here we provide evidence that two electrons are transferred from
the type 3 coppers to dioxygen, generating a peroxide intermediate.
Stopped-flow data indicate that this species represents a precursor
to the intermediate observed’ upon reoxidation of native laccase.
The absorption spectrum of the laccase peroxide intermediate is
strikingly different from that of oxyhemocyanin, and it is suggested
that the laccase intermediate contains a u-1,1 hydroperoxide that
bridges one of the oxidized type 3 coppers and the reduced type
2 copper.

For MCD and CD studies, TIHg laccase® was reduced by
anaerobic dialysis against 5 mM sodium dithionite in 100 mM
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