new diagnostic for the study of channel
formation, which has relevance to any ap-
plication requiring extended propagation of
intense laser beams. Although these mea-
surements are time-integrated, it is expect-
ed that the electrons are accelerated in
microbunches that are a fraction of the
plasma period (23 fs) in duration, separated
by a plasma period, and in a macrobunch
duration that is less than the laser pulse
duration (400 fs).
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Rates of DNA-Mediated Electron Transfer
Between Metallointercalators
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Ultrafast emission and absorption spectroscopies were used to measure the kinetics of
DNA-mediated electron transfer reactions between metal complexes intercalated into
DNA. In the presence of rhodium(lll) acceptor, a substantial fraction of photoexcited
donor exhibits fast oxidative quenching (>3 X 10 per second). Transient-absorption
experiments indicate that, for a series of donors, the majority of back electron transfer
is also very fast (~107° per second). This rate is independent of the loading of acceptors
on the helix, but is sensitive to sequence and w stacking. The cooperative binding of
donor and acceptor is considered unlikely on the basis of structural models and DNA
photocleavage studies of binding. These data show that the DNA double helix differs
significantly from proteins as a bridge for electron transfer.

Many researchers have considered whether
the aromatic heterocyclic bases in duplex
DNA offer a medium for fast, long-range
electron transfer (ET) (1-10). Intercalated
electron donors and acceptors provide a
direct probe of the DNA r stack. Subnano-
second luminescence quenching of photo-
excited Ru(II) donors by Rh(III) acceptors
occurs when both complexes are intercala-
tively stacked into B-form DNA (B-DNA),
but fast quenching is not observed with a
nonintercalating acceptor in a reaction
with comparable driving force (3, 4). In-
deed, with metallointercalators covalently
attached to a 15-base pair (bp) DNA du-
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plex and separated by >40 A, a lower limit
on the intramolecular quenching was set at
~3 X 10° s7! (4). Here we have used
ultrafast emission and absorption spectros-
copies to examine fast ET reactions medi-
ated by DNA with a series of noncovalently

Fig. 1. (A) Intercalating do- A
nors (M = Ru, Os) and ac-
ceptor Rh(lll) and the ET cy-
cle. Photoexcitation of M(ll)
forms the excited state *M(ll),
which can radiatively decay

et %h‘
-
e {M(I11), Rh(ID)} %F*‘W”
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bound, intercalated metal complexes.

The photoexcited donors (Fig. 1) display
large enhancements of luminescence upon
DNA intercalation (11-13). Two-dimen-
sional nuclear magnetic resonance (NMR)
studies show that the dppz ligand of
Ru(phen),dppz** (phen, 1,10-phenanthro-
line; dppz, dipyridophenazine) intercalates
into B-DNA from the major groove (14)
with a binding constant of >107 M~! (15).
For M(phen),dppz?* derivatives (M = Ru,
Os), the lowest energy electronic transition
is characterized by metal-to-ligand charge
transfer (MLCT) directed onto the dppz
ligand (13, 16). In aqueous solutions, the
excited state of these complexes is
quenched by proton transfer from water to
the phenazine N atoms (12, 13); when the
dppz ligand is protected from water by DNA
intercalation, this pathway is inhibited, and
emission typical of these polypyridyl com-
plexes is detected. Hence, excitation of the
complexes bound to DNA promotes an
electron onto the intercalating ligand, di-
recting it into the m stack.

{*M(11), Rh(111)}
K,

| “NH

K / HH!\@
k

(ky) or can be quenched by iyt

ET with Rh(ll) (k) to form Bty e
M(lil-Rh(ll) and then recom- g Rh(phi),bpy
bine (k). Photoinduced ET Ru(phen),dppz2+ derivatives {M(11), Rh(Imn)}

may yield either Rh(ll)(phi),bpy
or Rh(lll){phi)phi~)bpy, both
symbolized as Rh(ll). (B) Ru
and Rh bound to DNA at
typical ratios used in these

experiments; the donor-acceptor distances shown correspond to 17 and 85 A
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In aqueous buffer, in the absence of
DNA, the photoexcited donors show no
steady-state luminescence and have excit-
ed-state lifetimes from 85 to 500 ps for Ru
and 10 to 30 ps for Os (Table 1). Therefore,
DNA intercalation increases the excited-
state lifetime of these complexes by three
orders of magnitude. Ultrafast time-corre-
lated single photon counting (TCSPC)
confirms the kinetics observed by transient

o P e TR 0 A s i ey B0 00T ST T2k bt

absorption spectroscopy (17).

We used Rh(phi),bpy>* (phi, 9,10-
phenanthrenequinone diimine; bpy, 2,2'-
bipyridine) as the electron acceptor (Fig.
1). NMR studies have shown that phi com-
plexes of Rh(III) intercalate into B-DNA
from the major groove (18). Irradiation of
the bound Rh(III) complex with ultraviolet
light leads to direct strand scission of the
DNA at the site of phi intercalation (19);

Table 1. Excited-state lifetimes of photoexcited electron donors in the absence and presence of DNA.
F,-dppz, 7,8-diflucro dipyridophenazine; Me,-dppz, 7,8-dimethyl dipyridophenazine; DMP, 4,7-di-
methyl-1,10 phenanthroline. Transient absorption data for donors without DNA were taken with N, =
400 nmand A, = 420 nm. Samples contained 40 pM complex in 5 mM tris and 50 mM NaCl (pH 8.5).
Error in lifetimes is estimated to be =15%. For donors bound to DNA, luminescence decay data were
taken with A, . = 480 nm and A, = 616 nm. Samples contained 10 pM metal complex, 500 uM bp

calf thymus DNA. Error in lifetimes is estimated to be :10%. The percentages indicate the magnitude
of the preexponential factor in a biexponential fit; for transient absorption, there is a small residual offset.

— DNA + DNA
Donor

T (nS) % T (ns)* %
A-Ru(phen),dppz2* 0.25 97 160 80
850 20
A-Ru(phen),dppz?* 40 85
150 15
rac-Ru(bpy),dppz?* 0.21 95 100 90
450 10
A-Ru(DMP),dppz2* 0.11 96 30 80
125 20
A-Ru(phen),(F,-dppz)?* 40 85
280 15
rac-Ru(phen),(Me,-dppz)?* 0.085 81 370 65
0.49 50 1170 35
A-Os(phen),dppz?* 0.0096 60t 1.5 75
0.026 33 9.2 25
A-Ru(phen),dppz?*, D,O 0.56 96 400 75
1240 25

*The two excited-state decays for bound species have been ascribed to two orientations of the intercalated dppz
ligand within the base stack, which vary in their accessibility to solvent (77-74). The excited-state lifetimes of A- and

A-Ru(phen),dppz2 in the presence of DNA are sensitive to the metal/DNA ratio (75).

+The observed biexponential

decays probably reflect competing pathways for excited-state decay.

by this photocleavage assay, Rh(phi),bpy’*
binds in a sequence-neutral manner (bind-
ing constant K, ~ 107 M~!) (20).

We examined the photoinduced forward
(k..) and recombination (k) ET reactions
on the picosecond time scale by monitoring
both the kinetics of the emission decay and
the kinetics of the recovery in ground-state
absorption by Ru(Il) and Os(II) donors
(21) (Fig. 1). All experiments were done at
a ratio of 50 DNA base pairs to one electron
donor, such that the complexes are dilute
on the helix.

Figure 2 shows experimental data for A
= Ru(phen),dpp;*" bound to DNA
quenched by A = Rh(phi),bpy®>*. Emission
quenching  of  Ru(phen),dppz?™ by
Rh(phi),phen’®” is too fast to be resolved by
nanosecond flash photolysis instrumenta-
tion (3). Similarly, when quenching of
*Ru(Il) by Rh(phi),bpy’* is measured by
either flash photolysis or TCSPC on the
picosecond time scale, no change in the
emission kinetics is observed; instead, there
is a large decrease in the emission intensity
at zero time (Fig. 2A). This loss of intensity
implies that emission quenching occurs
faster than our time resolution, so we assign
a lower limit of ~3 X 10! 57! to k. on the
basis of the resolution of the TCSPC appa-
ratus. As the concentration of Rh bound to
DNA is increased, a corresponding decrease
in the initial intensity is observed.

We quantified the fraction of excited
states undergoing ET with k, > 3 X 10'°
s”! by comparing data obtained by two
different techniques (Fig. 2B). We used la-
ser flash photolysis to measure steady-state
luminescence by integrating the full emis-
sion decay curve. Total quenching is then
given by a comparison of luminescence in

Fig. 2. (A) Time-resolved TA 10 B 5 (o
emission decays mea- T o8 e ¢ ¢ go0
sured by TGSPC for £ 2" e s
A-*Ruinthe presence of 3| ] 06 e X a g WWWWW
(top to bottom) 0, 1, and 2 S 04 o, 4 £ 05
2 equiv of A-Rh, illustrat- 2 Boo . * E
ing the large amount of g w Q b
quenching  occurring i | 00 5 T3 3 4 5 =

thk >3 % 101051 _ S 1.0 [ e Ay
WItN Key : IRF A-Rh(phi),bpy3* (equiv) 3
Data have been correct- 5 30 500 900 0 300 600 900
ed for a response-limited ) Time (ps)

Time (ps)

emission  decay  of

Rh(phi),bpy®*. IRF, instrument response function. (B) Fractional yields of the
forward and back ET reactions: (@) steady-state (total) guenching, determined
by nanosecond laser flash photolysis, (#) quenching occurring with k,, > 108
s~1, also measured by nanosecond laser flash photolysis, (X) quenching (... =400 nm, \
occurring with kg, > 3 X 10'° s, determined by picosecond TCSPC, and (A)
=9 X 10% s~ . (C) Time-resolved
transient absorption data monitoring the ground-state recovery kinetics of
A-Ru(phen),dppz?* bound to DNA as a function of A-Rh(phi),bpy* concen-
tration: (bottom to top) 0, 0.5, 1, 2, and 4 equiv A-Rh(lll). Data are corrected for
a small contribution from *Rh(lll) and are normalized with respect to the change
in absorbance (AA) at time zero. Steady-state luminescence intensities were
determined by integrating the full emission decay curves obtained in nanosec-

absorption recovery, occurring with K.
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ond flash photolysis experiments with X
amount of ultrafast quenching by Rh(lll) is revealed by the prompt loss in initial
intensity of emission decay curves measured by flash photolysis and TCSPC
= 620 nm). Transient absorption data are measured with
= 420 nm and are fit to a biexponential decay, where
a slow kinetic component is used to describe the offset. The absolute concen-
trations of reagents do not affect the quenching rates nor the amount of
quenching, but are typically 10 wM Ru-Os for the emission decay experiments
and 20 wM Ru-Os for transient absorption measurements. Sonicated calf
thymus DNA (Pharmacia), with an average length of 2000 =+ 600 bp, was used
at a ratio of one M(ll) to 50 bp. All experiments were conducted in an aerated
buffer of 5 mM tris and 50 mM NaCl, pH 8.5 at ambient temperature.

=480 nmand A, = 616 nm. The

exc



the presence and absence of acceptor; the
fraction of emission quenching that occurs
faster than the 10-ns response of this instru-
ment is revealed by the loss of initial inten-
sity at zero time. Picosecond TCSPC re-
vealed initial intensity losses comparable to
those obtained by laser flash photolysis, and
no additional kinetic components were ob-
served. The prompt loss of initial intensity
measured by flash photolysis and TCSPC
indicates that most of the quenching occurs
with k, > 3 X 10'° s71. Because a small
amount of reaction occurs on a time scale
longer than 10 ns, there is a discontinuous
distribution of photoinduced ET rates, com-
posed of a substantial ultrafast component
(with k., > 3 X 10'° s7!) and a smaller
population with k,, < 108 s7'.

Picosecond transient absorption spec-
troscopy was used to follow the recovery of
the Ru(Ill) or Os(II) ground-state ab-
sorption at 420 nm (Fig. 2C). In the ab-
sence of quencher, the ground-state absorp-
tion recovers on a time scale longer than
3 ns for *Ru(ll) bound to DNA, consis-
tent with the excited-state lifetimes of
>150 ns. As A-Rh(phi),bpy’* is added to
A-Ru(phen),dppz?* bound to DNA, a fast
component with k ~ 10'°s™! is evident in
the kinetics of ground-state recovery (22).
The amplitude of this kinetic component
increases substantially with increasing
A-Rh(III) concentration. A bleach in this
absorption band of MLCT could indicate
the presence of either excited-state donor
or oxidized donor, or both. The TCSPC
measurements, however, revealed that no
quenching occurs with a rate constant of
10571 and that k,, >3 X 10'°s™! for the
major component, so the dynamics mea-
sured here by transient absorption spectros-
copy correspond to decay of an ET interme-
diate; that is, Ru(IlI) + Rh(II) — Ru(Il) +
Rh(III). These data combined with other
spectroscopic studies establish that quench-
ing occurs by electron transfer (23, 24).

Not all of the donor population
quenched with high k_, undergoes fast (k,,.
= 9 X 10° s7!) back ET, because the
fraction of fast absorption recovery is always
less than the fraction of ultrafast emission
quenching (Fig. 2B). For example, at 1
equivalent (equiv) A-Rh, the fraction of ul-
trafast quenching is 0.42, whereas the frac-
tion of fast recombination is 0.28; therefore,
67% of the Ru(Ill)-Rh(II) intermediates re-
act with k.. = 9 X 107 s71. No intermediate
persists beyond the excited-state decay of
unquenched A-*Ru(phen),dppz?™ (time >
2 ws); thus, the remaining 33% of interme-
diates react with 107 s™! > k> 10°s7L
It is technically difficult to measure the
recombination kinetics in this time window
owing to interfering, spectrally similar sig-
nals from *M(II). For two other donors,

Fig. 3. Recovery of

ground-state  absorp-

tion after photoexcitation Ry
for  A-Ru(phen),dppz?* )
bound to DNA in the
presence of (A) 1 equiv
and (B) 4 equiv of
A-Rh({phi),bpy®*. The
plots show transient ab-
sorption data fit to AA(t)

-0.001

AA at 420 nm

= AA(0) [fexp(—k,t) + :
(1 — f)exp(—kyt )]; fit re- 0
siduals are displayed

1000 0

500
Time (ps)

500
Time (ps)

1000

above the data. For the fits shown here, f = 0.28 and k, = 4.0 X 107 s~ for 1 equiv of acceptor, and

f =0.63andk, = 1.2 X 108 s~ for 4 equiv of acceptor; k, (= k

was fixed at 8.7 X 10°s~" in both

rec)

cases. When it is not fixed, k, remains constant (+15%) for each point in the titration. The signals are
well-described by a single fast rate constant and a second, slower decay; fitting the data to a
single-exponential function with an offset gives equivalent results. Conditions are as given in Fig. 2.

however, transient intermediates have been
observed on the microsecond time scale
(23, 24), and these long-lived ET products
might also be generated in the ultrafast
quenching process. Because recombination
occurs on picosecond to microsecond time
scales, the distribution of rates is wider for
the recombination reaction than for the
quenching reaction (25).

Regardless of whether the average load-
ing of metal complexes is 1 in 33 bp or 1 in
10 bp, the fast dynamics exhibited by
A-Ru(phen),dppz** are well described under
all conditions by an exponential decay of
9.0 X 10° s7! (Fig. 3). Because ET rates
typically decay exponentially with distance [k
o ¢ PR where B is the decay coupling pa-
rameter and R is distance (26)], a single rate
suggests either that ET occurs over only one
distance or a shallow dependence of the rate.

The reactivity of seven donor-acceptor
pairs in mixed-sequence DNA was investi-
gated (Table 2); the donors varied with
respect to shape, hydrophobicity, and pho-
tophysical properties. The rate constant for
the fast component of bleach decay was
independent of the donor-acceptor ratio,

and the fraction of this fast component in-
creased concomitantly with the amount of
emission quenching, as observed by emission
measurements. The most significant change
in driving force is with Os(phen),dppz**
(~500 mV), but this decrease has only a
small effect on k.. A-Os(phen),dppz** fol-
lowed a quenching profile (24) similar to
that of its isostructural Ru(Il) analog and
had k, > 3 X 10'° 571, but it exhibited a
slightly faster k.. (1.1 X 10'° s™!) than did
Ru(III) (27, 28). Interestingly, more Os(III)
recombines with Rh(II) on the picosecond
time scale than does Ru(Ill). The results
with Os(phen),dppz?* also show that an
insensitivity of k. to loading still occurs
when there is not a large difference between
the intrinsic rate of excited-state decay and
the rate of recombination.

The efficiency of emission quenching
and the rate of back ET are both sensitive
to stacking of the electron donor in DNA
(Table 2), as illustrated by A- and
A-Ru(phen),dppz?*. Table 2 shows that
A-Ru(phen),dppz?* is  quenched by
A-Rh(phi),bpy’* (3 equiv) bound to DNA
twice as effectively as is A-Ru(phen),dppz* ™

Table 2. ET quenching and ground-state recombination (rec) of photoexcited.electron donors bound to

DNA with A-Rh(phi),bpy3* as the electron acceptor. The %q

guenching at 3 equiv of A-Rh(phi),bpy3*. The %

rec

uench fepresents the amount of total
values are the fraction of fast ground-state recovery

at 3 equiv of A-Rh(phi),bpy®*, as determined by the preexponential factors of a biexponential fit. Error
in rates is estimated as <15% and in percentages as <5%. Reaction driving force AG® for quenching
and recombination reactions are calculated from reduction potentials determined by cyclic voltammetry
(DMF, 100 mV s~"). Ratio of DNA bp/donor = 50. Other conditions are as in Fig. 2. N, = 73% nm for

Os(ll) emission.

— 0] — o}
Donor (1 O’;regﬁw %quench %rec L\G(vc;uench L\(C\%/) rec
A - Ru(phen),dppz?* 9.2 82 53 0.56 1.66
rac-Ru(bpy),dppz?* 7.1 68 60* 0.52 1.69
A - RuDMP),dppz2* IR 47 44 0.59 1.59
A - Ru(phen),(F,-dppz)?* 7.7 81 47 0.54 1.68
rac-Ru(phen),(Me,-dppz)?+ 8.3 82 44 0.57 1.67
A - Os(phen),dppz2* 11 80 64 0.73 1.21
A-Ru(phen),dppz* 4.5 43 20
*Ratio of DNA bp/donor = 25.
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(29), although both donors are fully bound
and the two reactions have the same driv-
ing force (30). Also, k.. is 9 X 107 s™! for
A-Ru(phen),dppz?* but only 5 X 10”7 s7!
for the A isomer. The lifetimes for the A
isomer bound to DNA are more than twice
those observed for A-Ru(phen),dppz*™
(Table 1), indicating that water is less
accessible to the right-handed intercala-
tor. Thus, the excited-state lifetimes of the
A versus the A isomer in the absence of
quencher correlate with the closer stack-
ing of the right-handed A enantiomer
within the right-handed DNA helix (31).
Thus, the more deeply stacked enantiomer
was more efficiently quenched and showed
faster recombination kinetics. In general,
there is a correlation between the length
of excited-state lifetimes and the efficien-
cy of ultrafast quenching (Table 2), sup-
porting the idea that deeper stacking fa-
cilitates ET.

Electron transfer is mediated by the DNA
helix. The rate of ground-state recovery of
DNA-bound A-Ru(phen),dppz?* in the
presence of Rh (k. ~ 1 X 10'° s71) was
more than twice that of Ru(phen) zdppzz+ in
water (k; =~ 4 X 107 s7!) without DNA
(Table 1). This result argues against dis-
placement of intercalated Ru(Il) complexes
by Rh(IIl) complexes, where the excited
state would simply be quenched by water

Yo

bmww
W WG, W

w MW\/

Intensity

KMﬂw

b

Intensity
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Fig. 4. Gel electrophoresis measurements of DNA
photocleavage by A-Rh(phi),bpy®*. Shown are
phosphorimager scans of a 180-bp, [3'-3?P]-end-
labeled DNA restriction fragment from pUC18 (Eco
RI-PVU ). (A) Photocleavage of 180-bp fragment
with 10 uM A-Rh(phi),bpy®+ irradiated at 313 nm
for 7 min (83) in the presence (top) and absence
(bottom) of 10 pM A-Ru(phen),dppz?*. (B) Pho-
tocleavage of 180-bp fragment with 10 uM
A-Rh(phi),bpy®* in the presence (top) and ab-
sence (pbottom) of 10 uM rac-Ru(bpy),dppz?*. The
two sets of histograms represent different regions
of the same 180-bp sequence. Conditions are as
given in Fig. 2 for photophysical measurements of
ET. Data analyzed with ImageQuant software (Mo-
lecular Dynamics, Sunnyvale, California).
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outside of the DNA. Moreover, no solvent-
isotope effect is seen in quenching titrations
with Rh(III) (32) or the kinetics of back ET,
whereas a significant isotope effect has been
observed for quenching of Ru(Il) in both
acetonitrile and DNA (ky/ky ~ 2.2) (12,
32). Thus, water does not directly participate
in the ET reaction.

The photocleavage assay developed for phi
complexes of Rh(III) was used to determine
the effect of the various Ru(Il) donors on the
binding of A-Rh(phi),bpy’* (33, 34) (Fig. 4).
The rhodium complex cleaved a 180-bp DNA
restriction fragment at each base pair site, but
not with uniform intensity. We expect the
sequence selectivity of dppz complexes of
Ru(II) also to be fairly low (12, 14). None-
theless, if Ru(Il) and Rh(III) complexes
bound cooperatively on the DNA, cleavage
by Rh(III) at its preferred sites would become
still more intense in the presence of Ru(ll).
The characteristic cleavage pattern is un-
changed, however, in the presence of
A-Ru(phen),dppz’™ or rac-Ru(bpy),dppz?*
(Fig. 4), indicating that neither complex per-
turbs the binding of A-Rh(phi),bpy’* under
these conditions (35).

Titrations were also carried out with
poly[d(AT)] and poly[d(GC)] to determine
the effect of sequence. Transient bleach de-
cays of A-Ru(phen),dppz** bound to poly-
[d(AT)] in the presence of A-Rh(phi),bpy**
(Fig. 5) show that the kinetics were largely
unchanged (k... = 7 X 10° s7!) compared
with those of mixed-sequence DNA, but the
amount of emission quenching was greater
for the alternating d(AT) polymer. In poly-
[d(GC)], however, k. is much reduced (2 X
108 s71), and emission quenching is less
efficient (16% versus 70% for poly[d(AT)] at
1 equiv of Rh). Baguley and co-workers (5)
have also observed more efficient ET
quenching in poly[d(AT)] than in poly-
[d(GC)] in their studies with ethidium bro-
mide and amsacrine.

This sensitivity to sequence further in-

Fig. 5. Recovery of ground-
state absorption of A-Ru- 0
(phen),dppz2* bound to NF\
poly[d(AT)] (top trace) and

poly[d(GC)] (bottom trace
and inset) in the presence
of ~A-Rh(phi),bpy®*. For
POlY[d(AT )], Koo = 7 X 10°
s~1(70% at 3 equiv of Rh);
for poly[d(GC)], K,ee = 2 X
108 s [47% at 4 equiv of
Rh (57)]. The excited-state
lifetimes for A-Ru(phen),-
dppz?* in the absence of -0.0050

-0.0025|

AA at 420 nm

dicates that ET proceeds through the DNA
(36) and is not a function of van der Waals
contact between bound intercalators; even
at the nearest available intercalation site,
the interaction distance through DNA is
10.2 A, the neighbor-excluded distance
(37). Both alternating polymers are B-form,
although poly[d(AT)] is considered more
flexible (38). From the photocleavage
study, the Rh(III) complex binds to all
DNA sites with little preference for AT- or
GC-rich regions. Hence, neither the integ-
rity of the DNA duplex nor the binding
affinity of the metal complexes can account
for the difference in quenching rates.

The insensitivity of back ET rates to
loading of Rh(III) intercalators on DNA is
noteworthy. For random binding of the
Ru(Il) and Rh(III) complexes, 2% of the
Ru-Rh distances are nearest neighbors at
0.5 equiv of Rh, yet 20% of A-Ru show
rapid ground-state recovery at this loading
in mixed-sequence DNA. Similarly, 16% of
Ru-Rh pairs are in closest contact at 4 equiv
of Rh, where 60% of molecules return to
the ground state with k. = 9 X 107 s7..
The fast quenching of *M(II) is also likely
simple first order at times <10 ns. If the
early ET kinetics were not first order and
the rates decayed with an exponential dis-
tance dependence, we should have observed
some slower components (10'° to 108 s71).
Thus, neither the quenching nor the tran-
sient absorption data are consistent with ET
over discrete, multiple distances related by
an exponential decay with distance.

To account for the insensitivity of the
rate of recombination to loading, we consid-
ered two possibilities: clustering of donors
and acceptors on the helix and distance-
independent ET over a finite distance. A
cooperative donor-acceptor binding model
leading to a high concentration of nearest-
neighbor pairs could account for the obser-
vation of simple first-order kinetics in the
transient absorption data, but the model

AA at 420 nm

00— s 12

Time (ns)

quencher are 120 ns (75%) 0
and 720 ns (25%) in poly-
[d(AT)] and 37 ns (10%)

300 600
Time (ps)

900

and 280 ns (90%) in poly[d(GC)]. Conditions are as givenin Fig. 2, except that average lengths of DNA
are ~920 bp for poly[d(GC)] and ~1050 bp for poly[d(AT)] (Pharmacia).
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would require a cooperative binding energy
of 1.5 kcal mole™! (39) to predict the effi-
ciency of the ultrafast quenching process at
low loading of Rh. Such highly cooperative
binding of cationic metallointercalators on
DNA has been observed thus far only for a
phi complex of Rh(III) bearing phenyl sub-
stituents, which allow intermolecular con-
tact of the ancillary ligands (40); by con-
trast, the ancillary ligands on the molecules
used here do not permit a significant
amount of 7 overlap or hydrophobic contact
between adjacent molecules. Additionally,
we have compared quenching in DNA and
in SDS micelles (32), which are expected to
encourage clustering (41), and found that
fast quenching only occurs in the presence
of DNA. Also, the photocleavage assay (Fig.
4) provides no evidence for cooperativity.
Although a cooperative binding model can-
not be definitively ruled out in an experi-
ment with noncovalently bound donors and
acceptors, these studies provide no evidence
for such a phenomenon.

Without direct contact, an interaction
resulting in one donor-acceptor distance is
difficult to rationalize. Structural studies
have shown that intercalation of similar
Ru(Il) and Rh(III) complexes cause only a
local unwinding of the double helix (14,
18). The observed sequence dependence on
ET indeed indicates that recombination
does not involve reactants in direct van der
Waals contact. Such direct contact could
not explain the >30-fold difference in re-
combination rate observed for poly[d(GC)]
and poly[d(AT)]. Even at closest approach,
ET proceeds through the DNA over a non-
bonded distance of 10.2 A.

Alternatively, ET may be mediated by
the DNA over some distance without a
significant decrease in rate, rather than by
a short-range interaction. A loading inde-
pendence in k. is observed when the
ancillary ligands, the intercalating ligand,
the metal center, and even the chirality of
the donor is varied. Furthermore, when
the Ru(Il) donor and Rh(III) acceptor
were covalently bound and intercalated in
a 15-bp oligonucleotide (4), where donor-
acceptor separations were >40 A, sub-
nanosecond quenching was also observed.
Similarly, long-range ET through DNA
was evident in reactions where photoex-
cited Rh(phi),bpy’* oxidized guanine
doublets over 34 A (42). These results are
consistent with the data described here, in
which the rate of ET through the DNA
duplex is fast, depends on stacking, and
over some range of distances, is essentially
independent of distance.

In contrast, the yields of both photoin-
duced ET and recombination do show a
loading dependence, indicating that rapid
long-range ET is precluded for some of the

*M(II) population. Importantly, increasing
the concentration of acceptor leads to an
increase in the subnanosecond component
of both the forward and reverse ET reac-
tions. A plausible explanation is that reac-
tants become isolated from one another
beyond some critical separation (43); the
fraction of quenching at low loadings sug-
gests a reaction range of ~20 bp.

Our results therefore show that ET
through DNA occurs on the picosecond
time scale over a through-space distance of
>10 A at rates approaching those observed
for initial charge separation in the photo-
synthetic reaction center (44). These results
need to be understood in the context of
theory and other experimental observations.
Pathway calculations for ET by a superex-
change mechanism (45) have been valuable
in describing protein-mediated ET (with 0.8
A7l < B = 14 A7) (46). However, an
analogy between DNA and o-bonded path-
ways for ET could not explain the results
obtained here unless one assumes a weak
distance dependence (B < 0.2 A™!) for the
m-stacked medium. The rate reported for an
8-bp oligonucleotide bearing metal com-
plexes unstacked and coordinated to the
sugar-phosphate backbone (8) could be un-
derstood by a pathway model in which the o
system limits access to the 7 stack. A hop-
ping model in which the individual bridge
elements are transiently oxidized or reduced
has been useful in describing conductivity in
stacked 1 systems in the solid state (10) and
may be applicable to DNA as well (47).
Other theories incorporate a small probabil-
ity of thermal access of the electron to de-
localized bridging states in the DNA (48),
thus permitting ET through an adiabatic
channel. More experimental data are need-
ed before the distance dependence of ET
through DNA will be well understood (49),
and our work indicates that theoretical
models must take into account the sensitiv-
ity of ET parameters to m-stacking interac-
tions (7, 32, 50). Surely, the ET kinetics
observed here paint an extraordinary picture

for ET through DNA.
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Low-Frequency Raman Scattering and the Fast
Relaxation Process in Glycerol

Takashi Uchino* and Toshinobu Yoko

Ab initio molecular orbital calculations were used to determine the structure and vibra-
tional frequencies of the cyclic glycerol trimer, which represents the region of medium-
range ordering in liquid and supercooled glycerol. The calculations reproduced the
experimentally observed low-frequency Raman scattering peak (or the “boson peak”) at
~50 per centimeter, which suggests that the peak results from the localized collective
motions of the cooperatively hydrogen-bonded hydroxyl groups. The calculations also
suggest that the fast relaxation process may result from the translational motion of each
glycerol molecule in the cyclic structure. On the basis of these results, a model of the

glass transition was developed.

The low-frequency (<~100 cm™!) relax-
ations and vibrations in amorphous systems
have been the focus of numerous studies
aimed at understanding the anomalous low-
temperature properties and glass transition
phenomena observed in such systems (I).
Although the relaxational part of the dy-
namics in supercooled liquids is well de-
scribed by the mode coupling theory (MCT)
(2), the vibrational excitations, generally
called the “boson peak,” cannot be ex-
plained in terms of MCT, and the origin of
the boson peak is still unsettled. Thus, un-
derstanding the boson peak and the fast
relaxation process near the glass transition
temperature T, remains an important goal
in solid-state physics. It has recently been
suggested that the atomic motions in a me-
dium-range scale on the order of ~10 A in
amorphous solids are closely related to the
boson peak (3). This hypothesis strongly
suggests that the normal-mode analysis of
molecules modeling a medium-range order
(MRO) in a particular glass will shed light
on the physical origin of the boson peak.
Glycerol has been widely used to inves-
tigate the low-frequency vibrational prop-
erties of liquids and supercooled liquids,
because liquid glycerol is one of few sys-
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tems that remain in the metastable super-
cooled state long enough to permit Raman
scattering (4—8) and neutron scattering
(7, 9) measurements. The low-frequency
Raman scattering spectra of glycerol below
TLI (186 K) are characterized by a nonsym-
metric boson peak with a broad maximum
around 50 cm ™ !; the peak shifts slightly to
higher frequencies with decreasing tem-
perature. Raman scattering measurements
in the O-H stretching region have dem-
onstrated that liquid and supercooled glyc-
erol are self-associated through intermo-
lecular hydrogen bonds to form dimer,
trimer, and oligomer structures (8). Neu-
tron diffraction measurements (9) have
demonstrated that liquid glycerol not only
has intramolecular correlations but also
exhibits some residual structure in the in-
termediate range (2 to 6 A). These find-
ings indicate that, despite the flexibility of
each molecular unit, the intermolecular
distribution function exhibits significant
structural ordering as a result of intermo-
lecular hydrogen bonding.

Although the exact intermolecular
conformation of the MRO in glycerol has
not been determined, it has been demon-
strated that small water (10) and metha-
nol (11, 12) clusters tend to form cyclic
hydrogen-bonded trimers. The intermo-
lecular hydrogen bonds in such trimers are
considered to be enhanced by cooperative





