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its volume (<°) grows lincarly with time
because of the steady supply of Si from the
vapor phase. Equation 2 predicts that if we plot
IR versus (P/R)(t — t,) for all the measurements
at a given temperature, the data should collapse
onto a single curve. This is confirmed in Fig. 2D
for data obtained from different experiments at a
fixed temperature of 525°C and covering a wide
range of disilane pressures and droplet sizes. All
the data sets show essentially the same jump (that
is, the same supersaturation) and the same slope.
This is an important test of the model and the
assumptions underlying Egs. 1 and 2. In
particular, the collapse of the data onto a single
curve confirms that there is no strong dependence
of'any ofthe model parameters, such as the shape
factors, rate constants, and supersaturation, on P
or on R, the system size.

Size effects in nucleation have been studied
for decades. Until recently, the only observed size
effects were attributed to defects or impurities
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Fig. 3. (A to C) Parameter values versus temper-
ature, shown on Arrhenius plots. These values are
determined by fitting the entire data set shown in
fig. 51, E to H. The solid and dashed lines are linear
least-squares fits. (A) Vapor-liquid rate constant
k. (B) Liquid-solid rate constant kis. (C) Super-
saturation at nudleation; solid circles indicate the
parameter alc, — cp) obtained directly from the
fitting of Eq. 1 and open circles indicate the ab-
solute supersaturation ¢, — ¢ based on extra-
polation from the growth kinetics after the jump.
The two analyses exhibit a similar trend, in that the
supersaturation at nucleation increases strongly
with temperature,
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(1, 3, 21), although the possibility of intrinsic size
effects due to the number of available sites was
also considered (27). The exirinsic size effects
disappeared when the system was so small that it
contained no impurities (/, 3, 2/). More recently,
there have been reports of dramatic intrinsic size
cffects, with substantial changes in the funda-
mental phase diagram even for systems as large
as 60 nm in diameter (5, 22-24). It therefore was
surprising to find no effect in our own data, with
diameters between 12 and 40 nm.

Themodynamics predicts that the liquidus
concentration ¢o shifts by an amount roughly
proportional to y/R, whereas size effects on ¢, are
expected to be negligibly small by comparison
(17). Here, ¥ involves geometrically weighted
differences of the respective interfacial energies
in the system, so it is highly system-dependent
and has not to our knowledge been determined
for any VLS system. Thus, we could not predict
the magnitude of size effect expected, so we
focused on the size scaling. For each temperature,
our data span roughly a factor of 2 in size, so
whatever size effects occur at our smallest size
should be reduced by half at our largest size.
Figure 2D shows that the scatter in jump height is
very small; more quantitatively, we estimate that
changes in a(e, — ¢p) due to size are not more
than 0.005 (0.5%), otherwise they would be
observable as a systematic trend above the scat-
ter. We therefore found a lack of sensitivity to
size over the important range used to form nano-
wires for device applications, which is helpful for
predictably engineering small structures.

Furthermore, we found that nucleation sys-
tematically occurs at the droplet edge, indicating
that it is heterogeneous, with both surface and
interface playing a role. This implies that the
supersaturation needed for nucleation, and pos-
sibly even the extent of size effects, could be
rather different on another substrate and could be
altered by appropriate pretreatment of the sub-
strate, Yet the nucleation is intrinsic, being highly
reproducible from drop to drop. Both facts are
favorable for technological applications; repro-
ducibility is essential for large-scale integration,
and the role of the substrate in nucleation sug-
gests opportunities for control via substrate
engineering.

We now discuss the numerical values and
physical importance of the fitted parameters. If
we knew the three-dimensional shapes, and
hence the peometric factors, the results in Fig. 3
would comrespond to direet measurements of the
two rate constants kv and ks and the critical
supersaturation ¢, — ¢p. Even without this
knowledge, we can determine the temperature
dependences of the physical parameters if we
assume that the shapes are independent of tem-
perature. The kinetic rate constants are expected
to be thermally activated, and indeed the mea-
sured values are consistent with this (Fig. 3). The
slope for kyy. gives an activation energy of about
0.61 ¢V for the dissociative adsorption of di-
silane, in agreement with previous work (/9).

The slope for ks gives an activation energy of
about 0.26 ¢V for incomporation of Si from the
AuSi liquid into the Si crystal. And the parameter
ale, — ¢p) ranges from 3 to 12%, increasing with
temperature.

The unknown geometrical factors are ex-
pected to be of order 1. But their presence causes
uncertainty in extracting supersaturation from the
parameter alc, — ¢p). However, we can estimate
the supersaturation without knowledge of the
geometrical factors by using an entirely different
approach (/7). Itrelies on the assumption that the
rate of addition of Si to the droplet is approxi-
mately constant over time and can be determined
from the time to reach ¢ (the x intercept of the
dotted line in Fig. 2D). In Fig. 3C, we show
values of supersaturation calculated using this
approach. The results are similar to the nesults
from the direct fitting, and the ratio (which ideal-
ly should be a) is of order |, as expected for
reasonable geometries. Both data sets in Fig. 3C
show a similar trend with temperature. There is a
difference in the slope, which could arise if the
values depend on temperature (such as via the
drop contact angle) or if there are other sys-
tematic deviations from our simplifying assump-
tions. In any case, two quite different approaches
lead to the same conclusion, namely that the su-
persaturation at nucleation increases strongly with
temperature.

The temperature dependence of the super-
saturation is intriguing. We are not aware of prior
results that explain this, and we can only spec-
ulate about the mechanism. The required super-
saturation is controlled largely by the interfacial
free energy of the Si nucleus (2), so the temper-
ature dependence of ¢, — ¢y is likely to track the
temperature  dependence of this energy. The
results are consistent with an Arrhenius behavior,
with the smaller values at low temperature sug-
gesting a reduced interface energy at low temper-
ature. Temperature-dependent interface energies
may be related to a temperature-dependent near-
surface ordering that has recently been observed
in AuSi (25) or to hydrogen coverage at the Si-
vapor interface, which could depend on T via
thermally activated disilane-cracking and H
desorption.

We have shown detailed measurements of a
nucleation and growth phenomenon, exploring
the phase diagram of a nanoscale system at con-
stant temperature and varying composition. The
growth kinetics are explained by the buildup of a
substantial supersaturation before nucleation.
The lack of any change in supersaturation with
system size suggests that the phase diagram has
no appreciable size dependence in this system, at
least down to ~12 nm in diameter.

We believe that the results shown here are of
fundamental interest in advancing the theoretical
understanding of nucleation in nanoscale sys-
tems, a phenomenon that is of importance in
materials design for nanotechnology and in crystal
growth and phase transformations. The nesults
are particularly relevant to the growth of nano-
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wires from liquid eutectic droplets, the most com-
mon route of nanowire formation. A detailed
understanding of nucleation and growth kinetics
will help in engineering nanostructures for ap-
plications such as sensors, transistors, and logic
circuits (26), in which size dependence, incuba-
tion times, and the reliability of nucleation itself
must all be controlled for the successful fabrica-
tion of each nanoscale device.
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Spectroscopic Tracking of
Structural Evolution in Ultrafast
Stilbene Photoisomerization

Satoshi Takeuchi,® Sanford Ruhman,? Takao Tsuneda,? Mahito Chiba,*

Tetsuya Taketsugu,® Tahei Taharal*

Understanding a chemical reaction ultimately requires the knowledge of how each atom in the
reactants moves during product formation. Such knowledge is seldom complete and is often limited
to an oversimplified reaction coordinate that neglects global motions across the molecular
framework. To overcome this limit, we recorded transient impulsive Raman spectra during ultrafast
photoisomerization of cis-stilbene in solution. The results demonstrate a gradual frequency shift of
a low-frequency spectator vibration, reflecting changes in the restoring force along this coordinate
throughout the isomerization. A high-level quantum-chemical calculation reproduces this feature
and associates it with a continuous structural change leading to the twisted configuration. This
combined spectroscopic and computational approach should be amenable to detailed reaction
visualization in other photoisomerizing systems as well.

olecular rearrangements in chemical
Mrcax:linn.s occur on a time scale com-

parable to nuclear vibrational periods
(Le., from 10 £ to 1 ps). This time scale is now
accessible with advanced ultrafast vibrational
spectroscopy (J), but, in almost all studies, we
only observe structures in stationary (excited)
states and the population transfer from one state
to the other. Continuous changes of the molecular
structure are seldom observed, especially for
large polyatomic molecules. This situation often
limits our understanding to a level of an over-
simplified reaction coordinate (RC). To map
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structural evolution and elucidate true RCs, it is
crucial to track molecular vibrations during reac-
tions, which characterize the global motions of
the whole molecule. Recently, femtosecond in-
frared spectroscopy has provided highly time-
resolved vibrational spectra, but the technique is
practically limited to the >1000 em ™" region (2).
Conventional spontancous Raman is only applica-
ble o picosecond or slower processes, because
long and narrow-hand pulses are utilized to achieve
sufficient frequency resolution (<15 em ™). This
drawback in time resolution was improved by the
introduction of a stimulated Raman process with
femtosecond pulses (3). With the use of this tech-
nique, geometric changes of the retinyl chromo-
phore in visual pigments were uncovered by
monitoring hydrogen out-of-plane wagging vibra-
tions in the 800- to 1000-cm ' region (4).
Common to these frequency-domain Raman ap-
proaches, however, is the challenge of observing
low-frequency vibrations, given disturbance from
strong Rayleigh scattening. Here we report a fem-
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tosecond resonance Raman probing at the im-
pulsive limit to follow the low-frequency spectral
change accompanying structural evolution in a
cis-trans photoisomerization in solution.

Femtosecond transient impulsive Raman spec-
troscopy is explained as a combined pump-probe
and time-domain Raman technique using three
laser pulses (5, 6), as shown in Fig, 1A (7). In this
experiment, we first generate a reactive excited-
state molecule by a pump pulse (Py). After a cer-
tain delay (AT), we introduce an ultrashort pulse
(P,) resonant with the excited-state absomtion
and impulsively induce a vibrational coherence
of Raman active modes, which is driven by two
frequency components contained in the spectrum
of the Py pulse. In other words, the Ps pulse
initiates the motion of a nuclear wave packet in
the reactive excited state. The third pulse (Ps)
monitors the excited-state absorption, whose in-
tensity is modulated by the nuclear wave-packet
motion. Fourier transformation of the resultant
beating feature in the time-resolved absomption
provides a spectrum of the molecular vibration
with a detectable range reaching into the low-
frequency terahertz region, which is inaccessible
by other frequency-domain methods. For long-
lived stationary states, this time-domain measure-
ment gives vibrational information equivalent to
that obtainable from conventional frequency-
domain Raman (8, ¥). However, for structural-
ly evolving states in a picosecond, this method
can afford vibrational spectra with the best pos-
sible time- and frequency-resolutions that are de-
termined only by the vibrational coherence time
of the transients.

Stilbene is an extensively studied paradigm
of ultrafast olefinic photoisomenzation (Fig. 1B).
In particular, cis-stilbene exhibits nearly bar-
rierless bond twisting in the excited state that
is complete within ~1 ps (J0-15). The photo-
isomerization mechanism of cis-stilbene has
been often discussed on the basis of a traditional
one-dimensional (1D) potential energy surface
(PES) along the torsional coordinate of the cen-
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tral C=C bond in the first singlet electronic
excited (5)) state (Fig. 1A) (/6). The 8, PES is
believed to have a rather flat feature on the cis
side, where the excited molecule persists for ~1
ps as an isomenzation precursor showing strong
8, +— S, absorption in the 600- to 700-nm region
(here, S, is a higher-lying electronic excited
state). Then, the molecule migrates to an 5/5;
conical intersection and relaxes to either the trans
(product) or cis isomer in the ground () state.
However, spectroscopic studies have pointed to
the inadequacy of this 1D rigid-twist model that
does not take into account, for example, out-
of-plane deformations of the ethylenic moiety
(17, 18). Pyramidalization of one ethylenic car-
bon (sp° — sp” change of hybridization) was
recently claimed to be essential in the structure at
the §,/5y conical intersection, indicating the im-
portance of the multidimensionality of PES (19).
For elucidation of the true RC of the polyatomic
molecule, it is crucial to track the structural evo-
lution by taking a temporal series of spectroscop-
ic snapshots of the molecule.

To achieve this aim, we acquired femtosec-
ond impulsive Raman data of cis-stilbene overthe
course of the isomerization. Figure 1C presents
a time-resolved §,, «— 8 absorption in the ab-
sence of the P> pulse after excitation with the
267-nm Py pulse. This signal shows a 1.3-ps de-
cay, reflecting a decrease in the §; population due
to internal conversion/isomerization (/1-13, 15).
With imradiation by the P; pulse (11 fs, 620 nm)
after a delay AT, the §,, « §, absorption instan-
tancously changes, because the P, pulse reso-
nantly excites a fraction of the §; molecules to the
&, state. The difference between the §, « §,
absorption signals measured with and without the
P> pulse gives time-resolved impulsive Raman
data, which include information about the nuclear
wave-packet motion induced by the P> pulse.
With the P pulse tuned in rigorous nesonance
with absorption of the isomerization precursor,
this impulsive Raman measurement selectively
monitors the photoisomerization process, and the
signal contribution from a minor photocycliza-
tion to 4a.4b-dihydrophenanthrene 1s negligible
(20). We measured time-resolved impulsive
Raman signals in hexadecane at three delays
(AT=0.3, 1.2, and 2 ps) to examine the temporal
change of §; vibrational structure (Fig. 2A). A
strong beating feature is observed in each trace,
which reflects the nuclear wave-packet motion
induced in §; eis-stilbene at each delay. A con-
tribution from the S, state is excluded because its
lifetime 1s shorter than the damping time of the
beating. The other features of the observed traces
are represented by three exponential decay com-
ponents that reflect the population dynamics after
the P, and P, irradiation (217).

The inset of Fig. 2A shows the beating fea-
tures extracted from the data by subtraction of the
population component. Their Fourier transform
power spectra (Fig. 2B) represent vibrational
spectra of §; cis-stilbene at the three AT delays.
At AT = 0.3 ps, a broad band appears near 240
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cm ', together with several weak bands at 411,
533, and 752 cm . As the only band showing
exceptionally large Raman intensity in the 200-
to 300-cm ' region, the predominant 240-cm '
band is characteristic of S} cis-stilbene; hence, it
is straightforwardly associated with a broad band
observed near 229 cm ' in a picosecond frequency-
domain Raman study (22). This vibration has
been assigned to a mode that involves the motion
of phenyl-C=C bending, cthylenic C=C torsion,
and phenyl torsion. The nuclear wave-packet mo-
tion due to the same mode was also observed in
previous ultrafast uv-pump/vis-probe measure-
ments in this laboratory (23), which detected the
nuclear wave-packet motion induced directly by
photoexcitation.

The present Raman measurements reveal
that the center frequency of the 240-cm ™' mo-
tion considerably downshifts with increasing AT
delay, diminishing from 239 em ' (AT=03 ps)
to 224 cm ' (1.2 ps) to 215 cm™' (2 ps). This
large frequency downshift is directly apparent in
the raw time-domain data. As shown in the inset
of Fig. 2A, the intensity maxima of the three
beating components gradually shift in time, man-
ifesting a lengthening of the oscillation period
with increasing delay. The data reveal that the
frequency of the 240-cm ' mode substantially
changes while the isomerization proceeds. In other
words, the 240-cm ' mode probes the structural

evolution of the molecule as a spectator through a
large anharmonic coupling to the isomenzation
coordinate.

To confirm that the frequency downshift is
directly related to the isomenzation process, we
carried out the same measurements in methanol,
where the isomerization is accelerated and pro-
ceeds with a time constant of 0.48 ps (/3, 15).
The data obtained at AT = 0.3, 0.7, and 1.1 ps
(Fig. 2, B and C) show that the 240-cm' mode
exhibits a clear frequency downshift in methanol
also. Figure 2D compares the temporal change of
the center frequency of the mode in the two
solvents. Clearly, the rate of the frequency down-
shift is higher in methanol than in hexadecane.
With the change of solvent from hexadecane to
methanol, the isomerization rate increases by a
factor of 2.7 (0.77 w 2.08 ps_'}. and the mate of
the frequency downshift nearly doubles (14 versus
27 r:m_'.-’ps}, This strong correlation confirms that
the frequency downshift of the 240-cm™' mode
arises from the structural evolution relevant to the
isomerization of 8, cis-stilbene.

Linear fits to the frequency shifts observed in
the two solvents both extrapolate to the same
initial frequency (242 + 2 em ') at zero delay
(24). We independently evaluated the initial fre-
quency of this mode in a uv-pump/vis-probe
experiment (23) (where the nuclear wave-packet
motion was directly induced by 5, «+— 5 photo-

without P,
with E’:

Fig. 1. (A) Schematic illustration of the Sy, 51, and S, PESs of cis-stilbene against the isomerization
coordinate, together with a sequence of three laser pulses used in the measurements. The first pulse
(Py; 267 nm, 150 fs) photoexcites 5; cis-stilbene in solution and generates the reactive S, state. It does
not efficiently generate vibrational coherences in the 5; molecule because of its relatively long
duration. After a delay AT, the second ultrashort pulse (P;; 620 nm, 11 fs), which is resonant with the
S, < 5; transient absorption, is applied to generate a nuclear wave packet in the 5, state. The third
pulse (Py; 620 nm, 11 fs) is used to monitor time-resolved S, < S; absorption signals. h, Planck's
constant; v, frequency; t, delay time for impulsive Raman measurements. (B) Photoisomerization reac-
tion of stilbene between the cis and trans isomers. (C) Typical time-resolved traces of the 5, — 5
absorption of cis-stilbene measured with and without the P, pulse. The difference between the two
traces, shaded in red, gives a time-resolved impulsive Raman signal, which contains information about
the §; wave-packet motion induced by the P, pulse. mOD, milli-optical density.
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excitation) and found it to be 231 £ 3 em™' in
both nonpolar (cyclohexane) and polar (metha-
nol) solvents (25), which is 11 cm ' Jower than
the value obtained from the extrapolation of the
frequency shift after AT = 0.3 ps. This discrep-
ancy indicates that the frequency of this mode
first exhibits an upshift as the wave packet
evolves on the 8, surface. In fact, we observed
a shortening of the oscillation period in the uv-
pump/vis-probe experiment (23), which demon-
strates that the frequency upshift occurs within
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the vibrational coherence time. After this initial
upshift, the mode shows a frequency downshift
as observed in the present impulsive Raman
experiment.

The vibrational period of the 240-cm ™' mode
is approximately equal to 140 5, which is well
separated from the time scale of the isomerization
(1.3 ps in hexadecane). Thus, the nuclear motion
along the 240-cm™' coordinate (g) can adjust
adiabatically during the relatively slow temporal
evolution of nuclear configurations due to the
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Fig. 2. Experimental results of the time-resolved impulsive Raman spectroscopy of cis-stilbene in
two solvents. (A and €) Time-resolved impulsive Raman signals measured at three different AT
delays in hexadecane and methanol, respectively. The measurements were carried out at room
temperature with 0.02 mol dm ™ stilbene concentrations. The insets show the beating components
obtained after subtraction of the population components. The dotted lines connect the
corresponding maxima of the three beating components, and their tilt with time indicates that
the oscillation period becomes longer with increasing AT delay. (B) Fourier transform (FT) power
spectra of the beating components obtained at the three AT delays in (a) hexadecane and (b)
methanol. Pure spectra of §; cis-stilbene (represented as the bands shaded in red, green, and blue
for the three delays) were obtained after subtraction of weak bands due to the v, and v, modes
of §, trans-stilbene (30) from the raw Fourier transform spectra represented by solid curves. The
center-of-mass frequency of each cis-stilbene spectrum is indicated by a vertical line, which clearly
shows a frequency downshift with time. (D) Plots of the center-of-mass frequency against AT delay
for the two solvents. The rate of the frequency downshift after AT = 0.3 ps, evaluated from the
slope of this plot, is 14 cm™/ps in hexadecane and 27 cm™"/ps in methanol.
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isomerization, with the instantaneous frequency
of the 240-cm ™' mode decreasing as the isom-
erization proceeds. In other words, the vibra-
tional force constant of the 240-cm ™' mode (k)
decreases as the isomerization coordinate (Q)
changes through the following anharmonic cou-
pling relation (where Fis potential energy)

#0 (1)

ok 0 (53 . PF

a0~ 30 \og) ~ aq’oQ
Because the force constant is given by the
curvature of the §, PES along the 240-cm™’
coordinate (g), the present results reveal that the
shape of the 5, PES changes along the isomer-
ization coordinate (26), as illustrated in Fig. 3B.
The experiment shows that the structure of S,
cis-stilbene continuously evolves within the §,
lifetime. It is noteworthy that the “averaged” fre-
quency measured in a picosecond frequency-
domain Raman study (229 cm™) (22) lies in the
middle of the range of'the frequency shift (239 —
215 em™') observed here.

To associate the experimental observation
with actual structural changes in 5, cis-stilbene,
we calculated the PES and vibrational structure
by density functional theory (DFT) and time-
dependent DFT (TDDFT) using the Becke 1988
exchange + one-parameter progressive comrela-
tion functionals with long-range correction (27).
The calculation gave a nonplanar optimized struc-
ture (Cs symmetry) for S cis-stilbene because of
steric hindrances: The two phenyl groups are
largely tilted (pq12 = 40%), although the ethylene
moiety is nearly planar (8., = 5%). At this 5§,
geometry, an optically allowed transition to the S,
state, with a highest occupied molecular orbital —
lowest unoccupied molecular orbital single-excitation
character, was calculated at 490 eV, which agrees
well with the experimental value (4 .48 eV). Two
almost-dark states were computed to lie above
this bright §, state. The S character, as well as
the state ordering, is consistent with a recent cal-
culation (28).

Starting from the S; state with the structure
optimized for the S, state (Franck-Condon point),
we gradually changed the geometry along the
negative direction of mass-weighted energy gra-
dients calculated at every point and searched the
minimum energy path on the §; PES. The RC, s,
is defined as the path length along the thus-
obtained minimum energy path (s = 0 at the
initial Franck-Condon point). Figure 4A depicts
the change of the 5 and §, energies along the
RC. The §; energy first decreased rapidly (s <
0.5) and then exhibited a slower decrease (s =
0.5). This energy change reflects the biphasic
structural evolution of the §; state. As shown in
Fig. 4C, the initial structural change ((};) in s <
0.5 15 dominated by a prompt stretch of the
central C=C bond due to nn* electronic excita-
tion and an out-of-plane motion of the two ethyl-
enic hydrogens. In the later region of s > 0.5, the
two ethylenic hydrogens gradually move in
opposite directions to a greater extent so that the
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Fig. 3. (A) Nuclear motions of the 240-em™
mode at the geometry near the energy
minimum on the S; PES (s = 5). (B)
Schematic illustration of the 5, PES of cis-
stilbene against the isomerization coor-
dinate (Q) and 240-am™ coordinate (v35
mode, g) together with (C) the correspond-
ing contour plot, which are drawn on the
basis of the understanding obtained in the
present study. The cis-stilbene molecule
excited at the Franck-Condon point (FC) first
shows a rapid structural change along a
steep route (Q,.) that mainly involves a
stretching of the central C=C bond with out-
of-plane motion of the two ethylenic hydro-
gens. Then, a slower structural evolution
toward the minimum point of the S; PES (min) ensues along the Q coordinate, which almost solely involves
out-of-plane motion of the two ethylenic hydrogens (see text). The potential curvature along the g coordinate
(indicated by dotted curves) becomes smaller as the molecule evolves along the isomerization coordinate.

240 cm’! mode (g)

A

Reaction Coordinate 5 (bohr amu'™)
- R I
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RCats=1(6)

RCats=0(6&,,)
Fig. 4. Results of the DFT and TDDFT
calculations for the reactive 5, state of cis-
stilbene. (A) Energies of the Sy and 5,
states along the RC. The RCvalues of s=0
and s = 5 correspond to the Franck-
Condon point and the shallow potential
minimum in the 5, state, respectively. (B) Geometrical parameters against the RC. (a) Ethylenic C=C bond
length; (b to d) dihedral angles. The atomic labeling is indicated below the figure. (C) RC vectors ats =0
and s = 1, corresponding to Q;,; and Q, respectively. (D) Calculated frequencies of several low-frequency
modes of 5, cis-stilbene against the RC. All the frequencies were scaled by a factor of 0.97. Vibrational
modes with A and B symmetries are shown in red and blue, respectively.
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twisting angle (8,5 of the C=C bond increases
and the tilt angle (¢pq2) of the phenyl group
decreases (/7, I8) (Fig. 4B). Consequently, a
twisted structure having B, = 49° and @, 2 =
10° is attained at s = 5, which comesponds to a
very shallow potential minimum leading to the
conical intersection. The substantial twisting
around the C=C bond is achieved mainly by the
out-of-plane motion of the ethylenic hydrogens
without extensive motion of the phenyl nings.
This twisting motion in the second phase, which
actually chamcterizes the isomerization, cannot
be fully detected by the analysis of resonance
Raman spectra of the 5, state (/7), because it
only sees the nuclear motions occurning within a
very shont electronic coherence time of the §, «—
8y transition (a few tens of femtoseconds).

To calculate the instantancous vibrational
frequency during the structural evolution of §;
cis-stilbene, we evaluated the force-constant
matrix at different points along the RC and ob-
tained the frequencies of the instantancous
normal modes. The calculated frequencies of
six low-frequency modes are plotted against RC
in Fig. 4D. Among these modes, the vi3 mode is
uniquely assignable to the 240-cm™' vibration
observed in the experiment, on the basis of the
frequency and Raman activity of this mode (29).
The initial nuclear motion in 5 < 0.5 (Qy) In-
volves a substantial component parallel to the
w33 coordinate (g), and this motion is smoothly
connected to the va; mode in the second phase
(s = 0.5) (Fig. 3C). After a steep increase from
278 to 353 em ', the vi;3 frequency substantially
decreases down to 318 cm " at the twisted geom-
etry at s = 5. This behavior of the vi; frequency
almost perfectly reproduces the frequency shift of
the 240-cm ' mode observed experimentally, in-
cluding the initial upshift measured by the ultra-
fast uv-pump/vis-probe measurement (23). The
agreement strongly bolsters our conclusion that
the present experiment tracks the structural evo-
lution of cis-stilbene during the isomerization
through accompanying changes in the vibrational
structure. The frequency differences between the
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experiment and computation are attributed to the
nomal coordinate analysis (harmonic approxi-
mation) applied to the highly anharmonic §; PES.

We thus achieved direct experimental track-
ing of the continuous structural evolution of a
reacting polyatomic molecule by monitoring the
evolving frequency of a spectator wave packet.
The spectator frequency showed a gradual down-
shift over the course of the isomenzation through
a large anharmonic coupling to the isomenzation
coordinate, This observation arises from the
gradual twisting of the olefinic moiety, realized
by the out-of-plane motion of the two ethylenic
hydrogens with minimal change in the molecular
volume. The global molecular rearrangements
visualized here lead to the structure at the 5/5
conical intersection, which may be accompanied
with further pyramidalization of one ethylenic
carbon (/9). Femtosecond time-domain Raman
spectroscopy offers effective probing of compli-
cated multidimensional RC of polyatomic mole-
cules that cannot be tracked by conventional
vibrational spectroscopy.
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Random Tiling and Topological
Defects in a Two-Dimensional

Molecular Network

Matthew O. Blunt,® James C. Russell, Maria del Carmen Giménez-Ldpez,® Juan P. Garrahan,!
Xiang Lin,? Martin Schrader,” Neil R. Champness,®* Peter H. Beton™

A molecular network that exhibits critical correlations in the spatial order that is characteristic of a
random, entropically stabilized, rhombus tiling is described. Specifically, we report a random tiling
formed in a two-dimensional molecular network of p-terphenyl-3,5,3',5 -tetracarboxylic acid
adsorbed on graphite. The network is stabilized by hexagonal junctions of three, four, five, or six
molecules and may be mapped onto a rhombus tiling in which an ordered array of vertices is
embedded within a nonperiodic framework with spatial fluctuations in a local order characteristic
of an entropically stabilized phase, We identified a topological defect that can propagate through
the network, giving rise to a local reordering of molecular tiles and thus to transitions between
quasi-degenerate local minima of a complex energy landscape. We draw parallels between the
molecular tiling and dynamically arrested systems, such as glasses.

he tiling of surfaces with simple polygons
has fascinated scientists, mathematicians,
and artists in both ancient and modem
cultures. The mathematical rules that govem the
formation of periodic tilings, in which tiles are reg-
ularly placed on a surface, have been extensively
studied and provide the foundation for the clas-
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sification of crystalline materials. More recently,
the discovery of quasi-crystals has inspired great
interest in aperiodic tilings, which exhibit symme-
tries that are not compatible with translational order
(1-3). It is also possible to form tilings in which
translational symmetry is absent by using simple
tile shapes such as the rhombus with intemal an-
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gles of 60° and 120°. Rhombus, or lozenge, tilings
lead to a particularly rich range of amangements,
which may be periodic, but random nonperiodic
tilings are also permitted (6, 7) and have attracted
great interest because of their relevance to mixing
algorithms (8, 9), antiferromagnetism (10, 11),
and entropic models of quasi-crystals (/2-15).
We show that a thombus tiling may be re-
alized experimentally in a two-dimensional ar-
rangement of organic molecules adsorbed on
graphite. Specifically, we studied the molecule
p-terphenyl-3,5,3" 5" -tetracarboxylic acid (TPTC)
(Fig. LA), which was synthesized as described in
(16). The choice of molecule was motivated by the
placement of carboxylic acid groups that promote
directional intermolecular hydrogen bonding. For
TPTC, these groups stabilize two possible relative
placements of neighboring molecules, which we
refer to as the parallel (Fig. 1B) and arowhead
(Fig. 1C) configurations. Small quantities of a sat-
urated solution of TPTC in nonanoic acid were
applied to a freshly cleaved highly oriented pyro-
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University Park, Nottingham NG7 2RD, UK. “School of Chem:-
istry, University of Mottingham, University Park, Nottingham
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Iytic graphite (HOPG) substrate, and images of
the interface between HOPG and the TPTC solu-
tion were acquired by using a scanning tunneling
microscope (STM) [see (J6) for full experimental
details]. The samples were prepared and imaged

at room temperature. Nonanoic acid has been
identified as a suitable solvent by Lackinger ef al
(17, I8) in their investigations of trimesic and
related acids, and the properties of molecular net-
works stabilized by noncovalent interactions such

as hydrogen bonding have been reviewed by a
number of authors ( /9-2 /). There have also been
recent studies of molecules functionalized with
multiple carboxylic acid groups, similar to TPTC
(22-24).

Fig. 1. (A) Molecular structure of TPTC. Two possible arrangements for a
pair of TPTC molecules linked via a carboxylic acid—carboxylic acid hy-
drogen bond, (B) with the long axes of both molecules parallel to each
other, and (C) with one molecule rotated by 60° with respect to the other.

Fig. 2. (A) STM image of a typ-
ical area of TPTC network at the
nonanoic acid/HOPG interface.
The group of three phenyl rings
constituting the backbone of the
TPTC molecules appear as bright
rodlike features in the image.
The hexagonal orientational
order of the structure is high-
lighted by the group of blue dots
in the lower right-hand corner
of the image, marking the loca-
tion of dark contrast regions in
the image (depressions/pores in
the network). (B to F) Molecular
ball and stick diagrams and tiling
representations for the five pos-
sible arrangements of TPTC mol-
ecules around a network pore.
Also shown are magnified STM
image examples of each pore
type from (A); the locations of the
magnified regions are marked
in (A) by blue dashed squares.
Scanning conditions of (A) were
tunneling current (/) = 0.015 nA
and tip voltage (/) = 1200 mV.
(G) Enlarged version of the mo-
lecular arangement shown in (B).
The equivalent tiling representa-
tion is shown as a transparent
overlay, which highlights the
location of the carbaxylic acid—
carboxylic acid hydrogen bonds
at the midpoint of edges between
tiles. (H) Corresponding tiling rep-
resentation of (A). The coloration
of (H) represents the three possi-
ble orientations of rhombi within
the tiling (red, green, and blue).
Idealized reprasentations of the
molecular positions are shown
faintly in the tiling.
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TPTC molecule (d>).

Marked on (B) are the calculated distances (16) between two phenyl rings
of different TPTC molecules taken across a carboxylic—carboxylic hydrogen
bond (d,), and the distance between the two end phenyl rings of a single
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A typical area of the TPTC network adsorbed
on the HOPG surface is shown in Fig. 2A. The
terphenyl backbones of the molecules appear as
bright rodlike features, and the molecular arrange-
ment is unusual because it exhibits hexagonal
onentational order but no translational symmetry.
The hexagonal order may be discemed from the
array of blue dots overlaid on dark contrast fea-
tures (comresponding to depressions or pores) in
Fig. 2A and, using calibration scans of the graph-
ite substrate, we found that the hexagonal array
has a period of 16.6 + 0.8 A oriented at an angle
of £6° to the HOPG substrate (/6). Although the
pores are regularly arranged, the molecular net-
work enclosing them is not translationally ordered.
Figure 2, B to F, shows that the molecular ar-
rangements enclosing different pores (highlighted
areas in Fig. 1 A) are hexagons formed by a vary-
ing number of molecules.

For example, Fig. 2B shows a hexagon formed
by three molecules with edges that altemate be-
tween a terphenyl backbone and a carboxylic acid-
carboxylic acid junction. Figure 2, C and D, shows
two alternative hexagonal arrangements formed
by the junction of four molecules with two edges
formed by the terpheny] backbone. Similarly, the
junction in Fig. 2E is formed by five molecules
with one terphenyl edge, and the junction in Fig.
2F is formed by six molecules with no terphenyl
edges. The lengths of the hydrogen-bonded and
terphenyl edges (equivalent to d; and o as de-
fined in Fig. 1B) are calculated tobe 9.6 and 8.7 A
[the intermolecular binding energy Eyp = 0.80 eV
is calculated to be the same for the parallel and
arrowhead arrangements (/6)], giving estimated
widths of the hexagons in Fig. 2 mnging from
15.8 A (Fig. 2B) to 16.6 A (Fig. 2F), which is in
good agreement with the measured periodicity.
The molecular array shown in Fig. 2A may be
built by combining these five structural units in
an amangement that exhibits orientational sym-
metry but no translational order.

The network may be mapped onto a tiling by
replacing each molecule with a rhombus [see (25)

Fig. 3. (A, C, E, and G) STM
images showing two separate
movements of a single defect
through the network structure.
(B, D, F, and H) Tiling repre-
sentation of the network struc-
ture during the defect motion.
The effective rearrangements of
rhombi in the tiling are marked
by the black arrows in (D) and
(F). Transient image artifacts ob-
served within the defect site
before defect motion are high-
lighted by blue dashed squares
[(C) and (E)]. Scanning condi-
tions for all images were /; =
0.021 nA and V, = 1200 mV.
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for another example linking molecular arrays to
tiling problems]. Each molecule in the network
points along one of three high-symmetry directions,
and we have chosen, for clarity, to represent these
three molecular orientations as thombi with differ-
ent colors. To illustrate the tiling, we have converted
cach of the hexagonal structural units discussed
above into rhombi (Fig. 2). The representations of
the junctions in Fig. 2, B to F, correspond to verti-
ces where three, four, five, or six rhombi meet.
These diagrams also show that, at a molecular
level, the mapping is possible because the inter-
molecular bonds between neighboring molecules
are located at the midpoint of the thombus edges
(Fig. 2G). We suggest that this symmetry is key to
identifying other candidate molecules that might
form similar networks,

The molecular network displayed in Fig. 2A
can be mapped into rhombi, and the resultant
tiling is shown in Fig. 2H. The mapping directly
accounts for the presence of orientational sym-
metry combined with an absence of translational
order because the thombus vertices (pores in the
STM images) fall on a hexagonal lattice, even
though the arangement of thombi is not ordered.
Thus, we demonstrate that the molecular amray is
equivalent to a rhombus tiling,

We also observed tiling defects in the form of
triangular voids enclosed completely by thombi
(Fig. 3). These voids are topological defects that
occur in two states of effective *charge™ corre-
sponding to triangles pointing cither “up™ or
“down™ and have been considered theoretically
but have not previously been observed (26-28).
We observed ~3 x 10 defects per adsorbed mol-
ecule and may unequivocally distinguish these
voids from other less intrinsically interesting de-
fects, such as vacancies. The triangular defects
have been observed to propagate through the net-
work, as shown in Fig. 3, C to H. This movement
results in a rearangement of a single molecule
(or tile) within the network. Figure 3, C and F,
shows a comparison of images before and after
such a transition, in which, as expected, effective
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charge is conserved. The triangular defect under-
goes a second movement between Fig. 3, E and
G. In our images, this transition appears to be
mediated by the temporary presence of an addi-
tional species at the defect site, as highlighted in
Fig. 3, C and E, possibly an additional TPTC
molecule temporarily bound by hydrogen bond-
ing. Although it is difficult to determine the exact
details of the atomistic mechanism for defect move-
ment, this sequence of images shows that defect
propagation through the network gives rise to a
reordering of molecular tiles and facilitates a tran-
sition between different local energy minima.

To determine whether the observed rhombus
tilings are ordered or random, we followed pre-
vious theoretical studies (/0, [12) and introduced
an effective height Ai(x,y) at each vertex (x,y). The
height was calculated with the scheme shown in
Fig 4A, in which a displacement along a rhombus
edge leads to a change in height of £1. By ar-
bitrarily choosing an origin with zero height, it is
possible to define Ai(x,y) for all vertices of a perfect
{defect-free) tiling. Within this scheme, a tiling may
be visually considered as a perspective of the sur-
face of a simple cubic lattice when viewed along a
(111) direction. More formally, the thombus tiling
is equivalent to the projection of an irregular sur-
face of a three-dimensional simple cubic crystal
onto a (111) plane of the cubic lattice. A map of
effective height of the STM image (Fig. 2A) is
shown in Fig. 4C.

Within the random tiling hypothesis (/7). the
tilings may be analyzed by introducing an effec-
tive free energy G, which, assuming that all vertex
types (shown in Fig. 2) are degenerate, is deter-
mined entirely by an entropic contribution and is
given by G = (K, /2)/|Vh|* dxdy. This contribu-
tion is equivalent to the energy of a deformed
surface with elastic constant K,. The gradient VA
corresponds to the projection in the (x,y) plane
of the normal to the representative surface. The
tilings that are generated by this free cnergy have
a height representation for which (Vi) = 0, that
is, a surface which on average is flat and par-
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Fig. 4. (A) Scheme for evaluating height function of a tiling. A displacement from a vertex along
three of the possible directions leads to an increase in height by 1 as shown; a displacement along
the other three directions leads to a decrease by 1. (B) A schematic showing a flat undeformed
representative surface to be compared with the (111) surface of a simple cubic crystal. (C) Height
representation of tiling in Fig. 2. Here the height of a tile is calculated as the average over its four
vertices; different heights are represented as different colors. (D) Height map of one of the large
area scans (100 nm by 100 nm) used to generate correlation function [see (16) for more details].
(E) Dependence of correlation on separation demonstrating logarithmic dependence. Scanning
conditions for all images were /, = 0.015 nA and V, = 1200 mV.

allel to a (111} plane of the projected cubic lat-
tice, which is equivalent to a requirement that
equal numbers of tiles are orented in each of
the three possible directions. Fluctuations in
height with wavevector & are expected with a
Fourier spectrum h(k) <K' |& 2. In wo di-
mensions, this spectrum leads to loganithmic spatial
comelations in h(x,), C(r) = ([h(0) - h(r)]*) =
(nK,)™" In(r) 4 ¢, where ¢ is a constant and, for
the maximally random rthombus tiling, K, = /9
(10, 12).

We calculated the height correlation function
C(r) from STM images that had been converted
to a height representation (Fig. 4D). The fraction
of tiles pointing in the three directions is in the
ratio 1:1:1, within statistical error, and thus the
condition (Vh) = 0 is satisfied [see (/6) for tile
maps and ratios of tile orientations]. It is not
possible to solely specify /(x,y) in the presence of
triangular void defects because the line integral of
hixy) along a closed path around a triangular
void gives a nonzero value corresponding to the
winding number of the defect (in this case, +3).
However, it is possible to unambiguously calcu-
late the contributions to the height correlation
function in regions that do not enclose defects.
Our method for calculating C(r) is based on this
approach and provides reliable data for r < ry, the
average defect separation.

As shown in Fig. 4E, the measured ({r) has
the expected logarithmic dependence on r, corre-
sponding to the critical comrelations of a random
rhombus tiling ( /.2). The effective elasticity of the
tiling may be extracted from the prefactor of the
logarithm. We find K y= 0.58 + 0,03, or equiv-
alently K.o/K, ~ 1.7.

The enhancement of the elastic constant over
the expected value K, is explained as a breaking
of the exact degeneracy in local bonding arange-
ments, with a small energetic preference for the
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amowhead (Fig. 1C) configuration. This difference
in energy results in an energy cost for vertices
that have neighboring tiles in the parallel config-
uration (Fig. 2, C to E). These vertices [which are
not present on the idealized undeformed (111)
representative surface, for which molecules are ex-
clusively in the arrowhead amangement (Fig. 4B)]
are associated with local changes in height Vi # 0,
leading to an energetic contribution to the free
energy in addition to the purely entropic term
discussed above. These effects lead to an increase
in the effective elastic constant Kz in .

This explanation is consistent with results by
Alet ef al. (29) for closed packed dimers on the
square lattice with aligning interactions, in which
there is a critical phase with an effective elasticity
that increases with increasing interaction strength
A [and an eventual phase transition to an ordered
phase for A ~ kT (T, temperature), where other
terms become relevant in the free energy G (29)].
In the context of our expenments, A characterizes
the energy difference between the parallel and ar-
rowhead configurations. Our finding of logarith-
mic correlations with K g close to K, to within a
factor 2, confirms that our system is in the ran-
dom tiling regime and therefore A < AT (0.03 ¢V).
This very small value of energy, comparable with
the uncertainty in our calculation of Eyg. high-
lights the delicate balance required for entropi-
cally stabilized randomness in the rhombus tiling.

Although the above analysis of the spatial dis-
tribution of tiles is based on the equilibrium free
energy G, it is clear that the tilings are frozen,
with minimal temporal evolution, in one local min-
imum of a complex energy landscape. The sys-
tem is dynamically arrested, similar to a glass, and
all tile movements are activated with an energy cost
that is expected to scale with the number of inter-
molecular hydrogen bonds that must be broken.
Triangular defects, which mediate the only tile

rearrangements that have been experimentally ob-
served, have the lowest activation barrier because
only three bonds must be broken in order to move
amolecule directly adjacent to a defect. Othertile
rearrangements, such as the 60° rotation of the
hexagonal unit in Fig. 2B, often considered in the
context of mixing algorithms for perfiect (defect-
free) random tilings (&), require six bonds to be
broken and would be expected to be exponen-
tially suppressed. The observation of the propa-
gation of localized defects as a mechanism for
transitions between different local encrgy minima is
highly reminiscent of dynamically facilitated mod-
els of glass formers (30, 37). Our results demon-
strate the potential of molecular tilings as model
systems for the study of glasses and provide an
interesting altemative to the random molecular
networks recently identified by Otero er al. as
glassy systems (32).

Our results show that, once formed, tilings
are trapped in one of a large number of quasi-
degenerate locally stable states that can rearrange
through defect migration. Overall, the connection
between thombus tiling and molecular architecture,
through the approximate equality o, ~ 5. leads to
design rules for a general class of analogous
molecular networks in two and three dimensions
that can provide novel model systems for the
study of random structural arrangements and dy-
namically arrested materials.
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Observing the Creation of Electronic
Feshbach Resonances in Soft
X-ray—-Induced 0, Dissociation

Arvinder S. Sandhu,**t Etienne Gagnon,** Robin Santra,*? Vandana Sharma,* Wen Li,*
Phay Ho,? Predrag Ranitovic,” C. Lewis Cocke,” Margaret M. Murnane,’t Henry C. Kapteyn®

When an atom or molecule is ionized by an x-ray, highly excited states can be created

that then decay, or autoionize, by ejecting a second electron from the ion. We found that
autoionization after soft x-ray photoionization of molecular oxygen follows a complex multistep
process. By interrupting the autoionization process with a short laser pulse, we showed that
autoionization cannot occur until the internuclear separation of the fragments is greater than
approximately 30 angstroms. As the ion and excited neutral atom separated, we directly
observed the transformation of electronically bound states of the molecular jon into Feshbach
resonances of the neutral oxygen atom that are characterized by both positive and negative
binding energies. States with negative binding energies have not previously been predicted or

observed in neutral atoms.

tronic dynamics with ultrafast x-rays has

attracted considerable interest in recent
years. In general, some of the fastest electronic
processes involve highly excited states. Auto-
ionization after photoionization of an electron
from an atom, molecule, or solid is a good ex-
ample of one such process (/-8). Autoionization
is an important electronic many-body problem in
molecules, and the electrons and ions produced
also contribute to radiation damage in mate-
rials and biological systems (9). In the auto-
ionization of a deep inner-shell hole, an electron
from a higher energy level fills the hole, while a
second outer (Auger) electron is ¢jected, camying
away excess energy. Auger decay from a deep
inner-shell hole is always energetically allowed,
both in isolated atoms and molecules. In this
case, the molecular environment generally plays
a minor role. In contrast, autoionization of an
inner-valence vacancy in an isolated atom is
often energetically forbidden. For example, the
25'2p* *P inner-valence state of O lies 40 eV
above the ground state of atomic oxygen but 9 eV
below the O ground state and can therefore only

Thﬂ ability to reveal fast correlated elec-

ILA, University of Colorado at Boulder, Boulder, CO 80309,
IsA z.ﬂrgmne National Laboratory, Argonne, IL 60439, USA.
Depariment of Physics, University of Chicago, Chicago, IL
60637, USA “]. R. MacDonald Lab, Department of Physics,
Kansas State University, Manhattan, KS 66506, USA

*These authors contributed equally to this work.

tPresent address: Department of Physics, University of Arizona,
Tucson, AZ 857210081, USA.

1To whom comrespondence should be addressed. E-mail:
margaret.murnang@colorado.edu

www,sciencemag.org SCIENCE

decay radiatively; that is, by emitting a photon.
However, in polyatomic systems, autoionization
after inner-valence ionization can be energetical-
ly allowed because the molecular environment
can play a role. Because the two final-state
charges in a molecular dication do not have to
sit on one atom, the Coulomb repulsion between
the holes is reduced, and thus the double
ionization threshold is lowered.

Interatomic Coulombic decay (ICD) in the
Ne dimer, for instance, is a prominent example
in which the molecular environment plays a major
role in autoionization and has recerved much re-
cent attention (/, 2, (). In ICD in Ne, autoion-
ization of a 2s hole relies on energy transfer
between the two Ne atoms and thus preferen-
tially takes place near the equilibrium separation
of the atoms of the neutral Ne dimer. Molecular
oxygen (0O,) can also autoionize after photoion-
ization in the inner-valence region (4-6). How-
ever, Oz does not follow the paradigm provided
by 1CD, in which autoionization occurs when
the atoms are in proximity. Rather, Feifel ef al.
(4) performed a high-resolution coincident elec-
tron study of O, and concluded that the atomiclike
character of the autoionization spectrum indicates
that the decay takes place at large interatomic
distances, which is in stark contrast to 1CD. How-
ever, these experiments did not have any time
resolution: Without the ability to observe interme-
diate states, it was not possible to uncover the
mechanism for autoionization to fully understand
what was happening.

In this work, we iradiated an 0> molecule
with a few-femtosecond x-ray pulse to create

VOL 322

superexcited states of the O," molecular ion. We
then used an ulirafast laser pulse to follow how
this superexcited state evolves into an autoion-
izing state. We achieved this by interrupting the
autoionization with an ultrafast laser pulse at dif-
ferent times dunng the process. First, we found
that autoionization cannot occur until the molec-
ular fragments are well-separated, by distances
of >30 A. Second, we found that the autoioniz-
ing state forms 300 f5 after x-ray irmdiation and
emerges as a negative binding-energy Feshbach
resonance. The use of ultrafast x-rays and lasers
(11), in combination with a triple-coincidence
detection scheme, allowed us to directly observe
the onset of these negative binding-energy
Feshbach autoionizing states. Before this work,
the existence of negative binding-energy states
in neutral atoms was not anticipated. Third, by
providing an explanation for the atomic nature
of the autoionization lines observed in 05, we
were able to highlight the dramatic difference
between the roles of the molecular environment
in ICD in van der Waals dimers and molecular
autoionization, in which the presence of a mo-
lecular field can suppress, rather than enhance,
autoionization. Finally, we showed that we can
manipulate superheated, metastable, autoioniz-
ing states before they decay and actively influ-
ence, with a strong field, whether a superexcited
state will have the opportunity to decay or not.
This capability raises the possibility of coherent
manipulation of highly excited quantum states,
even when their energics lic above the jonization
potential. Autoionization after soft x-ray photo-
ionization of O, is thus a much more complex
multi-step process than in the case of N,, with
which in recent studies we used an ultrafast soft
x-ray pump combined with an infrared probe to
study electron shakeup processes (12, 13).
Several studies have reported the existence
of negative binding energy states in multiply
charged molecular ions (anions) (/4-16). A par-
ticular electronic state is considered to have a
negative binding energy when the kinetic energy
of an ejected photoelectron is greater than the
single-photon energy used for the ionization step.
This means that the electronic state must be higher
in energy than the ionization channel being con-
sidered. A state with negative binding energy must
therefore be metastable. The repulsive Coulomb
barner in multiply charged anions supports long-
lived shape resonances (metastable states that
decay by tunneling through a potential bamier),
which because of their long lifetime are easy to
deteet experimentally. To date, states with nega-
tive electron—binding energy were thought to be
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a feature only of multiply charged anions because
of the presence of a repulsive Coulomb barrier.

Feshbach resonances occur in compound
systems such as atoms, molecules, nuclei, or
quarkonia, when a bound state in a closed chan-
nel can decay into a continuum state in an open
channel via interchannel coupling. The nature of
the channels and the nature of the interchannel
coupling depend on the system under consider-
ation. If at least one of the partners in a collision
process, for example, is itself a compound sys-
tem, one cannot necessarily charactenize a colli-
sion entirely in terms of the relative motion of
two collision partners within an effective colli-
sion potential because the intemal degrees of
freedom of the systems may be dynamically
involved in the collision. Feshbach resonances
have been known since Herman Feshbach for-
malized them in the 1950s (/7). Initially, the
Feshbach resonance picture was used to descnibe
nuclear collisions. However, more generally any
autoionizing state generated by removing an
inner-shell electron is a Feshbach resonance, and
therefore these states underlic Auger, Coster-
Kronig, or ICD decay. In recent years, Feshbach
resonances have been exploited in ultracold col-
lisions, in which the collision energy is very
small (18, 19). In these systems, the relative
position of the open and closed channels can be
adjusted by using a variable magnetic field. This
provides a simple knob to control the collisional
properties of an ultracold gas.

The experimental setup and schematic of the
molecular autoionization process are shown in
Fig. 1. The output from an ultrafast Ti:sapphire
amplifier system producing ~2-mJ pulses with
~30 fs duration, at a repetition rate of 2 kHz,
was split into pump and probe beams. (12, 13)
The pump beam (~1.2 mJ) was used to gencrate
an ultrashort (<10 f5) soft x-ray pump beam
with a photon energy of 42.7 ¢V (full width at
half maximum = 1.5 eV) through high-order
harmonic upconversion. The net photon flux,
after filtering out the visible laser and selecting a
single harmonic with a pair of multilayer mir-
rors, was ~10° photons per pulse or 2 = 10°
photons/s. The probe beam (~0.8 mJ) was time-
delayed and recombined with the soft x-ray pump
beam in the interaction region, which provided
a means to dynamically probe the autoionization
process. This infrared (IR) probe beam passed
through an optical chopper with a 50% duty
cycle, which allowed us to normalize our data
on a shot-to-shot basis. The IR probe beam was
focused onto the O; sample with a 75-cm lens
to an intensity of 4.9 = 10'* W/ecm®. The target
0, gas was cooled and confined with a super-
sonic jet expansion employing a 30-pm nozzle.
The cold supersonic portion of the jet was se-
lected using a 300-pum skimmer placed ~13 mm
from the gas nozzle. The gas density in the in-
teraction region was estimated to be ~10"" to
10'% em™. A cold-target recoil ion momentum
spectroscopy (COLTRIMS)-based reaction mi-
croscope collected reaction fragments with high
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efficiency (solid angle ~4n) for both electrons
and ions for each laser shot.

Figure 2 shows electron and ion kinetic en-
ergy spectra acquired with our coincident ion/
electron detectors for the case of soft x-ray il-
lumination of (. For these spectra, an electron
was detected in coincidence with two O ions.
By requiring that the two ions have nonzero
kinetic energy release and zero total momentum,
we ensured that both ions came from the same
molecule. The broad feature centered at =1.8 eV
in the electron-energy spectrum in Fig. 2 cor-
responded predominantly to the photoelectron
(one-photon single ionization) and to electrons
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produced via direct one-photon double ioniza-
tion. The width of this feature was partly deter-
mined by the distribution of binding energies of
the various autoionizing states of O, that are
populated (4). More electronic states are excited
than one might expect based on the number of
initially occupied orbitals. This is an example of
the breakdown of the molecular orbital picture
for inner-valence electrons (20)).

The electron-energy peak appearing at
=().5 eV is consistent with the Al and A2 auto-
ionization lines of O, that were identified by
Feifel er al. (4). (Other, less prominent autoion-
ization lines are merged with the photoelectron
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Fig. 1. (A) Schematic of the experimental setup in which a soft x-ray beam photoionizes the 0. molecule while
an IR probe beam interrupts the autoionization in order to follow the dynamics. E,B fields, electric and magnetic
fields, respectively; SXR, soft x-ray beam. (B) COLTRIMS reaction microscope. (C) Schematic of the multistep
photoionization, dissociation, and autoionization of O,. Autoionization is forbidden until the autoionizing state
emerges as a negative-binding energy Feshbach resonance at internuclear separations of 30 A or greater.
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distribution.) As pointed out in (4), the Al and
A2 autoionization lines observed are so narrow
that the electronic decay process must be tak-
ing plal;c in the dissociation limit, in which the
atomic f: are well d. Specifical

Iy, the Al line comresponds to the 25°2p°(°D°)3p’

D state of atomic oxygen. In this state, which is
0.43 ¢V above the ground state of 0" 26°2p°(*S%),
the 3p electron is bound to the 25°2p* “D° excited-
state ion core (Fig. 3B). This 25%2p" D° excited
state of O is a closed channe! for autoionization
because this transition is energetically forbidden;
there is simply insufficlent energy for the auto-
ionizing electron to be ejected, leaving behind OF
in the first excited state. Thus, the 2s°2p° 18°
ground state of O is the only open channel
into which the autoionizing state can decay. The
necessary change in the electronic configura-

tion of the ion core (charw:l coupling) l.hal must

electron-electron and spin-orbit interactions; in
the absence of spin-orhit coupling, that is, when
the total orbital angular momentum L and the total
spin S are pood quantum numbers, autoionization
would be forbidden. As described above, relaxa-
lmn via channel coupling is precisely the required

istic of a Feshbach The A2
line carresponds to the 28°2p*D°)3p *F [auto-
ionization IS-allowed] and 2s°2p*CP%)3s P°
(autoionization LS-forbidden) states of atomic
oxygen. They liec 048 and 0.51 €V, respectively,
above the O ground state.

The kinetic energy release (KER) of the two
detected 0" jons shown in Fig. 2 was obtained
by considering only those counts that were as-
sociated with the fonization el (elec-
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autoionization electron energies, and the 0"
dissociation limits (27). These parameters allow
the assignment of the strongest KER peaks be-
tween 4.9 and 7.5 ¢V in Fig. 2 to events associated
with the quasiatomic Al and A2 autoionization
lines. Therefore, after O, is ionized by a 43-eV
soft x-ray photon, a highly excited 0, is formed.
The molecular cation dissociates into an ion O"
and an excited oxygen atom O*. From the narrow
observed autoionization lines (4), the superex-
cited oxygen atom autoionizes only after disso-
ciation, resulting in a second O fon.

This brings us to an obvious question: Why
does autoionization not happen at short inter-
atomic distances? Because the presence of a

trons with energies between 0 and 1 eV in Fig. 2).
The structure of this KER spectrum [see (5) for
a similar measurement] can be understood using

ighboring ion breaks the spherical symmetry,
l.hcre shauld be no need for spin-orbit coupling
m order to drive LS-forbidden autolonization.
Autoionization could then conceivahly be as fast

Ip is mediated by the  the O, electron-binding energies (4), the atomic  as molecular dissociation. An answer to this ques-
tion is suggested by Fig. 3, which shows a few
A ol . S of the lowest-lying potential energy curves of
:'Lgn azr; d(g:c:gant:l;f] 0+ ha I 0, [see (21) for further curves] as well as the
oy e .
Kinefic energy spectra in 8004 . o 4+0r 40" | 200 autoionizing state {orange lmc_). We calcqla_!t?d
the presence of the soft o the potential energy curves using the ab initio
x-ray field alone (triple e 00 »  Program package COLUMBUS (22-24), employ-
coincidence detection). £ gy | / | 1sp 5 g the hiph-quality Gaussian basis set cc-pVSZ
The detected electrons = / A 8 (25) in combination with a multiconfiguration
include the autoionizing 8 ,/ . sclf mnszstcm field calculauon followed by a
electrons (lower energy, s 9 ion calcula-
=0.5 eV) and the phote- & 400 100 S tion. In Fig. 3A, we plot the region near the
electrons (higher energy). B g Franck-Condon window (1.16 1o 1.27 A) with
Hedyeaye 0t eray photo £ respect to the vibrational ground state of O,. At
energy. 2004 r50 O a photon energy of 42.7 + 0.75 eV, a typical
photoelectron energy of =2 ¢V or higher (Fig. 2)
implies that, within the Franck-Condon window,
0 ; T - 7 . 0 the majority of associated O," states can only
0 L 6 8 10 decay into the X', " channe!. The corresponding
Kinetic Energy Release (eV) predissociating vibrational states of 05" below
A B 4
39
O'(‘SHO"(P)
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: :
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Fig. 3. (A) Potential energy curves of 0,2 for short interuclear distances  an autoionizing oxygen atom (corresp to the A2 line).

near the Franck-Condon window. Each curve is labeled by conventional
spectroscopic notation that indicates the symmetry of the state. (B) Potential
energy curves [same as in (A} shown for large internuclear distances. The
orange line shows the energy of the ground-state oxygen ion O* (*s°) plus
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Absorpuun of a single IR
fonizing state, leaving the

photon energy.
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photon (red arrows) ionizes the Feshbach auto-
system in the ground state of 0,7*. This process

results in a photoelectron energy (green arrow) greater than the incident IR
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vibrational levels v = 13 are very long-lived (26)
and do not contribute to the coincidence signal con-
sidered here. The known potential energy curves
of O, in the inner-valence regime are all highly
repulsive (27). Therefore, unless autoionization
into quasi-bound states on the X curve has al-
ready taken place (if spin-allowed), the potential
energy of O," would be expected to drop below
all 0> curves. Fast dissociation would there-
fore occur, and the 05" curves would then become
essentially flat. However, autoionization will still
remain energetically forbidden until the O, curves
(Fig. 3B, orange line) cross one or more 0"
curves for a second time. As shown in Fig. 3B, in
the case of the O, polential energy curves cor-
relating to a ground-state O ion and an excited
oxygen atomn that are assoclated, for example, with
the A2 autoionization line, the crossing point with

the O*(*S°) + O'(*S®) curve lies at =30 A. Only
for interatomic distances greater than this is auto-
ionization energetically allowed. In view of the
ion KER shown in Fig. 2, for these ion velocities
it should take between 220 and 280 fs to reach
this crossing point.

We have experimental and theoretical [see
supporting online material (SOM) text] evi-
dence that this scenario is correct. Figure 4
displays electron-energy spectra, measured in
coincidence with two OF ions, for various time
delays between the soft X-ray pump and IR probe
pulses. At time delays smaller than 300 fs, the
coincidence rate is similar to the soft x-ray-only
case. However, the A1/A2 autoionization feature
at low electron energies is absent At early time
delays, the IR pulse suppresses atomic autoion-
ization partly by producing dissociative 0, at
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Fig. 4. Electron-energy spectra acquired in triple coincidence (0% + O + electron) by varying the time
delay (7 between the soft x-ray pump and IR probe pulses. Soft x-ray-only spectra are shown for
comparison. Near time zero, the presence of the IR field suppresses autoionization. For times >300 fs, the
presence of the IR field enhances ionization by ionizing the Feshbach resonance before autoionization
or radiative decay has time to occur (Fig. 3B).

short interatomic distance, thus giving rise to a
shift of the KER toward larger values, and part-
ly by transferring population to states that do not
contribute to the coincidence signal (SOM text
and figs. S1 and S2). Two new features begin to
appear at time delays around 300 fi: a peak at
=2 eV of electron energy and a peak near zero
electron energy. We interpret these features in
terms of the mechanisms indicated in Fig. 3B.
After the dissociation of O,"* has reached the
crossing point at infemuclear separations around
30 A as described earlier (for each electronic state
there is a somewhat different crossing point), we
have an O ion and an excited oxygen atom bom
into a Feshbach resonance state. Absorption of a
single IR photon of energy 1.55 ¢V from this
Feshbach state liberates a photoelectron of energy
=2 eV, which shows that this state has a negative
binding energy with respect to the ground state of
O, Two-photon absorption vields a photoelectron
energy of 0.1 €V, comesponding to excitation to
the first excited state of O, as shown in Fig. 3B.
The width of the observed features is largely de-
termined by the resolution of our apparatus and by
the bandwidih of our laser. There may also be a
contribution from above-threshold ionization.

The negative and positive binding-energy fea-
tures move to slightly higher energy at longer
time delays, This is due to the fact that the 05"
potential energy curves on which the nuclear
wave packet travels before IR ionization are flat,
whereas the 05> polential energy curves are in-
fluenced by the ion-ion Coulomb repulsion (Fig.
3B). At time delays of 1000 5, a small shoulder
appears in the electron-energy specira around
=0.5 eV, where the soft x-ray-only spectra are
peaked. As mentioned earlier, awtoionization of
one of the two resonances that contribute to the A2
line is LS-allowed, with an expected lifetime of the
order of 1 ps (28). It is probable that this shoulder
is due to LS-allowed autoionization preceding the
IR probe pulse. The lifetime of resonances whose
autolonization is LS-forbidden is expected to be on
the order of 1 ns, in competition with radiative
decay. This translates to an autoionization effi-
ciency of less than unity. The IR probe efficiently
ionizes the Feshbach resonance states, thus lead-
ing to a higher coincidence rate than in the soft
x-ray-only case, as confirmed in Fig. 4.

Given our findings, it is interesting to com-
pare autoionization in van der Waals dimers with
the same process in small covalently bound mol-
ecules. Both Ne; and O, can in principle auto-
ionize within the Franck-Condon window. The
reason is the same in both cases: It takes less
energy to form a dication with one positive charge
on one atom and a second positive charge on the
other atom than it takes to form a dicaton with
two positive charges localized on a single atom.
However, the real difference between the Ne
dimer and O, is the following: The inner-valence
potential energy curves of the neon dimer cation
are very flat; therefore, the Ne atoms do not sep-
arate until interatomic Coulombic decay has
taken place because dissociation of the inner-
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valence-ionized Ne dimer is slow in compari-
son to ICD. The flatness of the inner-valence
potential energy curves, which enables 1CD at
essentially all interatomic distances and prevents
ultrafast dissociation, is specific to van der Waals
systems. In real molecules such as O, electron-
correlation effects are stronger: The adiabatic po-
tential energy curves in the inner-valence regime
are not flat and have many avoided crossings
associated with steep dissociative curves. Real
molecules can rapidly dissociate and convert
electronic energy into kinetic encrgy of the dis-
sociating fragments.

Finally, without triple-coincidence COLTRIMS
expenments to locate the curvecrossing region
and moment of onset of the Feshbach autoioniz-
ing state, accurate modeling of these superexcited
states would not have been possible. Generally,
clectronic-structure methods, even for excited
states, have made substantial progress. However,
the inner-valence regime remains challenging
because of the large number of electronic states
involved and because of the considerable role
that electronic many-body effects play in this
highly excited energy regime.

We have uncovered the onset of an electronic
Feshbach resonance and the existence of nega-
tive binding-energy states in neutral atoms. We

show that it is possible to actively manipulate
superexcited states above the ionization potential
by interrupting autoionization with a strong femto-
second laser field. These findings should be ap-
plicable to autoionizing states in small molecules.
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Photosynthetic Control of Atmospheric
Carbonyl Sulfide During the

Growing Season

). E. Campbell,**t G. R. Carmichael,® T. Chai,” M. Mena-Carrasco,*” Y. Tang,* D. R. Blake,®
N. J. Blake,® 5. A. Vay,” G. ]. Collatz,® I. Baker,? ]. A. Berry,’® S. A. Montzka,™*

C. Sweeney,*? ]. L. Schnoor,? C. 0. Stanier®

Climate models incorporate photosynthesis-climate feedbacks, yet we lack robust tools for
large-scale assessments of these processes. Recent work suggests that carbonyl sulfide (COS), a
trace gas consumed by plants, could provide a valuable constraint on photosynthesis. Here we
analyze airborne observations of COS and carbon dioxide concentrations during the growing
season over North America with a three-dimensional atmospheric transport model. We successfully
modeled the persistent vertical drawdown of atmospheric CO5 using the quantitative relation
between COS and photosynthesis that has been measured in plant chamber experiments.
Furthermore, this drawdown is driven by plant uptake rather than other continental and oceanic
fluxes in the model. These results provide quantitative evidence that COS gradients in the
continental growing season may have broad use as a measurement-based photosynthesis tracer.

arameterizations of carbon-climate feed-

backs in climate models are based on climate

sensitivities for photosynthesis and respira-
tion that are highly uncertain (/-3). Measurement-
based estimates of photosynthesis or respiration
fluxes at large scales (>10* km®) are needed to
investigate these feedback mechanisms. Where-
as photosynthesis and respiration-flux estimates
have been made using eddy flux (4, 5) and
isotope techniques (6), robust tools for inves-
tigating these processes at large scales are cur-
rently lacking.

www,sciencemag.org SCIENCE

Recent work suggests potential for the use of
atmospheric carbonyl sulfide (COS) as a photo-
synthesis tracer, on the basis of similarities
observed between COS and CO, in a global air-
monitoring network (7). The similarities are
attributable to the simultancous uptake of COS
and CO; in photosynthetic gas exchange by
temrestrial plants (8). COS has also been studied
as a source of stratospheric acrosol (9, (), with
recent reports suggesting that COS is a major
source and that its contribution may be closely
linked to continental surface fluxes (17, 12).

VOL 322

Past models of COS plant uptake assume a
1:1 relation between relative uptake of COS and
net primary productivity (NPP) (/3-16). This
relation was challenged by plant chamber () and
atmospheric measurement studies (7), which
suggest a new model of uptake that is related
to photosynthesis [gross primary productivity
(GPP)] and yields four to six times the uptake of
the NPP-based models. COS uptake is related
to GPP because atmospheric COS and CO, dif-
fuse at similar rates into stomata, dissolve at sim-
ilar rates into intercellular plant water, and are
consumed by photosynthesis enzymes (/7, 18).
COS is taken up preferentially to CO, because
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photosynthesis enzymes transform one-third of
the dissolved CO- in leaf water but imeversibly
transform most of the dissolved COS (79, 20).
The remainder of the dissolved CO, diffuses back
to the atmosphere. The chamber studies suggest a

GPP-based uptake model
[COS]
F=GPP: —— . F, 1
iCo,] ! cosico: (1)

where F is COS plant uptake, GPP is the photo-
synthetic uptake of CO, by temestrial plants,
[COS)[CO,] is the ratio of ambient concen-
trations, and Veosco, is the leaf-scale relative up-
take measured during plant chamber expeniments.

This GPP-based model was found in recent
work to be qualitatively consistent with varia-
tions of global atmospheric measurements, sug-
gesting that the total atmospheric lifetime of COS
isonly 1.5 to 3 years (7, 2/). However, it remains
to be determined whether atmospheric COS mea-
surements are quantitatively consistent with GPP-
based plant uptake.

To provide a quantitative test of the relation
between GPP and atmospheric COS, we com-
pared atmospheric COS measurements from an
airbome experiment with two simulations from
a three-dimensional atmospheric transport model;
one simulation was driven by the GPP-based up-
take, and the second was driven by the NPP-based
uptake. The airbome experiment, the Inter-
continental Chemical Transport Experiment—
North America (INTEX-NA), included 1741
daytime measurements of COS over continental
North America between the surface and 12 km
in altitude during July and August 2004, The
experiment also included measurements of CO,
(22) and many other species (23). We compared
these INTEX-NA observations to the NOAA Earth
System Research Laboratory (NOAA/ESRL)
airborne observations made during July and August
of 2005, 2006, and 2007 (7). To interpret the
INTEX-NA observations, we simulated COS
and CO5 concentrations over North America for
the INTEX-NA period (24, 25). The COS simu-
lations were driven by plant uptake, soil sinks,
and ocean and anthropogenic sources (direct and
indirect). We calculated GPP-based plant uptake
(Eg. 1) by scaling regional GPP fluxes (26) by
leaf-scale relative uptake estimates. The NPP-
based uptake and other surface fluxes were taken
from a recent inventory of gridded surface fluxes
( 14). We simulated CO» concentrations using eco-
system, ocean, and anthropogenic surface fluxes.
See the supporting online material (SOM) for
details on observations and model simulations.

The persistent vertical drawdown (Fig. 1) and
variability (Fig. 2) in the boundary layer are well
represented by the GPP model, whereas the NPP
model performs poorly. Plant uptake was found
to be dominant over other sources and sinks in
the continental COS budget during the growing
season (Fig. 3), a necessary condition for the use
of COS as a photosynthesis tracer. These results
are discussed below.,
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The mean modeled and measured CO» con-
centrations along the INTEX-NA flight paths (Fig.
1A) show the expected net uptake of CO; and
boundary-layer mixing during the growing season
(27). The agreement between the observed and
modeled drawdown indicates that atmospheric

12
=8 Observation
10 +
== Modal
£ ¢
g 6
=
4 4
2 b
n .
365 aro a7s
CO; (ppm)

mixing is well represented in the model. Whereas
model underestimation in the 2- to 5-km altitude
range may suggest some deficiencies in the sim-
ulated mixing, there is only a 10% difference be-
tween the observed and modeled estimates of the
column-integrated drawdown (21).
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Fig. 1. Vertical profiles of COS and CO; along INTEX-NA flight paths. Mean concentrations for all
continental INTEX-NA data for CO, (A) and COS (B) (error bars indicate + 95% Cl, n = 70 average
observations in each bin). Model results were interpolated to time and location of each observation. ppm,

parts per miltion.
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The mean COS vertical profile (from the
1741 INTEX-NA samples) also shows consider-
able drawdown in the boundary layer (Fig. 1B).
The INTEX-NA concentration drawdown (dif-
ference between 6 to 8 km and 0 to 2 km in
altitude) of 59.9 + 8.9 parts per thousand (ppt)
[mean + 95% confidence interval (CI), n = 50
vertical profiles] for sampling in July and August
of 2004 is consistent with the NOAA/ESRL
drawdown of 55.9 + 19.0 ppt (mean £ 95% CI,
n = 12 airbome sites) for sampling in July and
August of 2005 through 2007. The NPP model
largely underestimates the observed drawdown
as expected (13, 16), whereas the GPP model has
good agreement with the observed drawdown.
As with CO», some deficiencies in the GPP model
are apparent in the 2- to 5-km altitude range.
However, there is only a 15% difference between

the observed and GPP model estimates of the
column-integrated drawdown (21). The column-
integrated drawdown for the observed data was
4.2 times the NPP model estimate (27). Sensitivity
analysis showed that the dawdown estimates are
robust with respect to boundary condition uncer-
tainty (21).

Maps of INTEX-NA boundary-layer COS
concentrations show considerable variability in
the boundary-layer observations (SD = 39 ppt),
and this variability is similar to that in the GPP
model (8D = 34 ppt) but much larger than that in
the NPP model (SD = 24 ppt) (Fig. 2). The GPP
model captures much of the observed variability
in the boundary-layer COS concentrations with a
comrelation coefficient of 0.71 (n = 440), This
GPP model performance is similar to the a priori
performance in CO; studies that use a model-

REPORTS I

observations analysis to infer surface-flux esti-
mates (28). The varability in the GPP model is
largely driven by the magnitude of the plant uptake
and caused by the mixing of background air with
boundary-layer air that is depleted of COS (21).
The combined evidence from the concentration
drawdown, column-integrated drawdown, boundary-
layer variation, CO; profiles, and NOAA/ESRL
data are consistent with the GPP-based model
rather than the NPP-based model. Next, we con-
sider the relative influence of'the different surface
fluxes on the COS airbome samples using trans-
port simulations driven by only one surface flux
at a time (Fig. 3A). Anthropogenic COS emis-
sions (direet and indirect) are concentrated in the
eastern United States but result in a boundary-
laver enhancement that is less than one-third of
the vegetative drawdown (21). The COS soil up-

Fig. 3. Tropospheric drawdown for A
nhsenrmlin and mndeledl concentra- - Total COS Model COS Components
tions along continental INTEX-NA T A ——
flight paths. Tropospheric drawdown 4 ek :
of COS (A) and CO; (B), for total (left
bracket) and modeled components __
(right bracket) as the difference be- & 50 +
tween mean 6-to 8kmand 0-to 24m =
altitude ASL concentrations for all con- g
tinental INTEX-NA data (emor bars 5
indicate £ 95% Cl, n = 50 vertial ¢ 25 |
profiles). Anth, anthropogenic; Photo, E
photosynthesis; Resp, ecosystem res- T - I
piration; BC, boundary condition. E 5
Positive drawdown is removal from & : &
the atmosphere, and negative draw- 0 T ' — ' ' ' ' ' ——
down is a source to the atmosphere.
Individual component drawdowns :
(right bracket) are based on multiple : I :
atmospheric transport model simula- 25 1
tions using only one flux at a time as ;
vt anid Tl beunda condiions. Observed g:gel hilngsl ng;r;: E:;:,t Anth Soil BC Ocean
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ments. ERU is the normal- "I ;_{? L
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relative to the normalized \ e o ~ L P
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and 6- to 8-km altitude _ 1| S XY E“;‘”‘_‘*“ﬁ‘b“ft*
. . — - | elative Uptake
bins. Samples were taken | e S~ 37 [NOAA INTEX
in July and August 2004 . T )] (R P w;" . ~-“-4i
for INTEX-NA (circles)and | ) Lot S
- N s 1 e = 3,
July and August of 2005 N\ !.,r-xiﬁ IS\ L e

through 2007 for NOAA/
ESRL (triangles). Repeated

vertical profiles at the same location are shown as a single average. (See SOM for details.)

take is <10% of the plant uptake, which is con-
sistent with available field observations (29).
Although ocean fluxes are a large source globally
(14), they have only a small influence on the ver-
tical profile for the continental growing season.
There may be large missing sources in the global
COS budget that could be important in relation to
plant uptake for some regions (&). However, the
good agreement of modeled and observed COS
during INTEX-NA suggests that these missing
sources are not located in North Amenca duning
the growing season. Whereas the COS drawdown
is dominated by plant uptake, the CO, drawdown
has offsetting influences of photosynthesis and
respiration components that are many times the
net CO, drawdown (Fig. 3B). These offsetting
components make it challenging to apply CO,
measurements to separately investigate photo-
synthesis and respiration, reinforcing the need
for a tracer such as COS.

This evidence that continental-scale varia-
tions of atmospheric COS over North Amernica
are driven by the COS/photosynthesis relation
suggests the potential use of COS as a carbon-
cycle tracer. One tracer application is to estimate
the ratio of GPP CO, fluxes relative to net eco-
system exchange (NEE) CO, fluxes using
relations between simultaneous observations of
COS and CO,. For vertical profile observations,
a useful relation is the ecosystem-scale relative
uptake (ERUY), which is the ratio of the relative
drawdown of COS to CO; (7, 21). When plant
uptake is the dominant flux, the ERU is propor-
tional to the ratio of GPP/NEE with a proportion-
ality constant that is the leaf-scale relative uptake.
The INTEX-NA and NOAA/ESRL observations
have a mean ERU of 5.7 £ 0.6 (mean £ SD, n =31
vertical profiles, July and August 2004) and 5.7 +
2.1 (mean £ SD, n = 10 airborne sites, July and
August of 2005 through 2007), respectively. For
a mean continental leaf-scale relative uptake of
2.2 (21), these ERU values imply a GPP/NEE ratio
of 2.6, which is similar to estimates of GPP/NEE
ofcrops during mid-growing season from eddy-flux
studies (3, 7, 30). Both INTEX-NA and NOAA/
ESRL observations show lower ERU values over

14 NOVEMBER 2008 WVOL 322 SCIENCE

the mid-contment where C4 com is extensive (Fig. 4).
This regional depression in ERU could reflect a
decrease in the ratio of GPP/NEE for C4 com
plants that has also been observed in eddy co-
variance studies of the North American growing
season (5). Altematively, lower leaf-scale relative
uptake values have been hypothesized for C4
plants (7, &) and we suggest that the leaf-scale
relative uptake and the ratio of GPP/NEE for C4
plants be explored more widely. Although the
ERU could also be influenced by a regional an-
thropogenic COS source, the anthropogenic source
relative to the plant uptake is rather weak in this
region (21).

Another tracer application is to estimate the
photosynthesis CO, flux with the use of an
inverse analysis (3/) of the COS model concentra-
tion error. Inverse analyses must consider multiple
sources of model error, including transport param-
eterizations, different surface fluxes, boundary
conditions, and representation error. For the COS
inversion, the two flux parameters, other than GPP
(Eq. 1), must be well constrained, and the COS
fluxes other than plant uptake must be well known
or relatively small, as may be the case for the
continental growing season. One flux parameter,
the concentration ratio parameter (Eq. 1), is well
constrained by observations and has an observed
vanability of <10% in the INTEX-NA boundary-
layer samples (n = 440). The other flux parameter,
leaf-scale relative uptake, may be more uncertain
because of the dependence on plant type and
growth conditions, but the success of the simple
leaf-scale uptake mapping used in this work is
promising (2/7). Knowledge of leaf-scale uptake
could be improved with additional plant chamber
and ambient studies in support of efforts to
recover GPP values.

The results presented here suggest global
COS plant uptake and vertical gradients that are
more than four times those predicted in previous
global models (/4-16). This finding implies a
large missing source in the global COS budget
(7, & and large uncertainty in how previous
global models have predicted the transfer of
COS to the stratosphere. Applications of the GPP

model at a global scale should help to resolve
uncertainties in COS budgets and could improve
our understanding of the relation between COS
surface fluxes and stratospheric aerosol. How-
ever, the most infriguing application may be to
recover GPP and ecosystem respiration infor-
mation by inverse analysis of atmospheric COS
measurements.

References and Notes
1. P M. Cox, R A Betts, C. D. Jones, 5. A, Spall,
I. ]. Totterdell, Nature 408, 184 (20000,
2. C. B. Field, D. B. Lobell, H. A. Peters, N. R. Chiariello,
Annu. Rev. Environ. Resour. 32, 1 (2007).
. P. Friedlingstein et al., . Clim. 19, 3337 (2006).
. P. Giais ef ol,, Noture 437, 529 (2005).
. E. Falge et al., Agric. For. Meteorol. 113, 53 (2002).
D. R. Bowling, P. P. Tans, R. K. Monson, Global Change
Biol. 7, 127 (2001).
S. A Montzka et al., J. Geophys. Res. 112, D09302 (2007).
L Sandowval-Soto ef ol., Biogeosciences 2, 125 (2005).
M. Chin, D. D. Davis, | Geophys. Res. 100, 8993 (1995).
P. ). Crutzen, Geophys. Res. Leff. 3, 73 (1976).
). Notholt ef al,, in SPARC Assessment of Stratospheric
Aerosol Properties (ASAP), L. Thomason, T. Peter,
Eds. (Warld Meteorological Organization World Climate
Research Programme, Toronto, 2006), pp. 29=T76.
12. ). Notholt et al., Science 300, 307 (2003).
13. N.]. Blake et al,, ]. Geophys. Res. 113, DO9590 (2008).
14. A ). Kettle, U. Kuhn, M. von Hobe, ]. Kesselmeier,
M. 0. Andreae, J. Geophys. Res. 107, 4658 (2002).
15. A. ). Kettle et al., Atmaos. Chem. Phys. 2, 343 (2002).
16. E. Kjelstrom, J Atmos. Chem. 29, 151 (1998).
17, G. Protoschill-Krebs, ). Kesselmeier, Bot Acto 105, 206
11992).
18. G. Protoschill-Krebs, C. Wilhelm, ]. Kesselmeier,
Atmos, Enwiron. 30, 3151 (1996).
19. G. D. Farquhar ef al., Nalure 363, 439 (1993),
20. R. ). Francey, P. P. Tans, Natwre 327, 495 (1987).
21. Materials and methods are available as supporting
material on Saence Online.
22. Y. H. Chai et al., ] Geophys Res. 113, D07301 (2008).
23. H. B. Singh, W. H. Brune, ). H. Crawford, D. ). Jacob,
P. B. Russell, . Geophys. Res. 111, D24501 (2006).
). E. Campbell et al., Tellus B 598, 199 (2007).
G. R. Carmichael et al., | Geophys Res. 108, 8823 (2003).
5. C. Olsen, ). T. Randerson, J. Geophys. Res. 109,
DO2300 (2004).
27, C. Gerbig ef al., | Geophys. Res. 108, 4757 (2003).
28. D. M. Matross ef al., Tellus B Chem. Phys. Meterol, 58,
344 (2006).
29. M. Steinbacher, H. G. Bingemer, U, Schmidt, Atmos
Environ. 38, 6043 (2004).
A. E. Suyker, 5. B. Verma, G. G. Burba, T. ). Arkebauer,
Agric. For. Meteorol. 131, 180 (2005).
C D. Rodgers, Inverse Methods for Atmosphenc Sounding:
Theory and Practice (World Scientific, Singapore, 2000),
p. 238,
32. We thank ]. Kettle for COS flux data and C. Tebaldi,
). Dungan, T. Campbell, and D. Campbell for critical
comments on the manuscripl, This research was supported
by a NASA Earth Systemn Science Graduate Fellowship,
Center for Global and Regional Emironmental Ressarch,
MOAA Office of Oceanic and Atmiospheric Research
contribution to the Morth American Carbon Program,
NASA INTEX, and NSF Information Technology Research
grants. NOAA observations of COS and CO; were made
passible by the assistance of P. Tans, C Sweeney, L Miller,
T. Corway, P. Lang, C. Siso, and B, Hall

Supporting Online Material
www.sCiencemag.orglogifcontentfull32 2/5 904/ 1085/DC1

=Bl

P S w®e N

24,
25
26,

3L

Materials and Methods
S0M Text

Figs. 51 to 55

Tables 51 to 53
References

31 July 2008; accepted 17 October 2008
10.1126/cience, 1164015

WWW.SCiencemag.org




A Female Homo erectus Pelvis

from Gona, Ethiopia

Scott W. Simpson,™? Jay Quade,® Naomi E. Levin,** Robert Butler,® Guillaume Dupont-Nivet,”

Melanie Everett,®*° Sileshi Semaw™%

Analyses of the KNM-WT 15000 Homo erectus juvenile male partial skeleton from Kenya
concluded that this species had a tall thin body shape due to specialized locomotor and climatic
adaptations. Moreover, it was concluded that H. erectus pelves were obstetrically restricted to
birthing a small-brained altricial neonate. Here we describe a nearly complete early Pleistocene
adult female H. erectus pelvis from the Busidima Formation of Gona, Afar, Ethiopia. This
obstetrically capacious pelvis demonstrates that pelvic shape in H. erectus was evolving in response
to increasing fetal brain size. This pelvis indicates that neither adaptations to tropical environments
nor endurance running were primary selective factors in determining pelvis morphology in

H. erectus during the early Pleistocene.

he modern human pelvis is uniquely mod-
I ified to accommodate both bipedal loco-

motion and the birthing of large-brained
offspring (/, 2). The carliest known fossil hom-
inid adult pelves are from small-bodied females
(such as the 3.2-million-year-old Australopithecus
afarensis specimen A.L. 288-lan/ao and the ~2.5-
to 2.8-million-year-old Aw. affricanus specimen
Sts14) that show anatomical adaptations to bi-
pedal locomotion yet lack obstetric specializations,
By the early Pleistocene, Homo erectus exhibited
an absolute and relative increase in brain size,
suggesting that the parturition of a large-brained
fetus may have imposed novel selection on its
pelvis. Few early Homo fossil pelvis fragments
exist (3), and it is the 1.53-million-year-old juvenile
male skeleton (KNM-WT 15000) from Kenya
that has been central in assessing H. erectus pelvic
morphology and body shape (4). The transverse-
ly narrow pelvis and torso reconstructed for this
individual were suggested to be adaptations that
enhanced locomotor effectiveness and thermoreg-
ulatory homeostasis in more open, semi-arid
tropical environments (4, 5). Estimates of female
birth canal dimensions based on this fossil have
been interpreted to suggest that H. erectus lacked
derived obstetric modifications in the pelvis and
that its small birth canal limited neonatal brain
size (3, 6) to a maximum of ~230 ml. This, in turn,
was argued to have resulted in the birth of de-

'Department of Anatomy, Case Western Reserve Univer-
sity School of Medicine, Cleveland, OH 441064930, USA.
2Laboratory of Physical Anthropology, Cleveland Museum of
Natural History, Cleveland, OH 44106, USA. *Department of
Geosciences/Desert Laboratory, University of Arizona, Tucson,
AZ 85721, USA. *Department of Geology and Geophysics,
University of Utah, Salt Lake City, UT 84112, USA. *Division of
Geological and Planetary Sciences, California Institute of
Technology, MC 100-23, Pasadena, CA 91125, USA. “Depart-
ment of Physics, University of Portland, Portland, OR 97203~
5798, USA. ,Fafullfy' of Geosciences, Utrecht University,
Budapestlaan 17, 3584 CD Utrecht, Netherlands. ®Department
of Geological Scences, Indiana University, Bloomington, IN
47407, USA. *The Stone Age Institute, 1392 West Dittemore
Road, Gosport, IN 47433, USA. *Center for Research into the
Anthropological Foundations of Technology (CRAFT), Indiana
University, Bloomington, IN 47405, USA.

*To whom correspondence should be addressed. E-mail:
ssemaw@indiana.edu

www,sciencemag.org SCIENCE

velopmentally immature offspring that experienced
rapid postnatal brain growth requiring a modem
human-like degree of maternal investment and
child-rearing behaviors (6).

Here we describe a nearly complete early
Pleistocene adult female H. erectus pelvis and
last lumbar vertebra (BSN49/P27a-d) from the
upper Busidima Formation (7, &), dated 1.8 to
<().16 million vears ago (Ma), in the Gona
Paleoanthropological Research Project study area
in the Afar Regional State, Ethiopia (Fig. 1). The
BSN49 site is stratigraphically located between
the Silbo Tuff (0.751 + 0.022 Ma) and the base of
the Clr polarity chron (1.778 Ma) (fig. S1). Con-

11°07'N

11°03'N

40°28°E
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sideration of the range of observed sediment
accumulation rates in the Busidima Formation
narrows the likely age of the fossil 0 0.9 10 1.4
Ma (). To date, H. erectus is the only hominid
known from the early Pleistocene deposits in the
Afar Depression. Early Acheulean artifacts are
common at the BSN49 stratigraphic level. Analy-
ses of carbon and oxygen stable isotopes from
pedogenic carbonates and herbivore enamel from
the BSN49 level indicate a semi-arid environ-
ment with a landscape dominated by (4 grasses
and grazing herbivores (8).

The pelvis (Fig. 2) includes the sacrum and
both os coxae with the first complete pubis from
the early Pleistocene. Most of its distortion was
produced by in situ fracture and carbonate cemen-
tation of the displaced fragments. The complete
pelvis was reconstructed from high-resolution
plaster casts. Despite minor residual asymmetry,
the major functionally relevant dimensions and
articular surfaces required little or no reconstruc-
tion and can be considered reliable for anatomical
interpretation and mensuration (§).

The adult BSN49/P27 pelvis is transversely
broad with laterally flaring ilia and anteniorly po-
sitioned acetabulocristal buttresses, long pubic
rami, and a wide sciatic notch, which are all
plesiomorphic characters shared with the austra-
lopithecines, other early (3) and middle (9, /1)
Pleistocene Homo, and Neandertals (1/). The
fossils attributable to H. erectus or early Homo
[including KNM-WT 15000, KNM-ER 1808,

40°32°E

Fig. 1. Location of site BSN49. See (8) for additional information on site stratigraphy and tuff

geochemistry.
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KNM-ER 3228, OH28, and UA-173/404+UA-
466 (3, 12)] span the carly Pleistocene in Africa
and exhibit laterally flaring ilia, wide (in terms of
modem males) greater sciatic notches, tall thin
pubic symphyseal faces, small auricular surfaces,
and anteriorly placed iliac pillars. Except for over-
all size, the BSN49/P27 specimen is anatomically
similar to these pelvis fossils (§). The BSN49/P27
pelvis shares with Home such diagnostic char-
acters (#) as an anteroposteriorly broadened birth
canal, a thickened acetabulocristal buttress (iliac
pillar), a sigmoid-shaped anterior inferior iliac
spine, a shelf formed by attachment of the re-
flected head of the rectus femoris muscle,
deepened fossa for the gluteus medius muscle,
an increased height of the posterior ilium with an
expanded retroauricular area, and angular eleva-
tion and anterior projection of the superior pubic
rami (/3). As in other Homo sacra, the BSN49/P27
alae are anteroposteriorly broad with marked
periauricular excavation and a robust and project-
ing sacral tuberosity indicating a well-developed
interosseous sacroiliac ligament complex: fea-
tures that readily distinguish Homo from the
australopithecines (&).

The BSN49/P27 acetabulae are small, with an
estimated femoral head diameter of 33 .4 to 36.8
mm (&)}—substantially smaller than the femoral
head of other early Pleistocene specimens [such
as KNM-WT 15000: 44.9 mm (/4)]. Regressions
estimating femur length and stature based on the
major load-beaning articular surfaces of the pelvis
(#) predict a stature for the BSN49/P27 individual
of 1.20 to 1.46 m, markedly shorter than the 1.85
m adult stature estimated for the male KNM-WT
15000 individual (4). Although H. erectis is wide-
ly characterized as apomorphically exhibiting an
increase in stature and reduction in stature
dimorphism, the data supporting this idea are
surprisingly meager. With the recent discovery of
H. erectus crania and posterania from smaller
individuals [such as KNM-OL 45500 (15), KNM-
ER 42700 (16), and Dmanisi (17, 18)), it is appar-
ent that body size range in H erectus has been
underestimated, and a size “Rubicon™ should not
be part of the species diagnosis (/6). The presence
of very wide greater sciatic notches (8) and sub-
pubic angle (table S5), everted ischia, rectangular
pubic bodies with a ventral arc, a subpubic con-
cavity, a large sacral angle (/¥). a nonprojecting
sacral promontory, a symmetrically oval pelvic in-
let, and a preauricular sulcus are all traits diagnostic
of a female pelvis. Thus, the BSN49/FP27 pelvis is
from a shont-statured H. erectus adult female.

The BSN49/P27 pelvis is obstetrically capa-
cious for such a short-statured individual, The
fossil’s inlet circumference is within modern fe-
male ranges (). The obstetrically important bispi-
nous (pelvic midplane) and bitubercular (pelvic
outlet) transverse breadths of BSN49/P27 are
greater than in most modern females (Fig. 3) (8).
Size-nommalized comparisons and multivariate
analyses of the pelvic inlet and midplane dem-
onstrate the obstetrically derived shape of the
BSN49/P27 birth canal (Fig. 3, C and D) (&).
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Humans are unusual among the hominoids in
having a near identity in size between the neo-
natal head and the birth canal dimensions that
places both mother and neonate at substantial risk
of a traumatic birth. When these anatomical rela-
tionships in humans were used to estimate neo-
natal head size in H. erecrus, it was seen that the
BSN49/P27 pelvis was capable of birthing an
offspring with estimated maximal brain volume
of up to 315 ml (§)—over 30% greater than pre-
viously predicted from the KNM-WT 15000
pelvis (), although this value is similar to
growth-based estimates (20)). Neonatal brain size
was approximately 30 to 50% (the mean ratio is
34 to 36%) of carly Pleistocene H. erectus adult
brain size [~600 to 1067 ml (mean= 880 ml, n =
18 crania)] (27), an intermediate value between
that of chimpanzees (~40%) and modem humans
(~28%) (20). This new estimate of H. erectus

neonatal brain size, in tandem with the revised
age at death (0.5 to 1.5 years) of the child’s
cranium from Peming (Mojokerto), Indonesia
(<1.81 Ma) (22), suggests that H. erectus had
a prenatal brain growth rate similar to that of
humans but a postnatal brain and somatic growth
rate intermediate between that of chimpanzees
and humans (23).

The enlarged neonatal brain in H. erectus
required a concomitant increase in the dimen-
sions of their bony birth canal. Two nonexclusive
means of enlarging birth canal size beyond the
primitive Australopithecus condition (/) are an
increase in female body size [larger females can
have isometrically larger pelves (24)] or devel-
opmentally mediated changes in pelvic shape
resulting in pelvic sexual dimomphism. Given this
individual’s short stature with a capacious birth
canal and characteristically female pelvic shape,

A SN -k B

Fig. 2. |llustrations of major elements of the BSN49/P27 pelvis and lumbar vertebra and reconstruction
of the pelvis. (A) Right os coxa with posterolateral view of the ilium and anterolateral view of an
ischiopubic fragment. (B) Anterior and posterior views of the sacrum. (C) Right lateral view of the lumbar
vertebra. (D) Posterolateral view of the left ilium and anterolateral view of the left ischiopubic fragment.
(E) Right lateral view. (F) Left lateral view. (G) Anterior view. (H) Posterior view. (I) Pelvic inlet. (]) Pelvic
outlet. The blue portions of the cast indicate areas that have been reconstructed or restored. Scale bar for

(A) to (D), 40 mmy; scale bar for (E) to ()), 200 mm.
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it is clear that the latter applies. This resulted in a
recognizably dimorphic pelvis by the early Pleis-
tocene, with females demonstrating the distinctive
obstetric anatomy required to deliver a large-
brained offspring. This denved anatomy indicates
that the fetal cephalic-matemal pelvic dispro-
portion, which directly affects reproductive suc-
cess, was a significant selective factor on female
pelvic morphology at that time.

This individual’s absolutely wide bi-iliac
breadth (288 mm) is greater than the mean width
of modern females and males from eight diverse
populations (8, 19, 235, 26), indicating that the
BSN49/P27 individual had a very broad trunk.
Its bi-iliac breadth is exceeded in the fossil record
only by the very large middle and late Pleistocene
pelves from Atapuerca, Spain (9), Jinniushan,
China (/(), and Kebara, Ismel (/1), which are
specimens that retain the primitive condition of
laterally flaring ilia. The only ancient pelvis that
does not exhibit marked lateral flare is the
reconstructed KNM-WT 15000 pelvis, a recon-
struction that has been questioned (3, 9).

Many anatomical changes in the human
pelvis have occumed since the middle Pleisto-

-
-

-
wn
A

-
=
i

ACETABULUM SI height (mm)
=

45 -
40 -
15 - . - .
25 10 35 4 45
SACRUM S1 Body :lnemnr“"5 (mm)
3.0
C
5 v
: VY
g 2.5 v w
< AV,
a VA YV
. %
~ 2.0
by
<
LA
1.5 - - -
15 20 25 10

INLET: MU/Acetabulum

cene, including a narrowing of the interacetabular
distance; an increase in the anteroposterior
breadth of the birth canal, with shorter, elevated
pubic rami; and a decrease in the degree of iliac
flaring, leading to a reduction of the bi-iliac
breadth (/3). Some authors have suggested that
these anatomical adaptations had their roots in
the early Pleistocene as a locomotor adaptation
by H. erectus to endurance running (5). The
BSN49/P27 pelvis does not exhibit any of these
anatomical modifications or others proposed to
be adaptive responses to this behavior, such as
tall stature, enlarged acetabulae, or a narrow
torso. Clearly, improving locomotor effective-
ness, as exhibited by a relative and absolute
increase in lower limb length, was a component
of the early Homo adaptive complex. However,
the earliest fossil evidence of the modern human
pelvis is documented about 100,000 years ago
from Skhul, Israel, indicating both the recency of
this morphology and the historical stability of the
plesiomorphic transversely broad pelvis.
Modem humans display a relation between
body shape and ambient temperature and humid-
ity, with individuals living in more temperate and

- 110

ps
<
<
<
2
BISPINOUS breadth (mm)

WS :?.

. y y " v (1]
1] LD 100 440 420 130 140
BITUBEROUS breadth (mm)
E
D - 1.0 2
-
\A v 2
[}
% ®| =
v 2.5 %
i <
=
-
o g
o
=
=
- 1.5

1.0 1.5 20 5 1.0
MIDPLANE: ML/Acetabulum

REPORTS

Arctic climates having absolutely and relatively
broader torsos, and peoples in tropical arid/semi-
arid areas possessing narrower trunks (27). The
BSN49/P27 pelvis represents a short-statured,
broad-hipped individual who would have had an
extreme bi-iliac breadth/stature ratio charactenistic
of more temperate-adapted modem humans and
not the tall narrow body form previously iden-
tified in H. erectus as an adaptation to tropical
semi-and environments (4, 8). Thus, although
early Homo lived in a diversity of environments,
because of their unique pelvic shape they did not
exhibit the same ecogeographic patterns of body
form as seen in modern humans (7).

The first H. erectus fossils were found over
100 years ago. Additional H. erectus remains
have since been recovered from numerous sites
spanning over a million years, thousands of
miles, and a wide diversity of ecological zones.
These fossils have documented a substantial
increase in endocranial capacity in H. erectus
over their Pliocene ancestors. Despite this rich
history, few complete fossil postcrania (/&) have
been recovered, and basic features of H. erectus
body shape remain poorly understood. The trans-
versely broad torso, clearly evident in this shon
individual, requires reappraisal of some current
models of locomotor and ecogeographic adapta-
tions in African carly Pleistocene H. erectus. Itis
now clear that the H. erectus pelvis retained
many elements of its australopithecine heritage,
although substantially modified by the demands
of birthing large-brained offSpring.
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Slide into Action: Dynamic Shuttling
of HIV Reverse Transcriptase on
Nucleic Acid Substrates

Shixin Liu,* Elio A. Abbondanzieri,* Jason W. Rausch,” Stuart F. ). Le Grice,* Xiaowei Zhuang™*3*

The reverse transcriptase (RT) of human immunodeficiency virus (HIV) catalyzes a series of reactions
to convert single-stranded viral RNA into double-stranded DNA for host cell integration. This process
requires a variety of enzymatic activities, including DNA polymerization, RNA cleavage, strand transfer,
and strand displacement synthesis. We used single-molecule fluorescence resonance energy transfer to
probe the interactions between RT and nucleic acid substrates in real time. RT was observed to slide
on nucleic acid duplexes, rapidly shuttling between opposite termini of the duplex. Upon reaching
the DNA 3’ terminus, RT can spontaneously flip into a polymerization orientation. Sliding kinetics
were regulated by cognate nucleotides and anti-HIV drugs, which stabilized and destabilized the
polymerization mode, respectively. These long-range translocation activities facilitate multiple

stages of the reverse transcription pathway, including normal DNA polymerization and

strand displacement synthesis.

etroviral reverse transcriptase (RT) is a
Rznulliﬁmcliﬂnai enzyme that catalyzes
onversion of the single-stranded viral
RNA genome into integration-competent double-
stranded DNA. RT possesses several distinet ac-
tivities, including DNA- and RNA-dependent
DNA synthesis, DNA-directed RNA cleavage,
strand transfer, and strand displacement synthe-
sis, all of which are required to complete the
reverse transcription cycle (fig. S1) (/, 2). The
enzyme first uses viral RNA as the template to
synthesize minus-strand DNA (3, 4), and the
resulting DNA/RNA hybrid is then cleaved by
the nbonuclease H (RNase H) activity of RT to
produce short RNA fragments hybridized to nas-
cent DNA (5, 6). Specific RNA fragments, known
as the polypurine tracts (PPTs), serve as primers
for synthesis of plus-strand DNA from the minus-
strand DNA template (7-9). Secondary structures
present in the viral RNA genome, as well as the
nontemplate strands hybridized to the DNA tem-
plate, require RT to perform strand displacement
synthesis during both minus- and plus-strand DNA
synthesis (10-16).
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As a major target for anti-HIV therapy, RT
has been the subject of extensive research. Crystal
structures, biochemical assays, and single-molecule
analyses have suggested different modes of in-
teraction between RT and nucleic acid substrates,
providing snapshots of the nucleoprotein com-
plexes that illuminate the functional mecha-
nism of RT [e.g., (/7-25)]. Nevertheless, how
the enzyme-substrate complex acquires specific
functional configurations and switches between
different functional modes remains unclear. For
example, how does RT efficiently locate the 3’ ter-
minus of nascent DNA on a long duplex substrate
to initiate DN A polymerization? This question
is particulardy important for a low-processivity
polymerase such as RT, which must frequently
locate the polymenization site after dissociation
(10, 26). Perhaps even more puzzling is how the
dissociated RT locates the polymerization site
during strand displacement synthesis, considering
that the primer terminus may itself be displaced
from the template by the competing nontem-
plate strand. Also, RT cleaves at many different
sites within a DNA/RNA hybrid, but how it ac-
cesses these sites remains incompletely under-
stood (27, 22). A dynamic visualization of RT
interacting with different substrates will help us
address these questions and gain a more complete
understanding of its function.

In this work, we used fluorescence resonance
energy transfer (FRET) (27, 28) to monitor in real
time the action of individual HIV-1 RT molecules

and their interactions with various nucleic acid
substrates. We specifically labeled RT with the
FRET donor dye Cy3 at either the RNase H
domain (H-labeled) or the fingers domain (F-
labeled) of its catalytically active p66 subunit
(fig. S2ZA) (2, 29, 30). A Glu* " =GIn*™ (E478Q)
mutation was introduced to eliminate RNase H
activity (371) and prevent degradation of the nu-
cleic acid substrates dunng experiments. Nucleic
acid substrates were labeled with the FRET ac-
ceptor dve CyS at various sites, specifically im-
mobilized on a quanz surface, and immersed in a
solution containing Cy3-labeled RT (fig. S2B) (2).
Fluorescence from individual RT-substrate com-
plexes was monitored with a total-intemal-reflection
fluorescence (TIRF) microscope by using an al-
temating laser excitation scheme (32). The observed
FRET value allowed the binding configuration of
the enzyme to be determined (fig. S2C) (2). Con-
trol experiments showed that neither dye labeling
nor surface immobilization notably affected the
enzyme activity (fig. S3) and that photophysical
properties of the FRET dyes did not change
appreciably when placed in proximity to the en-
zyme (fig. $4) (2).

To mimic substrates encountered by RT dur-
ing minus-strand synthesis, we constructed a se-
ries of hybrid structures of various lengths, each
consisting of a DNA primer and an RNA tem-
plate with Cy3 attached to one of two sites: (i)
near the 3’ end of the RNA template, which we
define as the back end of the hybrid (“back-
labeled,” Fig. 1, A to C), or (i) near the 5’ end of
the RNA template and 3’ end of the DNA primer,
which we define as the front end (“front-labeled,”
fig. 85, B and C) (2). On a 19-base pair (bp) hy-
brid, a length chosen to approximate its footprint
on nucleic acid duplexes (/7, 33), RT bound in
only one configuration: Binding of H-labeled RT
to the back-labeled substrate yielded uniformly
high FRET values {centered at (.95) (Fig. 1A),
indicating that RT bound with its RNase H
domain close to the back end of the hybrid.
Considering that the RNase H and polymerase
active sites are at opposite ends of the substrate
binding cleft of RT, this configuration places the
polymerase active site of the RT over the 3'
terminus of the DNA primer, consistent with the
polymenzation-competent binding mode observed
in crystal structures (17, 18).

In contrast, two distinct binding modes were
observed on longer DNA/RNA hybrids, H-labeled
RT bound to back-labeled 38-bp hybrid yielded
two FRET peaks centered at 0.95 and 0.39, re-
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spectively (Fig. 1B). The FRET value of 0.39 is
quantitatively consistent with RT binding in po-
lymerization competent mode, in which the poly-
merase active site is located over the primer
terminus at the front end of the hybrid, placing
the Cy3 dye ~19 bp away from the Cy5 label.
The high-FRET peak at 0.95 indicates an addi-
tional binding mode in which the RNase H do-
main is located near the back end of the hybrid,

near the back end of the hybrid) to the 5 end of
the RNA template (Le., near the front end) re-
sulted in a nearly identical equilibrium constant
(3.1:1), again suggesting a minimal effect of sur-
face immobilization. These two binding modes
at the front and back end of the hybrid were
further confirmed by two additional FRET label-
ing schemes in which F-labeled or H-labeled
RTwas added to the front-labeled substrate (fig.
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hybrid. Binding of H-labeled RT to the back-
labeled 56-bp hybrid produced two FRET peaks
centered at 0 and 0.95, also with a~3:1 partition
ratio (Fig. 1C).

Taken together, these results indicate that the
enzyme can stably bind either to the front end of
the hybrid poised for DNA extension or to the
back end, placing the RNase H domain close to
the 3' end of the RNA template. The front-end

which apparently cannot support polymerase ac-
tivity. The equilibrium constant between the front-
and back-end binding states was 3.3:1. Moving

85) (2). The two end-binding states also predict
further separation of the two FRET peaks as
the length of the hybridized region increases,

binding state of RT should also support RNase H
activity. The two binding modes were independent
of hybrid sequence and the namre of the hybrid

the biotin from the 5' end of the DNA primer (1.e.,  which was experimentally confirmed with a56-bp  tenmini, that is, whether they feature recessed
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transient 0.9 FRET state between the 0 and 0.3 FRET states,
suggesting that RT arrived at the front end in an orientation
that placed the RNase H domain close to the primer terminus.
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binding events. The histogram of the time delay, 7, is shown
in fig. 59. (C} Schematic depiction of the two primer terminus
search scenarios as suggested by traces in (A) and (B).
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DNA or RNA (fig. $6) (2). They were also in-
dependent of whether the RNase H-inactivating
E478Q mutation was introduced (fig. $5) (2). To
further test whether sliding was a general activity
of RT, we exchanged the RNA template in the
DNA/RNA hybrid for a DNA template to emulate
plus-strand DNA synthesis. RT was again ob-
served to slide between the termini of the duplex
DNA, although the transition rates between the
two ends were different from those observed on
the DNA/RNA hybrid (fig. S7) (2).

The FRET time traces of individual RT mol-
ecules showed repeated transitions between the
front- and back-end bound states within a single
binding event (Fig. 1D), suggesting shuttling be-
tween the two ends of the hybrid without disso-
ciation. The FRET transitions between the two
end states were not instantaneous but rather grad-
ual, with preferred intermediate states in the mid-
dle of the hybrid (Fig. 1D and fig. 88, A and B)
(2). Shuttling motion sped up as the temperature
was raised (fig. S8C) but did not require nucle-
otide hydrolysis, suggesting that the movement is
a thermally driven diffusion process. RT was pre-
viously observed to cleave RNA at multiple po-

Fig. 3. RNAstrand dis-
placement synthesis. (A)

sitions within a DNA/RNA hybrid (5, 2/, 22)ina
‘manner consistent with the end-binding states and
the sliding intermediates observed here, suggest-
ing that sliding may provide a mechanism for RT
to rapidly access these cleavage sites.

It is remarkable that a polymerase could fre-
quently slide away from the polymerization site.
To explore what structural rearrangements within
the enzyme may be required for this action, we
tested the effects of small molecule ligands on
sliding kinetics. Binding of a cognate nucleotide
is expected to cause the fingers and thumb domains
of RT to form a tighter grip around the primer ter-
minus (34) and stabilize the polymerization state.
To test the effect of nucleotide binding, we again
used H-labeled RT and back-labeled 38-bp DNA/
RNA hybrid but with 3"-dideoxyribonucleoside-
terminated DNA primer to prevent DNA synthe-
sis. Addition of2"-deoxyguanosine 5"-triphosphate
(dGTP), the next cognate nucleotide, significant-
ly stabilized the low FRET front-end bound state
(Fig. 1E), further supporting the notion that
the front-end bound state reflects RT binding
in the polymerization-competent mode. Kinet-
ically, addition of 1 mM dGTP slowed down

Substrate structural dy-
namics during stand dis-
placement synthesis. RT
and nucleotides were
added to Cy3/Cy5 dou-

the rate constant of front to back transitions
(Kront—tacy) Dy 12-fold without substantially af-
fecting the reverse rate constant Ky g (H2.
§7C) (2). In contrast, addition of mismatched
mucleotides [2"-deoxyadenosine 5'-triphosphate
(dATP), 2"-deoxycytidine 5"-triphosphate (dCTP),
and 2"-deoxythymidine 5"triphosphate (dTTP)]
did not significantly affect the transition kinetics
(Fig. 1E). Another small molecule ligand tested
was the nonnucleoside RT inhibitor (NNRTT),
one of the major classes of anti-HIV drugs that
inhibit DNA synthesis (30, 35). We measured
the sliding dynamics of RT in the presence of
nevirapine, a repr ive NNRTI. I ingly.
the effects of the drug were opposite to those of
the cognate deoxyribonucleotide triphosphate
(dNTP). Addition of nevirapine destabilized the
front-end bound state of the enzyme (Fig. 1E) by
increasing Kgon—back Without significantly alter-
Ing Aae—ome (fig. S8C) (2). Structurally, NNRTI
and cognate dNTP have opposite effects on the
conformation of RT near the polymerase active
site (34, 35): Whereas mucleotide binding tightens
the clamp of the fingers and thumb domains
around the substrate, binding of NNRTI loosens

bly labeled pO/T/NT sub-
strate to initiate synthesis.
Overlapping sequence
within the p and NT
strands are colored in
light gray and light or-
ange, respectively. The
corresponding FRET his-
tograms are shown in
the middle. Blue bars
represent the FRET dis-
tribution in the pres-
enceof RT butabsence ¢
of nucleotides. The or-
ange line indicates the
distribution in the pres-
ence of dCTP, ddGTP,
dATP, and dTTP; and
the red line indicates
the distribution in the
presence of dCTP, dGTP, D
dATP, and ddTTP, allow-
ing a two- and a four-
nucleotide extension,
respectively. A repre-

sentative FRET time trace for the latter case is shown at right. (B to D) Sliding
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of RT during RNA strand displacement synthesis. (B) H-labeled RT bound to

back-labeled pO/T/NT. The corresponding FRET histogram {middle, blue) and
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dynamic transitions between FRET states of 0.5 and 0.9. Overlaid in red lines are

representative time trace (right) show dynamic transitions between two FRET  the FRET distributions of RT bound to the corresponding pX/T duplex without the

states (0.74 and 0.9). Overlaid on the FRET histogram is the FRET distribution of
RT bound to the pO/T substrate lacking the NT strand (red line). (C and D) As
above except that pO/T/NT is replaced by p4/T/NT (C) or p10/T/NT (D) to mimic
the extended substrates encountered during RNA displacement synthesis. The
corresponding FRET histograms (middle, blue bars) and time traces (right) show

NT strand. Yellow shades in the right graphs mark individual RT binding events,
all of which started with FRET = 0.9, indicating initial binding to the back end of
the pX/T region. Time resolutions of the traces are 10 Hz in (A), (B), and (D) and
5 Hz in (C). All measurements were done in the presence of dNTPs, and the
primer 3" terminus was chain-terminated to prevent elongation.
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the clamp. Hence, our data suggest that relaxa-
tion of the fingers-thumb grip is likely required
for RT to escape the polymerization site. Our
observation that NNRTI promotes enzyme es-
cape from the polymerization site also suggests
an inhibitory mechanism for this class of drugs
and explains why the inhibitory effect of NNRTI
is stronger on long DNA synthesis than on short
DNA synthesis (36).

Next, we probed potential functional roles of
RT sliding on reverse transcription. Compared to
cellular DNA polymerases, RT exhibits poor pro-
cessivity, typically dissociating from the substrate
afier synthesizing only a few to a few hundred
nucleotides (10, 26), despite a ~10-kb-long HTV
genome (37). RT thus frequently encounters the
challenge of having to locate the nascent DNA
terminus to continue DNA synthesis. The ability
of RT to slide on duplexes suggests an interest-
ing mechanism of enzyme targeting by one-

0.0 0.2 04 06 08 1.0
FRET

pl6/tint
E 1.04
@ 054
0.0
20 i
Time(s)

—_— D

dimensional search, a mechanism that has been
proposed for target searching by transcription fac-
tors, RNA polymerase, and DNA repair enzyme
(38-42). To test this possibility, we added H-labeled
RT io:a ~550-bp front-labeled DNA duplex (Fig, 2).
Were RT to bind directly to the duplex front end,
we would expect a FRET value of 0.3 immed:-
ately upon binding, corresponding to the ~19-bp
distance expected between Cy3 and CyS5. Instead,
we found that the majority of the binding events
initiated with a FRET value of 0, reaching 0.3 only
after a finite time delay (Fig. 2A and fig. 59).
This observation indicates that the enzyme first
bound to the DNA ouiside the polymerization
site and subsequently moved to the primer termi-
nus where polymerization takes place (Fig. 2C).
Such a binding procedure will likely increase
the polymerization target searching efficiency
on long duplexes where the primer terminus con-
stitutes only a tiny fraction of the duplex sub-
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strate. However, if the enzyme can indeed bind
in the middle of a duplex, the lack of directional
cues may also lead to binding in the “wrong”
orientation, such that the RNase H domain is
poised closer than the polymerase domain to the
3" terminus of the primer (Fig. 2C). In this case,
even after sliding to the front end, RT would not
be properly positioned for DNA synthesis. This
type of binding was indeed observed frequently
(~48% of the time), as indicated by a high FRET
state with FRET ~0.9, after the initial 0 FRET
state (Fig. 2B). Remarkably, the high FRET state
converted rapidly into the 0.3 FRET state in situ
without dissociation (Fig. 2B), indicating that the
enzyme flipped into the polymerization-competent
orientation. The ability of RT to flip to the po-
Iymerization orientation once reaching the primer
terminus without dissociation may further increase
its target searching efficiency. Our data does not
exclude a possibility that the enzyme may also
flip in the middle of the duplex, although such
flipping events should not lead 1o a net increase
of target searching efficiency.

Hairpins and long duplexes present on the
template strand during DNA synthesis require the
polymerization machinery to perform strand dis-
placement synthesis. Polymerization site targeting
on these substrates may be even more challenging
because, after enzyme dissociation, these template
secondary structures could displace the nascent
primer terminus to occlude the polymerization
site. This is especially problematic in the case
of intrastrand RNA displacement during minus-
strand synthesis because duplex RNA is mare
stable thana DNA/RNA hybrid (43, 44). To probe
the structural dynamics of substrates encountered
during RNA strand displacement synthesis, we
designed a series of FRET-labeled triple-stranded
substrates, each consisting of an RNA template
(T) to which a complementary DNA primer (p)
and RNA nontemplate strand (NT) were simulta-
neously hybridized, with the Cy3 and Cy5 dyes
flanking the T/NT duplex region (Fig. 3A). We
quse the notation pA7T/NT to represent a substrate
whose primer has been extended by X nucleo-
tides. As expected, the FRET distributions for

100
Time (s)

swnag)

Fig. 4. DNA strand displacement synthess. (A} Structural dynamics of the pXit/nt substrates (X =0, 4, 10,
and 16) consisting of all DNA strands. The corresponding FRET histograms are shown in the middle and a
representative FRET time trace (Y= 16) i in the bottom. (B) As in (A) but in the presence of RT and dNTPs. The
primers were inated with a dideoxyril ide to prevent ion. (C) Single-molecule detection of
DNA displacement synthesis. RT and dNTPs were added to the pO/tint substrate to initiate DNA synthesis in situ.
FRET gradually increased as reaction progressed because of the unzipping of the nontemplate strand. Completion
of the reaction was marked by the abrupt loss of the fluorescence signal because of dissodiation of the donor
labeled nontemplate strand. Plateaus were observed in the donor/acceptor fluorescence traces (top) and the
FRET trace (blue trace in bottom left graph), indicating pausing events during synthesis. As a corollary, distinct
peaks were observed in the histogram (bottom right inset) constructed from the FRET trace smoothed by
9-point average {orange trace in bottom left graph). Time resolutions are 16 Hz in (A) and (8) and 10 Hz in (C).
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I with all X values displayed a peak at
0.3, identical to that observed for the nonextended
POT/NT substrate (fig. S10), indicating that the
T/NT duplex was fully annealed and that the ex-
tended DNA primers were not able to displace
the NT RNA.

‘We then added RT and dNTPs to the p0O/T/NT
substrate to monitor substrate dynamics during
displacement synthesis. In the absence of ANTP,
a single FRET peak centered at 0.3 was again
observed (Fig. 3A). After addition of ANTPs to
initiate primer extension and selected dideoxy-
tibonucleotide triphosphate (ddNTP) to termi-
nate synthesis at specific positions, FRET was
observed to increase because of unwinding of the
T/NT duplex. The presence of dCTP, ddGTP,
dATP, and dTTP supported a two-nucleotide ad-
dition, producing a higher FRET peak at 0.45 (Fig.
3A). This higher FRET peak further increased
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to 0.6 in the presence of dCTP, dGTP, dATP,
and ddTTF, which allowed a fournucleotide ex-
tension (Fig. 3A). The FRET distribution agreed
quantitatively with that observed for the pre-
assembled, chain-terminated p4/T/NT substrate
in the presence of RT and dNTPs (fig. S11) (2),
confirming successful primer extension. FRET
time traces of individual molecules showed re-
petitive transitions between the 0.6 and 0.3 FRET
states (Fig. 3A), suggesting frequent reannealing
of the T and NT strands.

One possible cause for T/NT reannealing is
sliding of RT to the back end of the p/T hybrid,
leaving its front end unbound. To test this exper-
imentally, we added Cy3-labeled RT and dNTPs
to Cy5-labeled pX'T/NT substrates, the primers
of which were chain-terminated to prevent ex-
tension (Fig. 3, B to D). Indeed, transitions be-
tween a high and a relatively low FRET state were
observed. The high FRET state (0.9) indicates
proximity of RT to the back end of the p/T hy-
brid. The lower FRET states (0.74 for p0/T/NT
and 0.5 for p4/T/NT) quantitatively agree with those
observed for the p0/T and p4/T hybrids lacking the
NT strand (Fig. 3, B and C), 1o which RT should
predominantly bind at the front end in the presence
of dNTPs. These results indicate that RT shuttles
between the polymerization site and the back end
of the substrate even during displacement synthesis.

In the absence of enzyme, a stable T/NT RNA
duplex was formed (fig. S10) and no spontaneous
annealing of the pX/T hybrid was observed in the
FRET time traces. The low processivity of RT
poses another question: How would the enzyme,
after dissociation, locate the polymerization site
(i.e., the front end of the primertemplate hybrid)
again if such a structure is rarely formed? The
answer can be found in the FRET traces: The vast
majority (~90%) of the binding events on the
pXT/NT substrates started at the back end with high
FRET, with RT subsequently sliding forward to
assume the front-end binding state with relatively
low FRET (Fig. 3C, right). These observations
suggest that sliding allows the enzyme to kinet-
ically access the disrupted polymenzation site and
assist primer-template annealing, thereby facili-
tating RNA strand displacement synthesis.

Interestingly, on a substrate with a longer prim-
er extension (plO/T/NT), FRET was also ob-
served to switch between the same 0.9 and 0.5
states as observed for the pd/T/NT substrate
(Fig. 3D). Had the primer/template hybrid fully
annealed, binding of RT to the front end of the
hybridized region would yield FRET values sig-
nificantly lower than 0.5, as observed for the
p10/T substrates lacking the NT strand (Fig. 3D).
Similar results were found for the pS/T/NT sub-
strate. These data indicate that RT was not able to
slide all the way to the front end of the primer
once the overlap between the p and NT strands
exceeded four nucleotides. Moreover, the en-
zyme predominantly remained at the back end of
the substrate. We thus expect the efficiency of
strand displacement synthesis to drop according-
ly. This was directly confirmed by an ensemble
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primer extension assay, which revealed that prim-
er extension primarily terminated after adding five
nucleotides through RNA strand displacement syn-
thesis (fig. S12A) (2). The exact termination sites
were sequence-dependent, consistent with previ-
ous observations (/6).

The energetic difference between the pXT and
T/NT duplexes observed during RNA strand dis-
placement synthesis does not exist in DNA strand
displacement synthesis because all strands involved
in the latter case are DNA. To examine substrate
dynamics during DNA strand displacement syn-
thesis, we doubly labeled all DNA primertemplate/
nontemplate substrates (defined as pUt'nt) with Cy3
and Cy5 (Fig. 4A). In contrast to the pA/T/NT
counterparts, the FRET distributions were sub-
stantially broader for nonzero primer extension
(X' =4, 10, and 16), and rapid FRET fluctua-
tions were observed in single-molecule traces
(Fig. 4A). These observations suggest frequent
exchanges between the primer and nontemplate
strands for base-pairing with the template. After
addition of RT and dNTPs to the substrates (chain-
terminated to prevent primer extension), the FRET
distribution predominantly assumed a high FRET
value that consistently increased with X (Fig. 4B),
suggesting that RT reached the front end of the p/t
duplex and unwound the vnt duplex. Even in the
case of DNA displacement synthesis, the primer
was rarely fully annealed to the template in the
absence of a bound RT. It is likely that RT is also
targeted to the polymerization site by first bind-
ing to the intact part of the primer/template du-
plex and subsequently sliding forward to unwind
the nontemplate strand and anneal the primer.
Because there is no substantial energy penalty
for exchanging DNA base pairs, RT was thus
able to access the primer terminus regardless of
the length of the primer extension (Fig. 4B),
consistent with RT"s ability to perform displace-
ment synthesis through long DNA duplexes (12).
When RT and dNTPs were added to the non-
terminated p0/t/nt substrate to support synthesis,
an increase in FRET was observed as the nt
strand was displaced (Fig. 4C). Once the FRET
donor-labeled nt strand was fully displaced, a
sudden drop in the total fluorescence signal re-
flected completion of the reaction (Fig. 4C). Rapid
and complete DNA strand displacement synthesis
was observed for nearly all molecules (fig. S12)
(2). Frequent pausing was also observed during
synthesis, indicated by plateaus in the single-
molecule FRET trace (Fig. 4C). The origin of
these kinetic pausing events and their relation to
the preferred synthesis termination sites (23, 45)
will be a subject of future investigation.

HIV-1 RT thus appears to be a highly dynam-
ic enzyme that can spontaneously slide over long
distances on DNA/RNA and DNA/DNA duplex
structures, which facilitates multiple phases of re-
verse transcription, including targeting RT to the
primer terminus for DNA polymerization, allow-
ing the enzyme to rapidly access multiple sites
within an RNA/DNA hybrid during viral RNA
degradation, as well as displacing the nontem-

plate strand and annealing the primer terminus
during displacement synthesis. The dynamic flex-
ibility further extends into onentational confor-
mations, allowing the enzyme to flip between
opposite binding orentations that support dif-
ferent activities (24, 25). Flipping and sliding
can be combined ina complex series of enzyme
movements to enhance its efficacy: RT mole-
cules originally bound in the opposite orienta-
tion were observed to spontaneously flip into
the polymerization orientation after sliding to
the primer terminus. It is remarkable that an en-
zyme could have such large-scale orientational
and translational dynamics. This type of dy-
namic flexibility may be a general design prin-
ciple for multifunctional enzymes like HIV RT,
helping them to rapidly access different bind-
ing configurations required to accomplish dif-
ferent functions.
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