
other dislocation reactions cannot be excluded
and may also be effective in strengthening.
In-depth investigations of the plastic deforma-
tion mechanism of the present sample with
nano-twins are needed.

The accumulation of dislocation in the
sample during plastic deformation is respon-
sible for the obvious work hardening in the
tensile stress-strain curve, which may also
lead to an increment of resistivity due to more
scattering dislocations. The electrical resis-
tivity measurements verified that the room-
temperature resistivity was increased by
about 11% after the tensile deformation.
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Removal of Meteoric Iron on
Polar Mesospheric Clouds

John M. C. Plane,1* Benjamin J. Murray,1 Xinzhao Chu,2

Chester S. Gardner2

Polar mesospheric clouds are thin layers of nanometer-sized ice particles that
occur at altitudes between 82 and 87 kilometers in the high-latitude summer
mesosphere. These clouds overlap in altitude with the layer of iron (Fe) atoms
that is produced by the ablation of meteoroids entering the atmosphere.
Simultaneous observations of the Fe layer and the clouds, made by lidar during
midsummer at the South Pole, demonstrate that essentially complete removal
of Fe atoms can occur inside the clouds. Laboratory experiments and atmo-
spheric modeling show that this phenomenon is explained by the efficient
uptake of Fe on the ice particle surface.

Polar mesospheric clouds (PMCs), also com-
monly known as noctilucent clouds, have
been intensively studied in recent years be-
cause of their potential to provide an early
indication of climate change in the upper
atmosphere (1), although this remains contro-
versial (2). PMCs consist of ice particles that
form through the microphysical processes of
nucleation, condensation, and sedimentation
(3). They occur when the temperature drops
below the water frost point, which is about
150 K in the upper mesosphere (4, 5). The
largest ice particles (radius �20 nm) sedi-
ment to the base of the cloud layer, where
they scatter light sufficiently strongly to be
observed by lidar (5, 6) or even with the
naked eye during twilight. The meteoric Fe
layer peaks at altitudes around 87 km and has

a half-width of about 7 km (7). Thus, if the
removal of iron species on the ice particles in
a PMC is rapid relative to the input of fresh
iron from meteoric ablation, the vertical
transport of Fe into the cloud via eddy diffu-
sion, and the lifetime of the cloud itself, then
a local depletion or “bite-out” in the Fe den-
sity profile should result.

The University of Illinois Fe Boltzmann
temperature lidar (8) was installed at the
Amundsen-Scott South Pole Station in 1999.
This instrument measures the Fe density be-
tween about 75 and 110 km. It consists of two
lidars operating at the wavelengths of two
closely spaced Fe resonance lines (372 and
374 nm). The lidars measure simultaneously
the relative populations of the lowest spin-
orbit multiplets of ground-state Fe (8). In the
presence of a PMC, the lidar return signals
consist of resonance backscatter from Fe at-
oms plus Mie backscatter (the elastic scatter-
ing of photons) from the cloud particles. Be-
cause the PMC backscatter signals are nearly
identical at 372 and 374 nm, whereas the Fe
signals are substantially different (the relative

population of the higher multiplet is 1.2% at
145 K), the PMC signal can be eliminated
from the 372-nm data by subtracting the 374-
nm return signal and scaling the difference.
The scaling factor was calculated from the
known temperature-dependent relationship of
the Fe backscatter signals at 372 and 374 nm
(8), assuming the temperature from a South
Pole climatology (9). Hence, the Fe density was
determined at the altitude of the cloud layer.

Figure 1 shows simultaneous measurements
of the atomic Fe and Mie backscatter on 19
January 2000. Note the bite-out in the Fe layer,
with essentially complete removal of Fe at the
peak of the PMC. These strong bite-outs occur
in the period between mid-December and the
first week in February, and only when the cloud
backscatter brightness exceeds 200 equivalent
Fe atoms cm�3 (about 10% of the observing
time, whereas weaker PMCs are visible for
67% of this period). Another striking feature of
the Fe layer in Fig. 1 is that the peak occurs
around 92 km, with a density of less than 3000
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Fig. 1. Simultaneous observations of the atomic
Fe density and PMC backscatter signal. The mea-
surements were made with the University of
Illinois Fe Boltzmann lidar, operating at 372 and
374 nm, respectively. The signals are averaged
between 03:00 and 06:00 UT on 19 January
2000. The PMC backscatter signal is expressed as
equivalent Fe atoms cm�3 for comparison with
the atomic Fe resonance fluorescence signal.
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cm�3. This situation contrasts with the Fe layer
during the last two weeks of February, when
only very weak cloud layers are occasionally
observed. The layer then peaks between 87 and
89 km, with densities around 2 � 104 cm�3.

To examine whether the Fe layer bite-outs
can be explained by the removal of Fe on ice
particles, we first performed laboratory ex-
periments to measure the uptake rate of Fe on
ice. A fast-flow tube technique (10) was used,
with Fe atoms generated by pulsed laser ab-
lation of an Fe target (11). The uptake coef-
ficient, �, which is the probability that Fe
atoms colliding with the ice surface are per-
manently removed from the gas phase, was
found to be essentially unity on cubic-
crystalline ice over the relevant temperature
range of 130 to 150 K. The other major iron
species in the upper mesosphere/lower ther-
mosphere are predicted to be Fe� and FeOH
(12). Because Fe� is charged and FeOH is
polar (11), they are likely to bind even more
strongly than Fe to ice. We therefore assume
in the atmospheric model described below
that � � 1 for all iron species.

The PMC illustrated in Fig. 1 has a peak
backscatter of 1050 equivalent Fe atoms cm�3.
Figure 2 shows the particle number density that
would be required to produce this backscatter,
over a range of spherical particle sizes from
mode radius r � 5 to 100 nm. We assume the
particle size to be normally distributed with a
standard deviation of �0.22r, in accord with a
recent cloud microphysics model (13). The Mie
scattering cross section, calculated for spherical
cubic water ice at 130 to 150 K (14), is then
averaged over this distribution. Figure 2 shows
that a small concentration (�10 cm�3) of large
particles is required to generate the observed
lidar backscatter, whereas more than 107 cm�3

would be required if r � 10 nm. However, such
a large number of particles would involve the
condensation of a huge quantity of H2O (mix-
ing ratio � 1000 ppm). The thick black line in
Fig. 2 shows the range of particle sizes that
involve a realistic H2O mixing ratio [�15 ppm
(15)] to produce the observed backscatter. For
the light-scattering layer in Fig. 1, the mode
radius at the backscatter peak must therefore be
at least 44 nm. Also plotted in Fig. 2 is the
corresponding Fe uptake rate. This is defined as

0.25�	v
A, where 	v
 is the root-mean-square
velocity of Fe atoms and A is the volumetric
surface area of the ice particles. Note that the
uptake rate decreases by an order of magnitude
when r increases from 44 to 100 nm. Therefore,
the range of particle sizes that can account for
both the observed Fe bite-out and the cloud
backscatter is quite constrained.

To model the observations, we used a
one-dimensional mesospheric model (16) ex-
tending from 65 to 110 km with a resolution
of 0.5 km. The model uses time-implicit in-
tegration (17) with a 10-min time step. It
contains a full treatment of the odd oxygen
and hydrogen chemistry in the mesosphere
(18) and a recent gas-phase iron chemistry
reaction scheme (12). The Fe ablation flux
was set to 1.1 � 104 atoms cm�2 s�1 [8% of
the iron contained in the estimated interplan-
etary dust flux at the South Pole of around
60 � 107g day�1 (19, 20)] by fitting the
model to the observed Fe layer in late Feb-
ruary, when PMCs were absent. The meteoric
ablation profile is calculated using the stan-
dard ablation equations (21), with a meteor-
oid size and velocity distribution from the
Long Duration Exposure Facility experiment
(19). The temperature profiles for January and
February are taken from a South Pole climatol-
ogy (9), and the vertical eddy diffusion coeffi-
cient is from a global circulation model (22).

Figure 3A shows the distributions of ice
particle size and number density used to
define the PMC in the model. These distribu-
tions were adapted from a recent cloud mi-
crophysics model (13), with two modifica-
tions. First, the mode radius was reduced by
10% at all altitudes so as to match the peak
Mie backscatter brightness to the lidar mea-
surement. Second, a vertical height shift was
applied to the particle number and size dis-
tributions. This takes account of the strong
upwelling over Antarctica during the austral
summer, which causes cloud layers to be
about 2 km higher than in the northern high
latitudes (5). The shift applied in the present
model was a constant 2.4 km up to 85.5 km,
and then decreased with a scale height of 3
km at higher altitudes.

Figure 3B shows that the predicted back-
scatter brightness profile agrees well with

that observed. Note that the H2O-ice mixing
ratio of the model PMC is 5.7 ppm, in sen-
sible accord with the observed H2O mixing
ratio in the upper mesosphere during summer
at high latitudes (15). The volumetric surface
area of the PMC is also plotted in Fig. 3B.
This shows that although A peaks around
86.5 km, there is still some ice surface area at
heights well above the altitude at which the
cloud is visible by lidar (e.g., at 90 km, A is
10% of the peak), because of the large density
of small particles (r � 15 nm).

Figure 3C shows the modeled Fe layer
at 90°S for two sets of conditions: January
with the PMC present as a static layer, and
late February in the absence of a cloud. The
corresponding lidar measurements are in-

Fig. 2. Particle number density and Fe
uptake rate as a function of particle
size for a constant PMC brightness.
The particle number density, required
to generate the peak PMC brightness
in Fig. 1, is plotted as a function of
particle mode radius (solid line). The
resulting dependence of the Fe uptake
rate on particle radius is also shown
(dashed line). The thick black line in-
dicates the range of particle sizes that
involve realistic H2O mixing ratios
(�15 ppm in the upper mesosphere).

Fig. 3. Modeling the uptake of Fe atoms on a
PMC. (A) Height distribution of the number
density (dashed line) and mode radius (solid
line) of ice particles in the PMC used to model
the Fe bite-out in Fig. 1. The particle distribu-
tions are adapted from a cloud microphysics
model (13), as described in the text. (B) The
resulting PMC brightness that would be seen by
the lidar at 374 nm, compared with observed
brightness. The volumetric surface area of the
particle distribution in (A) is also shown. (C) A
comparison of the modeled (black lines) and
observed (gray lines) Fe density profiles at 90°S
during January with the PMC in (A), and also in
late February with no PMC.
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cluded for comparison. The model repro-
duces well the Fe density and lower peak
height of the Fe layer during February,
establishing that the rates of meteoric abla-
tion and downward transport of Fe species
in the model are of the correct magnitude.
In addition, the model predicts very satis-
factorily the marked bite-out, high peak
height, and overall depletion of the layer in
the presence of the PMC in January.

When the PMC is turned on in the model,
the Fe is depleted most rapidly at the peak of
the layer (86.5 km), taking only 2 hours for the
Fe to be depleted by a factor e (2.72). Note that
this justifies treating the PMC as a static layer in
the model, and implies that Fe bite-out should
appear whenever a substantial cloud layer
forms. Indeed, in the present data set a bite-out
is always present when the particle backscatter
signal is greater than 200 equivalent Fe atoms
cm�3. In contrast, at 91 km the rate of Fe
uptake is considerably slower, requiring 31
hours for the Fe to be depleted by a factor e.
This is much longer than the 2- to 10-hour
periods for which strong PMCs are typically
observed. Furthermore, between mid-
December and early February the Fe layer is
always substantially depleted and peaks above
90 km, irrespective of whether an observable
cloud is present. We believe this is strong
evidence for a persistent population of small
(r � 15 nm) ice particles above 86 km over the
South Pole during summer, as has been pro-
posed in the high-latitude Arctic (13).

We conclude that there is compelling evi-
dence for uptake on ice particles causing the
persistent summertime depletion of the meteor-
ic Fe layer at South Pole, and that the bite-outs
inside strong PMCs provide a rare example of
heterogeneous removal directly observed in the
atmosphere. A final point to consider is the fate
of the adsorbed iron: Once the cloud sediments
or drifts horizontally into a warmer region, the
ice particles will sublimate and probably leave
behind a concentrated layer of residual iron
oxyhydroxide particles.
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A Functional Protein Chip for
Pathway Optimization and in
Vitro Metabolic Engineering

Gyoo Yeol Jung and Gregory Stephanopoulos*

Pathway optimization is difficult to achieve owing to complex, nonlinear,
and largely unknown interactions of enzymes, regulators, and metabolites.
We report a pathway reconstruction using RNA display–derived messenger
RNA–enzyme fusion molecules. These chimeras are immobilized by hybrid-
ization of their messenger RNA end with homologous capture DNA spotted
on a substrate surface. Enzymes thus immobilized retain activity propor-
tional to the amount of capture DNA, allowing modulation of the relative
activity of pathway enzymes. Entire pathways can thus be reconstructed and
optimized in vitro from genomic information. We provide concept validation
with the sequential reactions catalyzed by luciferase and nucleoside diphos-
phate kinase and further illustrate this method with the optimization of the
five-step pathway for trehalose synthesis.

The properties of metabolic pathways
uniquely depend on the relative activities of
all the enzymes that they comprise. As such,
metabolic pathways can be optimized by
modulating the relative expression of the cor-
responding genes. Pathway optimization
through the introduction of genetic controls is
indeed a central tenet of metabolic engineer-
ing (1). However, despite recent advances in
pathway optimization and metabolic engi-
neering (2–9), this remains a demanding task
owing to the complexity of metabolic path-
ways. Methods such as single-gene overex-
pression or overexpression of all pathway
genes are optimal strategies only in special
cases. Mathematical methods can aid in path-
way optimization provided that satisfactory
kinetic models are available. However, their
use has been limited owing to the lack of
reliable in vivo kinetic models. Hence, path-
way optimization must rely on combinatorial
experimental methods, whereby the relative
amounts (or activities) of the pathway en-
zymes are altered and the effect on the path-

way performance is measured. However, this
is difficult to achieve because in general, all
pathway enzymes are not available in pure
and active form.

mRNA-protein fusions, originally de-
veloped for use in RNA display (10), are
molecules linking covalently an expressed
mRNA and its translated protein product.
These fusion molecules (fig. S1A) com-
prise two distinct parts. The mRNA part
carries genetic information that can be used
as a specific tag to capture the fusion mol-
ecule by a homologous capture DNA, and
the protein carries potential functionality. If
the capture DNA is immobilized on a solid
support, it could be used as an anchor for
separating the entire chimeric molecule
from a mixture of similar molecules and
attaching it on the support (fig. S1B).

Weng et al. (11) demonstrated that
mRNA-protein fusion molecules could be
hybridized on a DNA microarray to build a
protein microarray. Using three different
types of proteins and their tagged antibod-
ies, they showed that mRNA-protein fusion
molecules could specifically bind to their
corresponding capture DNA. We used this
platform for catalytically active proteins in
order to reconstruct metabolic pathways
whose enzymes were not readily available.
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