kinetics, we should increase considerably the
current density. Nevertheless, this was not
possible at 570°C because of the ohmic re-
sistance of the SCY. We could obtain higher
H* fluxes by increasing the temperature, but
this would also increase the rate of NH,
decomposition. Further work is needed to
determine the optimum operating tempera-
ture, so to propose a mechanism at this stage
would be primarily speculation.

This process offers an alternative route
that permits operation at desired pressures
and temperatures without the thermody-
namic restrictions imposed on conventional
catalytic reactors. The above experimental
observations show that H, is quantitatively
converted into NH, regardless of the ther-
modynamic restrictions for limited conver-

REPORTS

sion. This result does not mean that the
present data violate thermodynamics in any
aspect. Simply, the final state of high con-
version to NH; is achieved by the con-
sumption of electrical work by the system.
This situation is similar to the case of H,O
dissociation into H, and O,: if this reaction
is carried out at 25°C and atmospheric pres-
sure, the thermodynamically calculated mole
fractions of H, and O, at equilibrium are on
the order of 10727, Nevertheless, water is
quantitatively dissociated if electrical work is
offered (electrolysis).
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Defective in the Plastid General
Protein Import Apparatus

Paul Jarvis, Lih-Jen Chen, Hsou-min Li, Charles A. Peto,
Christian Fankhauser, Joanne Chory*

Elaborate mechanisms have evolved for the translocation of nucleus-encoded
proteins across the plastid envelope membrane. Although putative components
of the import apparatus have been identified biochemically, their role in import
remains to be proven in vivo. An Arabidopsis mutant lacking a new component
of the import machinery [translocon at the outer envelope membrane of
chloroplasts (Toc33), a 33-kilodalton protein] has been isolated. The functional
similarity of Toc33 to another translocon component (Toc34) implies that
multiple different translocon complexes are present in plastids. Processes that
are mediated by Toc33 operate during the early stages of plastid and leaf
development. The data demonstrate the in vivo role of a translocon component

in plastid protein import.

The routing of newly synthesized proteins to
appropriate subcellular compartments is a
fundamental process that is common to all
organisms. In plants, chloroplasts (the photo-
synthetic plastids of green tissues) are the
major target of such protein trafficking be-
cause they account for >50% of the total
soluble protein in leaves and because >80%
of the proteins required for their formation
are encoded in the nucleus (/). The translo-
cation of proteins across the envelope mem-
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brane is especially important early on in chlo-
roplast and leaf development, when the pho-
tosynthetic apparatus is being assembled for
the establishment of photoautotrophic growth
(1). The capacity of plastids to import pro-
teins is regulated developmentally and is
maximal during these early stages of organ
expansion (2).

Genetic screens for loci affecting the ex-
pression of nucleus-encoded photosynthetic
proteins have identified several mutants with
defects in plastid biogenesis (3, 4). Here, we
describe a new mutant, initially referred to by
the number 127-4, which belongs in this cat-
egory. The 127-4 mutant was identified as
having a recessive, pale phenotype in a pop-
ulation of transferred DNA (T-DNA)-mu-
tagenized plants. Although the mutant ap-
peared uniformly pale during the first 2
weeks of its life cycle (Fig. 1, A and B), the
oldest leaves of mature plants frequently had
an appearance closer to that of the wild type
(Fig. 1C) ().
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The gene disrupted by the T-DNA inser-'
tion (Fig. 2A) encodes a 33-kD protein that is
very similar to Toc34 from Arabidopsis (61%
amino acid identity) and pea plants (59%
amino acid identity) (Fig. 2B); Arabidopsis
Toc34 and pea Toc34 share 64% amino acid
identity (6—8). Toc34 is a guanosine triphos-
phate (GTP)-binding protein of the plastid
outer envelope membrane. Toc34, Toc75,
and Toc86 are components of the outer en-
velope segment of the general import appa-
ratus through which the majority of proteins
destined for the plastid are believed to pass
(9). The involvement of Toc34 in protein
import is inferred from its interaction with
preproteins during import and from its asso-
ciation with Toc75 and Toc86 (0). However,
its precise role in the import process is not
known. The 127-4 mutant was named ppil
(for plastid protein import), but we will refer
to the protein encoded by the PPI! gene as
Toc33, in accordance with biochemical no-
menclature (/7). The size (an estimated 13
kb) and location (in intron 2) of the T-DNA
insertion, combined with our failure to detect
any mRNA in mutant plants (/2), indicated
that the ppi/ mutation was most likely null.

Given their strong sequence similarity, we
tested the hypothesis that Toc33 and Toc34
might correspond to functionally equivalent
translocon components. In vitro transcribed and
translated Toc33 protein was found to insert
itself into the outer envelope membrane of iso-
lated pea chloroplasts in a similar manner to
Arabidopsis Toc34 (12, 13), which suggests
that the two proteins are similarly localized in
vivo. We subsequently overexpressed Toc33
and Toc34 cDNA clones in ppil plants and
found that either protein could complement the
chlorophyll deficiency of ppil, which confirms
the functional similarity of the two proteins
(Fig. 2C) (14, 15). The existence of two func-
tionally similar Toc proteins suggests that at
least two distinct translocon complexes exist in
Arabidopsis. This observation is of particular
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interest because biochemical studies of pea
chloroplasts have revealed the presence of only
one Toc complex (9).

Fig. 1. The visible phenotype of the 127-4 (ppi1)
mutant. Plants were grown under long-day con-
ditions (16 hours of light and 8 hours of dark) for
(A) 5 days, (B) 13 days, and (C) 25 days (5).
Wild-type plants are shown on the left, and ppi7
plants are shown on the right. Scale bars, 2 mm.

Fig. 2. Identity of the A
127-4 (PPI1) gene. (A) LB
Schematic representa-
tion of the gene dis-
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Analyses of plastids from pea and wheat
plants have demonstrated that protein import
capabilities can vary substantially through de-
velopment (2). The abundance of Toc75
mRNA was shown in pea plants to be greater in
young tissues than in mature leaves (2). To
assess the role of Toc33 in the regulation of
plastid import in Arabidopsis, we examined the
expression patterns of Toc33 and Toc34 and
characterized the ppil phenotype with respect
to chlorophyll accumulation, plastid ultrastruc-
ture, and plastid protein import. Steady-state
levels of Toc33 and Toc34 mRNAs were ex-
amined over the course of the Arabidopsis life
cycle (Fig. 3A). Toc33 was expressed at high
levels in very young plants, but its expression
declined rapidly as the age of the plant in-
creased. Although the expression of Toc34 ap-
peared to follow a similar trend, Toc34 mRNA
remained at a relatively low level throughout
development. The expression of both genes was
about three times higher in the young, expand-
ing tissues of 25-day-old plants than in the
mature, fully expanded leaves of the same
plants; this suggests that the expression of
Toc33 in very young plants (Fig. 3A) is elevat-
ed because these plants have more young, ex-
panding tissues.

Mutant plants contained reduced levels of
chlorophyll at all developmental stages (Fig.
3B) (15). However, they were extremely pale
at the earliest measured time (day 2), and
except for a period between days 5 and 10,
chlorophyll levels improved steadily through-
out development (Fig. 3C). The first obser-
vation indicates that Toc33 functions very

B

Toc33
atToc34

Stop Poly(A)
4 psToc34

1 MAAL

early in development (before day 2) in the
expanding cotyledons. The second observa-
tion suggests that Toc33 has a role during the
emergence of the primary leaves (between
days 5 and 10) and not during other periods;
it is likely that the effect of ppil/ on chloro-
phyll accumulation during the emergence of
later leaves is masked in this assay by the
presence of older leaves. Together, these data
imply an involvement of Toc33 in chloroplast
development that occurs concomitantly with
the expansion of newly formed tissues.

The ultrastructure of mutant plastids from
different stages of development was examined
[electron microscopy was carried out according
to described procedures (3)]. The most pro-
nounced defect of etioplasts was the markedly
reduced size of the prolamellar body (an esti-
mated 50% reduction in cross-sectional area)
(Fig. 4, A and B). The nucleus-encoded proto-
chlorophyllide oxidoreductase (POR) enzyme
is the primary proteinaceous component of the
prolamellar body (/6). The mutant chloroplasts
were smaller than those in the wild type and
contained fewer thylakoid membranes with
smaller granal stacks. Chloroplast defects ap-
peared far more pronounced in 5-day-old plants
(Fig. 4, C and D) than in 4-week-old plants
(Fig. 4, E and F), and thus, the defects parallel
the visible phenotype of the mutant (Fig. 1, A
and C). These data again indicate that Toc33
functions during the early stages of plastid de-
velopment. At no stage do ppil plastids appear
aberrant to a degree that is indicative of a
complete block in their development; this ob-
servation can be accounted for by the observed
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basal expression of Toc34 (Fig. 3A).

To determine the precise nature of the
defect in ppil plants, we assayed the import
of several proteins into mutant chloroplasts
isolated from plants grown for either 10 or 28
days (13). Chloroplasts isolated from 28-day-
old plants were largely derived from mature,
fully expanded leaves, whereas a substantial
proportion of chloroplasts isolated from 10-
day-old plants were derived from newly ex-
panding primary leaves. We found that
eight tested proteins (RBCS, PORA,
PORB, CAB, OEP14, Toc33, Toc34, and
Toc75) were imported into the plastids of
mature ppil plants with wild-type efficien-
cies (/2). However, the translocation efficien-
cies of all four tested proteins (RBCS, PORA,
PORB, and CAB) into the plastids of 10-day-
old mutant plants were reduced (Fig. 5A); the
amounts of each protein imported into mutant
plastids, which were expressed as percentages
of the protein amounts imported into wild-type
plastids, were 59% (RBCS), 68% (PORA),
61% (PORB), and 75% (CAB). To corroborate
the findings of these studies in organelles, we
conducted immunoblot experiments that were
designed to assess plastid protein import defects
in vivo. Five-day-old etiolated mutant plants
contained reduced levels of the mature POR
form (POR; 36 kD) and a pronounced accumu-
lation of nonprocessed POR preprotein (pPOR;
44 kD) (Fig. 5B). The accumulated pPOR was
stable for at least 48 hours after the transfer of
etiolated plants to continuous light, which im-
plied that the pPOR had not been imported
because a chloroplast-specific protease de-
grades both POR and pPOR (12, 17).

Fig. 3. Developmental

REPORTS

The data suggest that the changing im-
port capabilities of maturing plastids result
from variations in the number of translocon
complexes, which are brought about in turn
through changes in translocon gene expres-

Fig. 4. Ultrastructure of
ppil plastids at differ-
ent stages of develop-
ment.  Representative
plastids from (A) 5-
day-old etiolated wild-
type cotyledons; (B) 5-
day-old etiolated ppi7
cotyledons; (C) 5-day-
old light-grown wild-
type cotyledons; (D)

5-day-old light-grown
ppil cotyledons; (E) 4-
week-old  light-grown

wild-type leaves; and (F)
4-week-old light-grown
ppil leaves [electron
microscopy was carried
out according to de-
scribed procedures (3)].
(A) and (B) are at higher
magnification than (C)
through (F). Scale bars,
1 pum.

time-course analyses
of gene expression
and chlorophyll accu-
mulation. (A) North-
ern (RNA) blot ana-
lyses of Toc33 and
Toc34 expression at
different stages in the
development of wild-
type Arabidopsis. RNA
was extracted from
whole plants or from
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day). Probes of similar specific activities were prepared with full-length cDNA clones of
each gene; no cross-hybridization between Toc33 and Toc34 was observed. Quantitation
was performed with a Phosphorimager (Molecular Dynamics, Sunnyvale, CA) and was

normalized for 18S ribosomal RNA. (B) and (C) show chlorophyll accumulation in wild-
type and ppil plants throughout development. (B) Total chlorophyll per plant was
determined for each genotype at different stages of development (75). Error bars indicate
1 SE. (C) Alternative presentation of the data in (B); ppi7 data are expressed as a
percentage of the wild-type data. All plants were grown in continuous white light.
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sion. Given the functional similarity be-
tween Toc33 and Toc34, the reason for the
presence of both proteins is unclear. One
possibility is that two separate genes,
whose transcription can be regulated inde-
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Fig. 5. Analyses of
plastid protein import
in the ppi7 mutant.
(A) in-organelle analy-
sis of protein import
into wild-type and
mutant plastids isolat-
ed from 10-day-old
plants. The import of
four different protein
precursors was inves-
tigated: RBCS, PORA,

RBCS
WT ppi1

PORA
WT ppit

- A

- e 9

-— - A
- 9
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PORB CAB POR
WT ppi1 WT ppit WT ppit
-

L Lo

e

- s g

A
®

PORB, and CAB. Chloroplasts were repurified after the import reactions, and equal numbers of
chloroplasts were loaded in each lane (73). (B} In vivo immunoblot analysis of POR protein in
5-day-old etiolated wild-type and mutant plants. Precursor proteins are indicated with open
triangles; mature proteins are indicated with solid circles.

pendently, provide the simplest means of
achieving the necessary pattern of expres-
sion. The fact that the translocation effi-
ciencies of some preproteins vary between
different plastid types suggests that the im-
port machinery possesses a certain degree
of specificity (/8). Although our transgenic
data indicate functional similarity between
the two proteins (Fig. 2C), it is possible
that, under normal conditions, subtle func-
tional differences exist.
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Hepatitis C Viral Dynamics in
Vivo and the Antiviral Efficacy
of Interferon-a Therapy

Avidan U. Neumann,*} Nancy P. Lam,*} Harel Dahari,
David R. Gretch, Thelma E. Wiley, Thomas }. Layden,
Alan S. Perelson

To better understand the dynamics of hepatitis C virus and the antiviral effect
of interferon-a-2b (IFN), viral decline in 23 patients during therapy was ana-
lyzed with a mathematical model. The analysis indicates that the major initial
effect of IFN is to block virion production or release, with blocking efficacies
of 81, 95, and 96% for daily doses of 5, 10, and 15 million international units,
respectively. The estimated virion half-life (t, ) was, on average, 2.7 hours, with
pretreatment production and clearance of 102 virions per day. The estimated
infected cell death rate exhibited large interpatient variation (corresponding
t,,» = 1.7 to 70 days), was inversely correlated with baseline viral load, and was
positively correlated with alanine aminotransferase levels. Fast death rates
were predictive of virus being undetectable by polymerase chain reaction at 3
months. These findings show that infection with hepatitis C virus is highly
dynamic and that early monitoring of viral load can help guide therapy.

Chronic infection with hepatitis C virus (HCV)
is alarmingly prevalent (2 to 15%) throughout
the world; 20 to 30% of infected people may
develop cirrhosis and 1 to 3% may develop
liver cancer (/). Unfortunately, the current
treatment with interferon (IFN) is successful in
only 11 to 30% of cases (/), and the mechanism
of action is not well understood (2). In other
viral infections, such as human immunodefi-
ciency virus (HIV) (3) and hepatitis B virus

(HBV) (4), analysis of viral dynamics during
antiviral therapy has been helpful in under-
standing pathogenesis and in guiding therapy.
The kinetics of HCV during IFN therapy has
been described recently (5—7), but the underly-
ing viral dynamics and the effect of IFN are not
yet well understood.

In a preliminary study (6), we observed a
dose-dependent acute HCV RNA decline in
serum over a 1-day period after a single injec-
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