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Fig. 3. Relative changes AB,, in- 20— : : 50 ,

duced by exposure to an addi- A a0l B A=
tional, statically polarized pump = 15} 1 e /
beam, P, as a function of (A) ~E: 10k | E 30r % -
P,’s detuning at an exposure of 2 5 ool /’ i
03 sand (B) P,’s exposure ata < s5f 14 §

detuning of +600.0 kHz. B, | LY j’ -
was saturated for 30 min under P 0 590 600 610 0] Y I |
illumination before data collec- detuning (kHz) 102 10 100 10!
tionat7 = 5Kand B = 5.297 Exposure (sec)

T. The dotted fit in (B) is de- 100 7T 7T T 1T 60 [y T
scribed in the text. Error bars 80% C | LD o8
indicate 90% confidence inter- __ — e

vals. (C) A comparison of opti- ' 60} 4 g 4or @ 7
E:ally induced)local fields near B, % % = F PLe -
open circles) and resonant de- @ 40~ P B e} e
polarization shifts at B, (solid b ZOL é figdla i b 2000 o ?igdﬁ‘
circles) for 1.6 K < 7 < 40 K. The ® tot r o ot
former were taken from Fig. 1E 0 > olgu®® .

and scaled by 1/3, and the latter 0 10 20 30 40 1 10
were measured by sweeping B T(K) Ep (wJ-cm2)

through B,, as in Fig. 2, (A) and

(B), with dB/dt = 0.001 T min~". (D) Same data taken at T = 5 K for various £,. All data were
taken with £, = 1.51 eV and £, = 13 pJ cm 2 In (C) and (D) a single pump laser was used, and

in (A) and (B\S P,’s energy was 7 pJ cm~2,

obtained using the method of Fig. 2. However,
these resonant shifts fail to scale with B, , as the
excitation density changes at 7 = 5 K (Fig. 3D).
Such behavior is consistent with optically in-
duced NMR because the tipping field itself is
expected to be proportional to the excitation
density.

The observed magnetic resonance behav-
ior is both qualitatively and in some ways
quantitatively consistent with a scenario of
incoherent nuclear depolarization by delocal-
ized electrons. The lower resonance field ex-
hibits a perplexing departure from that ex-
pected for any nuclei in the host semiconduc-
tor, suggesting that the simple picture of res-
onance presented here is incomplete.
Although one should consider alternative ex-
planations, it is nevertheless difficult to im-
age that B, (or B,) is associated with an
electronic moment. Comparably long elec-
tronic 7', times have only been observed for
donor localized electrons in silicon (4), and in
that case depended sensitively on carrier den-
sity, donor concentration, and temperature. In
contrast, the resonances we observe are
somewhat immune to changes in the electron-
ic environment and occur at the same values
independent of not only the above parameters
but also the excitation density. A hybrid ex-
periment integrating both traditional NMR
and this new optical resonance technique may
help to clarify the relationship between these
two phenomena. Ultimately, we believe that
all-optical NMR may combine with local op-
tical probes to address individual donor states
whose tipping fields can be considerably
stronger. Such a strategy might then enable
coherent manipulation of individual nuclear
spins, a first step in establishing optical con-
trol over solid-state nuclear spin coherence.

Note added in proof: Recent studies in
quantum structures indicate that B, may be

related to a harmonic of the As resonance
18).
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Trienoic Fatty Acids and Plant
Tolerance of High Temperature

Yuuki Murakami,’ Michito Tsuyama,? Yoshichika Kobayashi,?
Hiroaki Kodama,'* Koh Iba'f

The chloroplast membrane of higher plants contains an unusually high con-
centration of trienoic fatty acids. Plants grown in colder temperatures have a
higher content of trienoic fatty acids. Transgenic tobacco plants in which the
gene encoding chloroplast omega-3 fatty acid desaturase, which synthesizes
trienoic fatty acids, was silenced contained a lower level of trienoic fatty acids
than wild-type plants and were better able to acclimate to higher temperatures.

In some desert and evergreen plants, an in-
crease in the growth temperature leads to a
reduction in trienoic fatty acids a-linolenic acid
(18:3) and hexadecatrienoic acid (16:3) (/, 2).
In order to investigate the physiological effect
of these fatty acids in plants grown at high
temperatures, we constructed transgenic tobacco
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plants in which the expression of the chloroplast
trienoic fatty acid synthetase gene was inhibited.

Transgenic tobacco plants harboring trans-
ferred DNA (T-DNA) with the chloroplast-lo-
calized w-3 desaturase gene (FAD?7) from Ara-
bidopsis thaliana under the control of the cau-
liflower mosaic virus 35S promoter were gen-
erated (3). Gene-silencing and reduction of
trienoic—fatty acid content were observed in
four transgenic lines (4). Of the four lines, two
lines (T15 and T23) exhibited a 3:1 segregation
ratio of kanamycin resistance versus nonresis-
tance in the next generation, suggesting that the
T-DNA was inserted in one position in the
genome. The T15 line was backcrossed twice to
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produce a homozygous line (5). The T23 line
was self-pollinated to produce another homozy-
gous line.

The amount of trienoic fatty acids in the
chloroplasts of homozygous T15 and T23
plants was lower than that in the chloroplasts
of the wild-type plants (Table 1). This reduc-
tion in trienoic fatty acid content was associ-
ated with an increase in the corresponding
dienoic fatty acid precursors, linoleic acid
(18:2) and hexadecadienoic acid (16:2). The
fatty acid composition of nonchloroplast lip-
ids, such as phosphatidylcholine and phos-
phatidylethanolamine, was less affected by
the absence of the chloroplast trienoic fatty
acid synthetase gene (Table 1). The levels of
monounsaturated fatty acids remained unaf-
fected. Thus, the activity of chloroplast w-3
fatty acid desaturase was suppressed in the
T15 and T23 homozygous lines. The lipid
ratios (Table 1) indicate that the overall flux
through the prokaryotic and eukaryotic path-
ways of glycerolipid synthesis (6) was not
affected by the T-DNA. These characteristics
were stably inherited through backcrosses.

Photosynthesis is one of the most heat-
sensitive functions of plant cells. Tempera-
tures in the range of 35° to 45°C tend to
inhibit photosynthesis (7, 8). In order to as-
sess the effect of high temperatures on the
photosynthetic machinery, intact leaves from
transgenic tobacco plants and Arabidopsis
mutants (9) were pretreated at various tem-
peratures between 25° and 55°C, and the
level of photosynthetic activity was measured
using O, evolution as the index of activity
(10). At 40°C, the photosynthetic activity of
the wild-type tobacco plants was significantly
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diminished, whereas the activity of the trans-
genic T15 and T23 plants was higher than
that at the normal growing temperature of
25°C (Fig. 1A).

In order to confirm that the relation be-
tween the trienoic fatty acid level and the
thermal stability of the photosynthetic ma-
chinery is the same in Arabidopsis, we exam-
ined the Arabidopsis fad7fad8 double mutant,
which lacks two chloroplast-localized w-3
fatty acid desaturases (/7). The fatty acid
composition of the fad7fad8 mutant was sim-
ilar to that of the tobacco T15 and T23 lines.
The chloroplast lipids of the fad7fad8 mutant
consisted of small amounts of trienoic fatty
acids and large amounts of dienoic fatty acids
(11). The fad7fad8 mutant tolerated higher
temperatures, as did the tobacco transgenic
lines (Fig. 1B). On the other hand, the fad3
mutant, which lacks w-3 fatty acid desaturase
localized in the endoplasmic reticulum (/2),
showed wild-type photosynthetic activity
(Fig. 1C). Thus, trienoic fatty acids in chlo-
roplast lipids affect the high-temperature tol-
erance of the photosynthetic machinery more
than the trienoic fatty acids in nonchloroplast
lipids.

The primary sites of thermal damage are
thought to be components of the photosynthetic
system located in the thylakoid membrane, such
as photosystem II (PSII) (7). The potential
quantum efficiency of PSII under dark-adapted
conditions after exposure to high temperature
was assessed by measuring the fluorescence
parameter F,/F, (quantum yield of PSII in
dark-adapted) of the samples used in the O,
evolution experiments. However, heat treat-
ment did not affect the F,/F, of the transgenic

Table 1. Fatty acid composition of individual membrane lipids from leaves of wild-type (WT) and
transgenic tobacco (T15, T23) plants. The major classes of membrane lipids were isolated from the total
lipid extracted from mature leaves, and the fatty acid composition was determined (75). Each value
represents the mean of two independent experiments. Dash (-) indicates trace amounts (<1.0%).

- Percent of Fatty acid (mol%)
Lipid total polar
class L

lipids 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3
Monogalactosyldiacylglycerol
WT 46.2 20 - - 12.1 - - 2.5 82.0
T15 483 2.7 1.6 10.2 2.2 - 2.1 53.7 271
T23 453 39 2.8 10.5 4.1 - 22 38.6 374
Digalactosyldiacylglycerol
WT 35.2 33.0 1.1 - - 2.5 2.7 6.4 51.9
T15 36.3 218 44 13 - 1.7 4.1 42.8 233
T23 39.0 31.2 - - - 4.1 6.0 347 219
Phosphatidylglycerol
wWT 73 26.6 36.9 - - 23 7.4 1.1 15.8
T15 7.0 25.2 343 - - 4.5 10.9 22.5 22
T23 6.6 24.8 336 - - 46 134 19.8 3.0
Phosphatidylcholine
WT 89 26.0 1.5 - - 4.1 4.1 41.6 23.0
T15 6.7 24.5 1.1 - - 5.2 5.2 52.5 1.7
T23 73 213 13 - - 5.9 5.9 53.2 129
Phosphatidylethanolamine
WT 2.5 315 1.8 - - 7.0 2.7 42.2 14.4
T15 2.4 25.3 - - - 26 2.7 56.0 121
T23 36 316 - - - 49 37 47.0 1.9

tobacco lines and Arabidopsis fad7fad8 mu-
tants (/3). Thus, the trienoic fatty acid level in
chloroplast lipids does not directly contribute to
the resistance of PSII to high temperatures.

In most plants using the C, photosynthetic
pathway, the optimal temperature for CO,
assimilation is far below the thermal toler-
ance limit. Even within the limits, the photo-
synthetic productivity at high temperatures is
rather low. The low rate of assimilation at
high temperatures is caused, in part, by pho-
torespiration and an imbalance in the regula-
tion of carbon metabolism (8). A reduced
trienoic fatty acid level in chloroplast lipids
may alleviate such dissipative processes.

The effect of humidity on plant growth
must be taken into account in determining the
sensitivity of plants to the growing tempera-
ture. To ensure constant humidity in the fol-
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Fig. 1. Oxygen evolution from transgenic to-
bacco and mutant Arabidopsis leaves that had
been preincubated at various temperatures for
S min. (A) T15, T23, and wild-type tobacco. (B)
fad7fad8 double mutant and wild-type Arabi-
dopsis. (C) fad3 mutant and wild-type Arabi-
dopsis. For each plant line, the O, evolution at
25°C was set at 100%. The O, evolution at
25°C was 2.4,2.5,and 2.5 mmol O, m~?s" " in
T1S, T23, and WT tobacco, respectively, in (A);
1.4 and 1.7 mmol O, m~? s~ in fad7fad8 and
WT Arabidopsis, respectively, in (B); and 3.1 and
2.9 mmol O, m~2 s~ in fad3 and WT Arabi-
dopsis, respectively, in (C). Each data point
represents the mean value from four indepen-
dent experiments.
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lowing experiments, plants were grown on
Murashige-Skoog (MS) agar media in closed
plastic boxes or petri dishes. In plants grown
at a cool temperature (15°C) and a more
suitable growth temperature (25°C), there
were no differences in the growth of the two
transgenic tobacco lines (T15 and T23) and
the wild type. After germination and cultiva-
tion of these plants for 45 days at 25°C, the
fresh weight of the aerial parts of the T15 and
T23 plants was 489 * 71 mg and 513 = 88
mg, respectively, whereas the fresh weight of
the aerial parts of the wild-type plants was
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497 * 43 mg (n = 5). The fresh weight of
the aerial parts of the T15, T23, and the
wild-type plants cultivated at 15°C for 45
days was 6.2 * 1.4 mg, 6.9 £ 1.2 mg, and
6.6 = 0.9 mg (n = 5), respectively. These
results in tobacco plants are consistent with
the growth of the Arabidopsis fad7fad8 mu-
tant within the normal cultivation tem-
perature range of 12° to 28°C (/7). Further-
more, at temperatures below 10°C, the

growth of the two transgenic tobacco lines
and the growth of the wild type were simi-
larly suppressed.

Fig. 2. Visible damage to tobacco and
Arabidopsis plants exposed to high tem-
peratures. (A) Photographs of T15, T23,
and wild-type (WT) tobacco plants. To-
bacco seeds had been sown in culture
boxes and kept at 36°C under constant
light (50 wmol m~2 s~ ") for 60 days.
(B) Photographs of T15 and WT tobacco
plantlets that had been grown in petri
dishes for 15 days at 25°C, and then
exposed to a temperature of 47°C un-
der constant light (70 pmol m 2 s77)
for 0, 2, and 3 days. (C) Photographs of
the fad7fad8 mutant and WT Arabi-
dopsis plantlets. fad7fad8 mutant and
WT Arabidopsis seeds sown in petri
dishes were kept at 33° and 36°C under
constant light (50 wmol m~2 s~ ") for
14 days. Scale bar, 1 cm. The growth of
the wild-type Arabidopsis and that of
the fad7fad8 mutant at temperatures

36C

fad7fad8

below 30°C, were similar. However, Arabidopsis shows heat stress at lower temperatures than
tobacco. Most of the wild-type plants grown at 36°C had died by day 45, and all of the wild-type
and fad7fad8 plants grown at a temperature near 40°C died.

An elevated trienoic fatty acid level as a
result of overexpression of the Arabidopsis
FAD7 w-3 desaturase gene (/4) has a minor
protective effect against chilling-induced
damage to young transgenic tobacco seed-
lings (/5). Furthermore, the Arabidopsis tri-
ple mutant, fad3fad7fad8, which lacks trie-
noic fatty acids in all membranes, can grow at
temperatures as low as 6°C, although with
reduced photosynthesis capacity (/6). Thus,
trienoic fatty acids are not critical for growth
at low temperatures.

On the other hand, the resistance of a plant
to high temperature depends on the trienoic
fatty acid content. In plants cultivated at 30°C
for 45 days after germination, the fresh
weight of the aerial parts of the T15, T23, and
wild-type plants was 492 * 81 mg, 445 = 62
mg, and 399 * 69 mg (n = 5), respectively.
At a higher temperature (36°C), marked dif-
ferences in the growth of the transgenic to-
bacco lines and the wild type were seen (Fig.
2A). After cultivating plants at 36°C for 45
days, the fresh weight of the aerial parts of
the T15 and T23 lines and the wild type was
124 = 49 mg, 123 = 23 mg, and 13 = 6 mg
(n = 5), respectively. Temperature resistance
in the transgenic lines was not transient and
was unlike the protection conferred by induc-
tion of a heat shock protein (/7). At 47°C, the
leaves of the wild-type plants began to wither
within 2 days, and necrotic areas developed
by the third day (Fig. 2B). However, T15 and
T23 plants that were exposed to a tempera-
ture of 47°C were uninjured. Although the
growth of the T15 and T23 plants was sup-
pressed at 47°C growth resumed when the
temperature was reduced to 25°C.

The Arabidopsis fad7fad8 mutant was
also resistant to high temperatures. When
Arabidopsis wild-type plants and fad7fad$
mutants were grown at a temperature above
30°C, and particularly near 35°C, a distinct
difference in the growth of the wild-type and
fad7fad8 mutant was observed (Fig. 2C).
When wild-type plants and fad7fad8 mutants
were grown under the high-temperature con-
dition, the growth of the wild-type plants was
significantly reduced and their leaves were
wilted, whereas the growth of the fad7fad$
mutant was only slightly reduced.

Saturation of thylakoid membrane lipids
by catalytic hydrogenation increases the ther-
mal stability of the membranes (/8). In-
creased saturation may raise the temperature
at which lipids such as monogalactosyldia-
cylglycerol phase-separate into nonbilayer
structures, which disrupt membrane organi-
zation. If so, the resistance of plants to high
temperatures might be improved by reducing
the content of lower unsaturated fatty acids
such as dienoic fatty acids (19, 20). The
sensitivity of these plants to low tempera-
tures, however, might possibly be increased
@n.
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The only difference between our gene-
silenced transgenic plants that were resistant
to high temperature and the respective wild-
type plants was that the chloroplasts of the
transgenic plants contained a reduced level of
trienoic fatty acids and an elevated level of
dienoic fatty acids, which is controlled by
chloroplast w-3 fatty acid desaturase. Of the
six different higher plant desaturases whose
genes have been cloned, only the expression
of the chloroplast FAD8 -3 fatty acid de-
saturase gene changes in response to a change
in ambient temperature (22).

The ®-3 fatty acid desaturase enzyme,
which is expressed in nearly all plant species,
may be widely useful in engineering temper-
ature tolerance in plants.
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One Polypeptide with Two
Aminoacyl-tRNA Synthetase
Activities
Constantinos Stathopoulos, Tong Li,’ Randy Longman,’
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Dieter Soll1-23*

The genome sequences of certain archaea do not contain recognizable
cysteinyl-transfer RNA (tRNA) synthetases, which are essential for mes-
senger RNA—-encoded protein synthesis. However, a single cysteinyl-tRNA
synthetase activity was detected and purified from one such organism,
Methanococcus jannaschii. The amino-terminal sequence of this protein
corresponded to the predicted sequence of prolyl-tRNA synthetase. Bio-
chemical and genetic analyses indicated that this archaeal form of prolyl-
tRNA synthetase can synthesize both cysteinyl-tRNA®YS and prolyl-tRNAP™,
The ability of one enzyme to provide two aminoacyl-tRNAs for protein
synthesis raises questions about concepts of substrate specificity in protein
synthesis and may provide insights into the evolutionary origins of this

process.

The insertion of cysteine into nascent pep-
tides during protein synthesis is dependent on
the interaction of cysteine codons with cys-
teinyl-tRNA (Cys-tRNA) in the ribosomal A
site. Cys-tRNA is synthesized from cysteine
and tRNASYS in an adenosine 5’-triphosphate
(ATP)-dependent reaction catalyzed by cys-
teinyl-tRNA synthetase (CysRS). Genes en-
coding CysRS, cysS, have been detected in
over 40 organisms encompassing all the liv-
ing kingdoms (/). The only known excep-
tions are the thermophilic methanogens
Methanococcus jannaschii and Methanobac-
terium thermoautotrophicum, the complete
genome sequences of which contain no open
reading frames encoding cysS homologs (2),
raising the question of how these archaea
synthesize Cys-tRNA for protein synthesis. It
was initially suggested that Cys-tRNACYS
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might be synthesized by a pathway involving
modification of a mischarged tRNA such as
Ser-tRNASYs, using a mechanism reminiscent
of those previously described for the synthe-
sis of asparaginyl-tRNA (Asn-tRNA), glu-
taminyl-tRNA (GIn-tRNA) and, more specif-
ically, selenocysteinyl-tRNA (Sec-tRNA)
(3). Biochemical analyses revealed no evi-
dence for such a pathway (4) but instead
showed that Cys-tRNA is synthesized direct-
ly from cysteine and tRNA in an ATP-depen-
dent reaction (5). The identity of the enzyme
responsible for Cys-tRNA synthesis in M.
Jjannaschii and M. thermoautotrophicum is
unknown. The recent finding that some ami-
noacyl-tRNA synthetase (AARS)-encoding
genes may be dispensable for cell viability
also raised the possibility that cysS genes
might be absent altogether from the genomes
of M. jannaschii and M. thermoautotrophi-
cum (6).

To investigate how Cys-tRNA is synthe-
sized in M. jannaschii, we attempted to purify
from cell-free extracts a protein with CysRS
activity. Conventional chromatographic pro-
cedures (7) led to the isolation of a single
protein with normal CysRS activity (Fig. 1, A
and B). Protein analysis revealed an 18-
amino acid peptide sequence matching the
predicted NH,-terminal sequence of M. jan-
naschii prolyl-tRNA synthetase (ProRS)
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