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Active Oxygen Species in the Induction of Plant
Systemic Acquired Resistance by Salicylic Acid

Zhixiang Chen, Herman Silva, Daniel F. Klessig*

A complementary DNA encoding a salicylic acid (SA)-binding protein has been cloned. Its
properties suggest involvement in SA-mediated induction of systemic acquired resistance
(SAR) in plants. The sequence of the protein is similar to that of catalases and the protein
exhibits catalase activity. Salicylic acid specifically inhibited the catalase activity in vitro and
induced an increase in H,O, concentrations in vivo. H,O, or compounds, such as SA, that
inhibit catalases or enhance the generation of H,0,,, induced expression of defense-related
genes associated with SAR. Thus, the action of SA in SAR is likely mediated by elevated

amounts of H,0,.

Infection of plants, particularly by necro-
tizing pathogens, leads to enhanced resis-
tance to subsequent attacks by the same or
even unrelated pathogens (1). This phe-
nomenon is referred to as systemic acquired
resistance (SAR). Because SAR provides
long-term (weeks to months) protection
throughout the plant (systemic) against a
broad range of unrelated pathogens (2), its
modulation through chemical or genetic
engineering means holds considerable
promise for reducing crop loss.

Development of SAR correlates with
the systemic expression of a number of
plant defense-related genes, including five
or more families of pathogenesis-related
(PR) genes (3). Some of the PR proteins
inhibit pathogen growth in vitro (4); others
confer partial resistance to fungal infection
when constitutively produced in transgenic
tobacco plants (5).

Evidence indicates that salicylic acid
(SA) is a natural signal molecule for the
activation of plant defense responses, in-
cluding SAR. Application of exogenous SA
or its derivative, acetylsalicylic acid (aspi-
rin), induces PR gene expression and en-
hances resistance to plant diseases (6). In-
creases in the amount of endogenous SA
are correlated with expression of PR genes
and development of SAR in infected tobac-
co and cucumber plants (7). Also, in trans-
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genic tobacco plants harboring the bacterial
nahG gene encoding salicylate hydroxylase,
which converts SA to catechol, induction
of SAR by inoculation with tobacco mosaic
virus is blocked (8).

We are interested in identifying cellular
elements that directly interact with SA in
order to understand the mechanism of SA
action. We purified a soluble 240- to 280-
kD SA-binding protein (SABP) from to-
bacco leaves (9, 10). This protein is a
complex composed of a 57-kD subunit and
perhaps one or more additional polypep-
tides. It has an apparent K, (dissociation
constant) of 14 uM for SA—the concen-
tration of SA found following infection
ranges from 2 to 15 wM. Furthermore, the
ability of a large number of SA analogs to
compete with ['*C]SA for binding to the
SABP strictly correlates with their ability to
induce PR genes and resistance. These re-
sults suggest SABP mediates the defense
response induced by SA.

Here, we have isolated and character-
ized the SABP cDNA. A clone (ACK1)
encoding the 57-kD subunit of SABP was
identified by screening a tobacco cDNA
library with an SABP-specific monoclonal
antibody (mAb; 3B6) (I1). The protein
encoded by the cloned cDNA reacted with
four other SABP-specific mAbs. The amino
acid sequence deduced from the cDNA
sequence revealed high similarity (60 to
90% identical amino acids) to catalases of
other organisms, with highest similarity to
the plant catalases (Fig. 1A).
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To confirm that the cDNA encoded the
57-kD subunit of SABP, three tryptic pep-
tides of the purified SABP were sequenced
(12). All three peptide sequences were
similar to the sequence deduced from the
cDNA (Fig. 1B). The discrepancy of sever-
al amino acid residues between sequences
obtained from the peptides and deduced
from the cDNA may have resulted from the
presence of different isozymes [catalases are
encoded by a small gene family in plants
(13)]. Alternatively, differences between
the tobacco cultivars used for purification of
SABP (Xanthi nc) and cDNA library
screening (SR1) may account for the se-
quence discrepancies.

To establish that SABP was a catalase,
its H,0,-degrading activity was measured
directly. Highly enriched SABP obtained
after four chromatography steps (10) exhib-
ited high specific activity (3,000 to 10,000
units per milligram) in a catalase assay.
This activity could be immunoprecipitated
by SABP-specific mAbs (14). The sizes of
the SABP complex (240 to 280 kD) and its
subunit (57 kD) are also consistent with the
structure of known catalases, which are
composed of four identical or similar sub-
units of 50 to 60 kD.

Catalases are present in all aerobic orga-
nisms and convert H,0, to H,0 and O,.
The involvement of active oxygen species
(AOS) such as H,O, in host defense
against microorganisms (15, 16) and the
discovery that SABP is a catalase suggested
that SA may modulate amounts of AOS by
influencing the activity of plant catalases.
Indeed, in the presence of SA, the catalase
activity of the highly enriched SABP was
inhibited by 80% (Table 1). Similar inhi-
bition of catalase activity by SA (~70%)
was observed with crude extracts (17).

Several SA analogs, with varying activ-
ity for induction of plant PR genes and
disease resistance, were compared for their
ability to inhibit the catalase activity of
SABP (Table 1). 2,6-Dihydroxybenzoic
acid, a highly active inducer of PR genes
and resistance, was an effective inhibitor of
the catalase activity of SABP. Acetylsali-
cylic acid, which was less effective in induc-
ing PR gene expression (17), was not as
good an inhibitor. 2,3-Dihydroxybenzoic
acid, which has only weak biological activ-
ity, was a poor inhibitor, whereas five other
structurally similar but biologically inactive
analogs were ineffectual at inhibiting cata-
lase activity. Moreover, the effectiveness of
each analog for inhibiting SABP catalase
activity correlated with ability of the analog
to compete with ['*C]SA for binding to
SABP. Thus, the binding of SA and its
biologically active analogs to SABP was
responsible for the inhibition of the catalase
activity.

To investigate the in vivo effect of in-
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hibiting catalase activity by SA, we moni-
tored the amount of H,0, in leaves follow-
ing treatments with SA, 3-hydroxybenzoic
acid (a biologically inactive analog of SA),
and 3-amino-1,2,4-triazole (3AT; a specific
inhibitor of plant and animal catalases).
The amounts of H,0, increased in SA- or
3AT-treated tobacco leaves by 50 to 60%
over the control levels in water-treated
leaves (Fig. 2). In contrast, 3-hydroxyben-
zoic acid was unable to enhance the amount
of H,0,, consistent with its ineffectiveness
in both binding SABP and inhibiting cata-
lase activity. Thus, elevated H,0,, and in
turn enhanced oxidative stress, in vivo
were consistent with inhibition of catalase
activity by SA observed in vitro.

Pathogenesis-related gene expression is
both induced by SA and associated with the
development of SAR. Therefore, we tested
whether SA induces PR genes by inhibiting
catalase activity and enhancing H,O, lev-
els. H,0, levels were artificially raised in
tobacco by injecting leaves with H,O, or
3AT. Both treatments induced the expres-
sion of PR-1 genes (Fig. 3), as did treat-
ment of leaves with two compounds that
promote generation of H,O, (glycolate and
paraquat). Thus, the SA signal appears to
be propagated through H,O,, which may
act as a secondary messenger to activate
defense-related PR genes.

Elevation of H,0O, levels may also be
responsible for initiating or promoting sev-
eral other biochemical processes associat-
ed with plant disease resistance. Increased
lignification of cell walls at sites of infec-
tion requires H,0O, (18), as does oxidative
crosslinking of cell wall proteins (19). The
ability of SA as well to induce this
crosslinking (19) can be explained by its
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Fig. 1. Amino acid sequence de-
duced from nucleotide sequence
(GenBank accession number
U03473) of the cDNA encoding
the 57-kD SABP subunit (A) and
its comparison with sequences of
three tryptic peptides from the
purified SABP (B). The underlined
sequences in (A) correspond to
the peptide sequences shown in
(B). The cDNA contains an open
reading frame of 1467 base pairs
encoding a polypeptide of 489
amino acids. The protein is highly
similar to plant catalases (to cot-
ton 90% GenBank X52135, to pea
86% GenBank X60169. Se-
quence comparison suggests
that the deduced polypeptide is
missing three amino acid resi-
dues at the NH,-terminus.

inhibition of catalase H,O,-scavenging
activity.

During the rapid and intense oxidative
burst associated with pathogen or elicitor
treatment in plants (15) and with phagocy-
tosis during the immune response in ani-
mals (16), increased amounts of AOS are
thought to be generated by NADPH oxi-
dases located in the plasma membrane.
Plants also appear to use AOS for subse-
quent development of SAR; however, rath-
er than producing H,0, through oxidases,

0O Water

B 3HBA

B SA
0221 @ 3AT
0.184

Hydrogen peroxide (umole/g)
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@ L
IR

o T

24
Treated time (hours)

Fig. 2. Time course of H,0, elevation in tobac-
co leaves treated with water, 3-hydroxybenzoic
acid (3HBA; 1 mM), SA (1 mM), or 3AT (2 mM).
Leaves were cut and their petioles were sub-
merged in a 100-ml solution containing each of
these compounds at the indicated concentra-
tions under 14-hour light conditions. Leaf tis-
sues were frozen in liquid nitrogen and ground
for 1.5 min with a polytron in 3 ml of 0.2 N
HCIO,. Homogenates were centrifuged 10 min
in a microfuge, applied (500-u! aliquots) to a
1-ml column of AG1-X8 (Bio-Rad), eluted with 3
x 500 pl of distilled water, and assayed for
H,O, (28). Values obtained from three inde-
pendent assays are reported with the sample (n
= 3) SD.



Table 1. Inhibition by SA and its analogs of SABP catalase activity and ['“C]SA binding. Catalase
activity of SABP was assayed over 3 min at room temperature in a 1-ml reaction containing 20 mM
citrate, pH 6.5, 5 mM MgSO,, 1 mM H,0,, 1 mM SA (or its analogs), and 500 ng of SABP purified
through four chromatography steps (70). Aliquots (50 ul) were removed from the assay mixture at
30-s intervals to assay for the amount of H,O, remaining (28). Rate constants of SABP catalase
activity in the presence or absence of SA or its analogs were calculated based on a first-order

mechanism.
Inhibition (%)
Biological
§A and analogs activity* Catalase ['“C]SA
activity bindingt
2-Hydroxybenzoic acid (SA) ++ 80+5 89
2,6-Dihydroxybenzoic acid ++ 91+3 92
Acetylsalicylic acid + 53+ 6 48
2,3-Dihydroxybenzoic acid + 153 9
3-Hydroxybenzoic acid - 31 1
4-Hydroxybenzoic acid - 4+1 -2
2,4-Dihydroxybenzoic acid - 5§+2 -4
2,5-Dihydroxybenzoic acid - 3+2 1
3,4-Dihydroxybenzoic acid - 5+1 0

*Based on ability to induce resistance or PR gene expression, or to inhibit wounding or elicitor-induced synthesis

of protease inhibitors (6, 17, 29).

the plant allows accumulation of H,0,, a
constitutively synthesized by-product of
several metabolic pathways (for example,
photorespiration and fatty acid B-oxida-
tion), by inhibiting breakdown of H,O, by
catalase. Although the increase in amount
of H,0, in SA-treated leaves was relative-
ly small (50 to 60%) compared to that
during the pathogen- or elicitor-induced
oxidative burst in plant cells (two- to
fivefold), it persisted for much longer
(>24 hours) than the oxidative burst,
which usually lasts from minutes to a few
hours (15). The rapid and transient oxi-
dative burst, produced by cells undergoing
pathogen attack, may directly facilitate
pathogen killing and rapid induction of
early host responses. In contrast, the de-
velopment of SAR generally requires sev-
eral days and occurs distant from the
primary site of infection. High concentra-
tions of AOS are thus not required to kill
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Fig. 3. Induction of PR-1 gene expression by
H,0,, SA, 3AT, glycolate, and paraquat. Solu-
tions were injected at the indicated concentra-
tions into the extracellular space of leaves of
6-week-old tobacco plants. Leaves were har-
vested 48 hours later for analysis of PR-1 pro-
tein levels by immunoblotting (70).

tPreviously published data (70).

pathogens directly, and more modest
amounts may be sufficient, if not desirable,
for activating plant defense genes.

How do AOS activate PR gene expres-
sion? In animals, gene activation by AOS is
frequently mediated by the transcription
factors NF-kB and AP-1 (20). NF-kB and
AP-1 mediate expression of genes associat-
ed with immune responses and cell adapta-
tion to certain adverse conditions such as
ultraviolet radiation, respectively (21).
Thus, AOS may function as secondary mes-
sengers for gene activation by different
forms of stress in both animals and plants.
Similar mechanisms may be involved. PR
gene expression is induced by arachidonic
acid (22) and blocked by the protein kinase
C inhibitor H7 [1-(5-isoquiaolinelsulfonyl)-
2-methylpiperazine (23)]. H,O,-induced
expression of c-fos (a subunit of AP-1) is
mediated by arachidonic acid release and
involves protein kinase C (24).

In addition to tobacco, SABP and SA-
inhibitable catalases have been found in
other plant species, but not yet in animals
(25), suggesting that SA-regulated cata-
lases may be unique to plants. Through
the binding of SA and the resulting inhi-
bition of its catalase activity, SABP per-
ceives and transduces the SA signal.
Thus, it can be considered a receptor,
similar to receptor kinases. However, it
differs from these membrane-bound recep-
tors not only in that it is soluble, but also
in that ligand binding inhibits rather than
activates its enzymatic function. Although
a number of potential plant receptors or
their genes have been identified (26) here,
we have demonstrated both ligand binding
and the mechanism of signal transduction
for a purified and cloned plant protein. In
addition to inhibition of catalase, SA may
have other mechanisms of action in plants,
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just as one derivative of SA, aspirin, appears
to have several modes of action in animal
systems (27).

REFERENCES AND NOTES

. K. S. Chester, Q. Rev. Biol. 8, 275 (1933).

. J. Kuc, Bioscience 32, 854 (1982); A. F. Ross,
Virology 14, 340 (1961).

. E. Ward et al., Plant Cell 3, 1085 (1991).

. F.Mauch et al., Plant Physiol. 88, 935 (1988); A. J.
Vigers, W. K. Roberts, C. P. Selitrennikoff, Mol.
Plant-Microbe Interactions 4, 315 (1991); C. P.
Woloshuk et al., Plant Cell 3, 619 (1991).

5. K. Broglie et al., Science 254, 1194 (1991); D.
Alexander et al., Proc. Natl. Acad. Sci. U.S.A. 90,
7327 (1993); M. Yoshikawa, M. Tsuda, Y. Takeu-
chi, Nature Wissenschaften 80, 417 (1993).

6. R. F. White, Virology 99, 410 (1979); L. C. Van
Loon, Neth. J. Plant Pathol. 89, 265 (1983).

7. J. Malamy, J. P. Carr, D. F. Klessig, . Raskin,
Science 250,.1002 (1990); J. P. Metraux et al.,
ibid., p. 1004, J. Rasmussen, R. Hammerschmidt,
M. Zook, Plant Physiol. 97, 1342 (1991).

8. T. Gaffney et al., Science 261, 754 (1993).

9. Z. Chen and D. F. Klessig, Proc. Natl. Acad. Sci.

U.S.A. 88, 8179 (1991).

Z. Chen, J. Ricigliano, D. F. Klessig, ibid. 90, 9533

(1993).

11. Screening of an amplified Agt11 tobacco cDNA

library (from mature leaves of Nicotiana tabacum

cultivar SR1) was performed as described by J.

Sambrook, E. F. Fritsch, and T. Maniatis [Molec-

ular Cloning: A Laboratory Manual (Cold Spring

Harbor Laboratory Press, Cold Spring Harbor NY,

ed. 2, 1989), p. 12.16] with the following excep-

tions: PBST buffer (100 mM phosphate, pH 7.5,

100 mM NaCl, 0.1% Tween 20) was substituted

for TNT buffer, and 5% nonfat milk was substituted

for fetal bovine serum in the blocking buffer.

Blocked filters were washed three times with

PBST buffer before probing with diluted hybrid-

oma media (1:100) in PBST buffer containing

0.2% bovine serum albumin for 1 hour. After

washing three times with PBST buffer, the antigen-

antibody complexes were detected with a

1:10,000 dilution of sheep anti-mouse immuno-

globulin G antibodies conjugated to horseradish

peroxidase with the use of the ECL detection kit.

An immunopositive bacteriophage clone (ACK1)

was identified and its ~1.8-kb insert was sub-

cloned into the Eco Rl site of the plasmid Blue-
script SK II*+. DNA sequencing was performed by
the dideoxynucleotide chain-termination method,
with the use of the Sequenase kit (United States

Biochemical).

Immunoprecipitation with an SABP-specific mono-

clonal antibody (386) was used to purify SABP from

about 300 pg of highly purified SABP obtained after
four steps of chromatography (70). The immunopre-
cipitated SABP was separated from antibodies by

SDS—polyacrylamide gel esis and sub-

mitted to the W. M. Keck Foundation Biotechnology

Laboratory (Yale University) for gas-phase se-

quencing of tryptic peptides.

J. G. Scandalios, W. F. Tong, D. G. Roupakias,

Mol. Gen. Genet. 179, 33 (1980); E. A. Havir and

N. A. McHale, Plant Physiol. 84, 450 (1987).

Immunoprecipitation was done as described

(10). Catalase activity was associated with the

pellet and depleted from the supernatant (Z.

Chen and D. F. Klessig, unpublished data).

E. W. Orlandi, S. W. Hutcheson, C. J. Baker,

Physiol. Mol. Plant Pathol. 40, 173 (1992); N.

Doke, Y. Ohashi, ibid. 32, 163 (1988); R.

Schwacke, A. Hager, Planta 187, 136 (1992); |.

Apostol, P. F. Heinstein, P. S. Low, Plant Physiol.

90, 109 (1989); L. Legendre, S. Rueter, P. F.

Heintein, P. S. Low, ibid. 102, 233 (1993); C. J.

Baker, E. W. Orlandi, N. M. Mock, ibid. 102, 1341

(1993).

D. Rotrosen and J. |. Gallin, Annu. Rev. Immunol.

5, 127 (1987).

»w N =

10.

12.

13.

14.

15.

16.

1885



17. Z. Chen and D. F. Klessig, unpublished data.

18. M. W. Sutherland, Physiol. Mol. Plant Pathol. 93,
79 (1991).

19. D. J. Bradley, P. Kjellborn, C. J. Lamb, Cell 70, 21
(1992). '

20. R.Schreckand P. A. Baeuerle, Trends Cell Biol. 1,
39 (1991).

21. Y. Devary, R. A. Gottlieb, L. F. Lau, M. Karin, Mol.
Cell Biol. 11, 2804 (1991).

22. J. Hennig, J. Malamy, D. F. Klessig, unpublished
data.

23. V. Raz and R. Fluhr, Plant Cell 5, 523 (1993).

24. G. N. Rao, B. Lassegue, K. K. Griendling, R. W.
Alexander, B. C. Berk, Nucleic Acids Res. 21,
1259 (1993).

25. Substantial proportions of catalase activity in
crude extracts from cucumber, tomato, and Ara-
bidopsis were inhibited by SA, whereas catalases
purified from human erythrocytes and dog, bo-
vine, or mouse livers were insensitive to SA (P.
Sanchez-Casas, J. Ricigliano, D. F. Klessig, un-
published data.)

26. J. C. Stein and J. B. Nasrallah, Plant Physiol.
101, 1103 (1993); C. Chang, S. F. Kwok, A. B.
Bleecker, E. M. Meyerowitz, Science 262, 539
(1993); J. J. Kieber, M. Rothenberg, G. Roman,
K. Feldmann, J. R. Ecker, Cell 72, 427 (1993); A.
Ruck, K. Paime, M. A. Venis, R. M. Napier, H. H.
Felle, Plant J. 4, 41 (1993); R. M. Napier and M.
A. Venis, Trends Biochem. Sci. 16, 72 (1991); P.
V. Prasad and A. M. Jones, Proc. Natl. Acad. Sci.
U.S.A. 88, 5479 (1991); O. N. Kulaeva, N. N.
Karavaiko, I. E. Moshkov, S. Y. Selivankina, G. V.
Novikova, FEBS Lett. 261, 410 (1990).

27. G. Weissmann, Sci. Am. 264, 84 (January 1991).

28. Quantification of H,0, was performed by the
chemiluminescence reaction with luminol as de-
scribed [E. Warm and G. G. Laties, Phytochem.
21, 827 (1982)] with some modifications. Test
solution (50 wl) and luminol (50 wl of 0.5 MM in
0.2 N NH,OH, pH 9.5) were added to 0.8 ml of
0.2 N NH,OH, pH 9.5 in a test tube. After placing
the tube in the measuring chamber, the assay
was initiated with automatic injection into the

Functional Requirement of a Site-Specific Ribose
Methylation in Ribosomal RNA
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The product of the PET56 nuclear gene of Saccharomyces cerevisiae was shown to be
required for ribose methylation at a universally conserved nucleotide in the peptidyl trans-
ferase center of the mitochondrial large ribosomal RNA (21S rRNA). Cells reduced in this
activity were deficient in formation of functional large subunits of the mitochondrial ribo-
some. The purified Pet56 protein catalyzed the site-specific formation of 2'-O-methylgua-
nosine on in vitro transcripts of both mitochondrial 21S rRNA and Escherichia coli 23S
rRNA. These results provide evidence for an essential modified nucleotide in rRNA.

Peptidyl transferase is an intrinsic activity
of the large ribosomal subunit that catalyzes
peptide bond formation in protein synthe-
sis. The sequence and structure of the
rRNA in the peptidyl transferase center are
highly conserved (1), and there is abundant
evidence supporting the possibility that
rRNA participates in the peptidyl transfer-
ase reaction. Most notably, peptidyl trans-
ferase activity has been shown to be resis-
tant to protein extraction procedures, con-
sistent with the hypothesis that the rRNA
itself is catalytically active (2).

The production of mature rRNA in-
volves transcription, nucleolytic process-
ing, and posttranscriptional modification of
nucleotides. Although no clear functional
role has been demonstrated for any of the
modified nucleotides, their importance is
suggested by models of the E. coli ribosome
in which the modifications are clustered
around the mRNA-tRNA-peptide complex
in the catalytic center of the ribosome (3).
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Of the 19 identified posttranscriptional
modifications in the 23S rRNA of E. coli,
three are ribose methylations at the highly
conserved positions Gm2251, Cm2498,
and Um2552 in the peptidyl transferase
region of domain V (4). Mitochondrial
large rRNAs are apparently devoid of base
methylations but contain as many as three
ribose methylations. The mitochondrial
large tfRNA from hamster contains three
ribose-methylated nucleotides at positions
corresponding to the universally conserved
nucleotides G2251, U2552, and G2553 in
the E. coli 23S rRNA (5). The mitochon-
drial large fRNAs of yeast and Neurospora
have about two ribose methylations, but
the identity of the modified nucleotides has
not been established (6). The retention of
ribose-methylated nucleotides in the other-
wise minimally modified mitochondrial
rRNAs suggests an essential role for these
modifications in ribosome assembly or func-
tion, or both. Here we show that the
PET56 gene of S. cerevisiae encodes a site-
specific rRNA ribose methyltransferase that
is required for the formation of functional
mitochondrial ribosomes.

The PET56 gene, required for mito-
chondrial function, was discovered because
it is adjacent to and divergently transcribed
from HIS3, a histidine biosynthetic gene in
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mixture of 100 p! of 0.5 mM K;Fe(CN)g in 0.2 N
NH,OH, pH 9.5. Measurements were integrated
over 5-s periods. H,0, concentration was cal-
culated from the standard curve constructed
with known amounts of H,0,. Oxygen produc-
tion and its inhibition by SA were also measured
with an oxygen electrode to ensure that cata-
lase, but not peroxidase, activity was being
assayed.
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the nuclear genome of S. cerevisiae (7, 8).
Sequence analysis of PET56 revealed a long
open reading frame specifying a basic [iso-
electric point (pI) = 10.08], 412-amino
acid (46 kD) polypeptide (9). The deduced
amino acid sequence of Pet56p has 50 to
55% similarity to a 23S rRNA ribose meth-
ylase from two species of Streptomyces (10).
The Streptomyces enzymes form 2'-O-meth-
yladenosine at position A1067 of the 23S
rRNA, rendering the ribosome resistant to
the antibiotic thiostrepton, which is syn-
thesized by these organisms (11). There was
no significant sequence relatedness between
Pet56p and several base-modifying meth-
ylases (10).

Many laboratory yeast strains carry the
his3-A200 mutation, a 1036-base pair dele-
tion that removes the entire HIS3 cod-
ing region and part of an AT-rich promoter
region that is important for transcription
of both HIS3 and PET56. Besides caus-
ing histidine auxotrophy, this deletion de-
creases the transcription of PETS56 by
~80% (7). We observed that his3-A200
mutants had a slow-growth phenotype on
nonfermentable carbon sources (YPGE)
(12) at 30°C and were respiration-deficient
when grown at 18°C (13), presumably be-
cause of reduced expression of PET56. In
addition, the presence of the his3-A200
allele markedly enhanced the leaky respira-
tion-deficient phenotype of a null allele of
MRP49 (13), the nuclear gene for a 16-kD
protein in the 548 subunit of the mitochon-
drial ribosome (14).

We compared the yields of mitochondri-
al ribosomal subunits obtained by sucrose
gradient centrifugation of mitochondrial ly-
sates from the otherwise isogenic HIS3 and
his3-A200 strains. The yield of large sub-
units from the his3-A200 strain was only 22
to 29% of that from the HIS3 strain, where-
as the yield of small subunits was 82 to 97%
(Fig. 1A). Thus, the mutation appears to
affect the synthesis or stability of the large
subunit. However, Pet56p did not cosedi-





