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In the rat liver, two mRNAs for serinerpyruvate (or alanineiglyoxylate) aminotransferase
are generated from a single gene by alternative transcription initiation. The longer
mRNA encodes a precursor of a mitochondrial enzyme that has a mitochondrial target-
ing signal at the N-terminus and is translocated into mitochondria. The shorter mRNA
encodes a peroxisomal enzyme of mature size that is imported into peroxisomes. We
have been interested in the mechanism of selective targeting to mitochondria of the pre-
cursor protein that also contains a peroxisomal targeting signal in the molecule. In this
study, we examined the effect of the mitochondrial targeting signal on the conformation
of the protein and on the function of the peroxisomal targeting signal in the precursor
molecule. The results suggest that the mitochondrial targeting signal causes the confor-
mation of the protein to become unfolded and that this conformational change in turn
causes repression of the putative peroxisomal targeting signal contained in the precur-
sor protein.

Key words: alternative translocation, conformational change, mitochondrial targeting
signal, peroxisomal targeting signal, serinerpyruvate aminotransferase.

In the rat liver, kineticaUy (1) and immunologically (2, 3)
indistinguishable serine:pyruvate aminotransferases (SPTs;
otherwise known as alanine:glyoxylate aminotransferases,
AGTs) are located in two different subcellular organelles,
mitochondria, and peroxisomes. Our previous studies
showed that two mRNAs encoding the mitochondrial and
peroxisomal SPTs are generated from a single SPT gene by
transcription from two initiation sites in the first exon (4,5).
The mitochondrial enzyme is synthesized from the longer
mRNA, whose transcription is markedly enhanced by ad-
ministration of glucagon to rats, as a precursor protein con-
taining a mitochondrial targeting signal (MTS) of an N-ter-
minal extension peptide of 22 amino acids (6, 7). The mito-
chondrial precursor protein synthesized by the longer
mRNA is translocated into the mitochondrial matrix in vivo
and in vitro, followed by proteolytic removal of the MTS (8).
In contrast, the peroxisomal enzyme is synthesized as a
product of mature size from the shorter mRNA, which is
constitutively transcribed or slightly induced by some stim-
uli (9), and the product is translocated into peroxisomes,

1 To whom correspondence should be addressed. Tel: +81-53-435-
2324, Fax: +81-53-J35-2323, E-mail: odatl29@hama-med.ac.jp
2 The 1998/1999 catalogue of New England Biolabs Inc notes that
the ER1458 strain is unlikely to be Lon-defective, although the
genotype of this strain is described as Ion- in the same catalogue.
Abbreviations: MTS, mitochondrial targeting signal; pSPTm, pre-
cursor of mitochondrial serine:pyruvate aminotransferase; PTS,
peroxisomal targeting signal; SPT, serine:pyruvate aminotrans-
ferase; SPTm, mitochondrial serine:pyruvate aminotransferase;
SPTp, peroxisomal serine:pyruvate aminotransferase.
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being directed by an intramolecular peroxisomal targeting
signal (PTS). The structural difference between the mito-
chondrial precursor SPT (pSPTm) and the peroxisomal SPT
(SPTp) is that 22 N-terminal amino acids are included in
the former but not in the latter. The precursor of the mito-
chondrial enzyme, therefore, contains the PTS in addition to
the MTS in the molecule. Nevertheless, the precursor pro-
tein appears to be exclusively translocated into mitochon-
dria, as judged from the selective induction of mitochondrial
SPT on administration of glucagon to rats (2). This suggests
the existence of some special mechanism that allows selec-
tive targeting for mitochondria of the precursor protein hav-
ing two targeting signals in the molecule.

In this study, we examined the relationship between the
conformation of pSPTm and the expression of the PTS
function in this precursor protein. Expression in Escheri-
chia coli of mutated precursor proteins having mitochon-
drial targeting sequences of different lengths indicated that
the longer the targeting signal is, the higher the sensitivity
to protease is. The existence of the mitochondrial targeting
sequence seems to cause the precursor protein to take on
an unfolded or loosely folded conformation that is easily
susceptible to proteolysis. The results of an in vitro peroxi-
somal import experiment indicated that the peroxisomal
targeting function is repressed by the presence of the MTS
at the N-terminus.

EXPERIMENTAL PROCEDURES

Construction of Plasmids—Bacterial expression clones
encoding the mutant precursor SPTs with N-terminal mito-
chondrial targeting sequences of different lengths (pRspt-
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1AA, 3AA, and 11AA) were constructed as follows. For con-
struction of pRsptSAA, pRspt321 (10) containing the nucle-
otide sequence of full-length pSPTm was digested with
BspEl and Seal, and the resulting 1.5-kb fragment was
purified. This fragment was ligated with a pUC8 vector
that had been digested with HindHL, blunt-ended with a
Klenow fragment of DNA polymerase I, and digested again
with PspAI. The obtained clone, named pRspt3AA, encoded
a chimeric protein consisting of 7 N-terminal amino acids of
E. coli (3-galactosidase connected to a precursor of SPT
lacking 2 N-terminal amino acids of MTS. For construction
of pRsptllAA, pRspt321 was digested withXc/nl and Seal,
and blunt-ended with a Klenow fragment. The purified 1.5-
kb fragment was ligated with a pUC8 vector that had been
digested with Hindm, blunt-ended with a Klenow frag-
ment, and digested again with PspAI. The resulting clone,
pRsptllAA, encoded a chimeric protein consisting of 8 N-
terminal amino acids of E. coli 0-galactosidase connected to
a precursor of SPT lacking 10 N-terminal amino acids of
MTS. For construction of pRsptlAA, the blunt-ended 1.5-kb
BspElScal fragment of pRspt321 was ligated with the
.EcoRI-digested and blunt-ended pUC8 vector. The resulting
clone was named pRsptEBS. PCR was carried out using
pUC8 plasmid as the template, an upstream primer of 26
nucleotides (5'-TGAGCGTGGGTCTCGCGGTATCATTG-3')
containing the Bsal site of the pUC8 vector, and a down-
stream primer of 28 nucleotides (5'-GGCCAACATCCGGA-
A£AJAGCTGTTTCC-3') that consisted of 13 nucleotides of
a region around the first methionine of (3-galactosidase and
15 nucleotides corresponding to the second to sixth amino
acids of pSPTm, with an endogenous BspEI recognition
site. The PCR product of the 1.3-kb fragment was purified,
digested with Bsal and BspEI, then ligated with a 2.8-kb
fragment of Bsal-fispEI digest of pRsptEBS. The resultant
clone, named pRsptlAA, contained full-length pSPTm
under the lactose operon promoter with no extra amino
acids at the N-terminus.

pARS45K and pARS43K, clones for in vitro transcription
of mRNAs for pSPTm and the mature form of SPT, respec-
tively (11), were used to prepare the in vitro translated
products for the in vitro peroxisomal import experiment.
An in vitro transcription clone encoding a chimeric product
of pSPTm and urate oxidase was constructed by Dr.
Tsuneyoshi Funai as followa pARS45K was digested with
Apal and BamHl, and the resultant 4-kb fragment was iso-
lated. This fragment includes the entire N-terminal MTS of
pSPTm and Metl to Gly352 of mature SPT in addition to a
pAM19 vector (Amersham). pARURCD21 (12), an in vitro
transcription clone for rat liver urate oxidase, was also
digested with .Apal and BamHl, and the resultant 0.5-kb
fragment, including a C-terminal region from Pro224 to
Leu303 of urate oxidase, was isolated. The 0.5-kb fragment
of pARURCD21 was ligated with the 4-kb fragment, of
pARS45K to generate a clone encoding a chimeric protein
containing the MTS of pSPTm and the PTS1 of urate oxi-
dase at the N- and C-termini, respectively. This clone was
named pA45K/UO. The clone encoding a chimeric protein
consisting of mature SPT and urate oxidase, pA43K/UO,
was similarly constructed by the use of pARS43K as the
starting plasmid instead of pARS45K.

Protease Digestion of Purified Mitochondrial and Peroxi-
somal SPTs—Mitochondrial SPT was purified from the liv-
ers of glucagon-treated rats as reported previously (20).

Peroxisomal SPT was purified from isolated rat liver perox-
isomes. Briefly, female Wistar rats were fed on a chow con-
taining 2% di-(2-ethylhexyl)phthalate for 14 days as de-
scribed by Shindo et al. (13). The livers were excised, and
subcellular fractdonation was performed as described previ-
ously (2). A peroxisomal fraction minimally contaminated
with mitochondria was prepared by centrifugation of a light
mitochondrial fraction at 100,000 Xg for 2 h on a 36-57%
(w/w) sucrose linear gradient using a RPZ 48T zonal rotor
(Hitachi, Tokyo). Subsequent purification procedures of
SPTp were the same as those described in a previous re-
port (10). Digestion with proteinase K and Staphylococcus
aureus V8 protease was performed as described previously
(14).

Expression of MTS-Deleted SPTs in E. coli-E. coli DH5
and E. coli ER1458, a Lon protease- or some other pro-
tease-deficient strain2 (New England Biolabs, USA), were
transformed with pRsptlAA, an expression clone for full-
length pSPTm, or the clones encoding MTS-deleted SPTm
precursors (pRspt3AA, 11AA, and 22AA). Each transform-
ed bacterium was cultured overnight at 37°C in 10 ml of
Luria-Bertani (LB) medium containing 15 mM glucose, in
which expression of the encoded protein was repressed by
glucose repression of the lactose operon promoter of pUC8.
The cultured bacterial suspension was then diluted with 4
volumes of LB medium to decrease the glucose concentra-
tion to 3 mM for derepression of the protein expression and
was cultured for various periods of time up to 48 h. The
SPT activity in the bacterial extract was determined, and
expressed products were analyzed by SDS-PAGE and pro-
tein staining. A preliminary experiment suggested that
SPT is more difficult to transfer by electroblotting than
other proteins, probably due to its physical properties as a
basic protein of pi 8.0. When we used the gel electrotrans-
ferred after SDS-PAGE for the protein staining, SPTs were
clearly detected because, although most proteins had been
removed, a considerable amount of SPTs still remained in
the gel. Electrotransfer of proteins from the gel was carried
out at 12 V for 40 min according to the protocol of Millipore
(USA).

Analytical Procedures—The SPT activity was determined
spectrophotometrically as described previously (2). SDS-
PAGE was carried out according to Laemmli (15). Protein
concentration was determined by the bicinchoninic acid
(BCA) method (Pierce Chemical, USA) with bovine serum
albumin as a standard.

RESULTS

Mitochondrial Targeting Signal-Induced Conformational
Change of the SPT Molecule—When the in vitro transcript
from pARS45K encoding the full length of pSPTm was
translated in vitro with a rabbit reticulocyte lysate, a sig-
nificant amount of an immunologically SPT-related protein
of 43 kDa was synthesized in addition to the expected
pSPTm of 45 kDa encoded in the pARS45K clone (Fig. 1,
left, lane 1). This product of mature size appeared to be
SPTp translated from the third methionine codon of
pSPTm mRNA as the initiation methionine due to leaky
scanning by ribosomes through the first and second meth-
ionine codons (11). Indeed, this product was shown to be
resistant to proteinase K digestion (Fig. 1, left, lanes 2 and
3), as was SPTp (Fig. 1, right, lanes 2 and 3). Proteinase K
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digestion of in vitro translated products from pAES45K
and pARS43K transcripts was carried out to compare the
protease sensitivities of pSPTm and SPTp. As shown in
Fig. 1 (upper panels), pSPTm was completely digested with
20 jig/ml proteinase K, whereas most of SPTp was resis-
tant to the protease irrespective of the presence or absence
of Triton X-100. A small but significant amount of SPTp
was still detected after digestion with 100 p^/ml of protein-
ase K (Fig. 1, lower panels). When 300 jig/ml of proteinase
K was used, SPTp as well as pSPTm were completely
digested (data not shown). These results together with pre-
vious ones (11) suggest that pSPTm is protease-sensitive,

probably due to an unfolded or loosely folded conformation,
whereas SPTp is protease-resistant and has a folded con-
formation.

In our previous experiment, the N-terminal amino acid
sequence of SPTp could not be determined by Edman deg-
radation, whereas the sequence of SPTm was successfully
determined, indicating some modification of the N-terminal
amino acid of SPTp purified from peroxisomes. Since it is
possible that N-terminal amino acid of in vitro translated
SPTp was modified immediately after the synthesis and
that this modification made SPTp more resistant to pro-
tease in the experiment for which the results are shown in

Prot. K

(20 ug/ml)

(100 ug/ml)

pARS45K

1 2 3

PARS43K

1 2 3

pSPTm v

— SPTp —

Prot. K - + + - + +
TX-100 - - + - - +

Fig. 1. Proteinase K digestion of in vitro translated pSPTm
and SPTp. pSPTm and SPTp were translated in vitro in a rabbit
reticulocyte lysate system with in vitro transcripts from pARS45K
and pARS43K as the templates, respectively, as described previ-
ously (12). Proteinase K digestion (20 ng/ml or 100 jjLg/ml for 10 min
at 0'C) in the presence or absence of 1% Triton X-100, SDS-PAGE
and fluorography were carried out as described previously (12). Prot.
K, proteinase K; TX-100, Triton X-100.

A . Proteinase K
KM 2 34 5 6 7 8910

B V8 Protease
2 3 4 5 6 7 8 9 10

Fig. 2. Protease digestion profiles of purified rat liver SPTm
and SPTp. One microgram each of purified SPTm (lanes 1-5 in
panels A and B) or SPTp (lanes 6-10 in panels A and B) was incu-
bated at 30'C with 2 ng of proteinase K (panel A) or 40 ng of V8 pro-
tease (panel B), and the products were detected by SDS-PAGE and
silver staining of the gel as described previously (14). In lane M, the
following proteins were subjected to electrophoresis as size mark-
ers: a, bovine serum albumin (68 kDa); b, ovalbumin (45 kDa); c,
chymotrypsinogen A (25 kDa); d, ribonuclease A (13.7 kDa) and e,
aprotdnin (6.5 kDa). The proteases were omitted in lanes 1 and 10 of
panels A and B. A: Proteinase K digestion was carried out for 0 min
(lanes 1 and 10), 0.25 min (lanes 2 and 9), 0.5 min (lanes 3 and 8), 3
min (lanes 4 and 7), or 10 min (lanes 5 and 6). B: V8 protease diges-
tion was carried out for 0 min (lanes 1 and 10), 2 min (lanes 2 and
9), 15 min (lanes 3 and 8), 60 min (lanes 4 and 7), or 180 min (lanes
5 and 6). Two protein bands marked with an asterisk in panel B are
derived from the V8 protease preparation used.

UFDMLAKASVTLatRAASWVRN

1AA
irrs a IfUtumSPT

0 10 20 30 40 SO 0 10 10 n U ID 0 10 » 10 40 n 0 10 2 0 3 0 4 0 9 0

Time after Derepression ( h )
Fig. 3. Induction of enzyme activity of MTS-deleted SPTs in
E. coli by glucose derepression of the lactose operon pro-
moter. Construction of SPT clones with different lengths of MTS,
expression of mutated SPTs in E. coli, and assay of SPT activity
were carried out as described in "EXPERIMENTAL PROCE-
DUREa" A; Construct of MTS-deleted clones. pRsptlAA (1AA) en-
codes the full length of pSPTm under the lactose operon promoter of
E. coli with no extra sequence at the N-terminus. pRspt3AA (3AA)
encodes a fused protein consisting of 7 N-terminal amino acids of E.
coli p-galactosidase, 20 amino acids (Arg3 to Asn22) of MTS and ma-
ture SPT. pRsptllAA (11AA) encodes a fused protein consisting of 8
N-terminal amino acids of fJ-galactosidase, 12 amino acids (Thrll to
Asn22) of MTS and mature SPT pRspt22AA (22AA) encodes a fu-
sion protein (SPT10) consisting of 7 N-terminal amino acids of fJ-ga-
lactosidase, two artificial amino acids (Gly and Trp) inserted (closed
box), Asn22 of MTS, and mature SPT (14). The hatched box, open
box, and shaded ellipse represent mitochondrial targeting signal
(MTS), mature SPT of 392 amino acids, and several N-terminal
amino acids of E. coli (i-galactosidase, respectively. B: Induction pro-
file of enzyme activity of MTS-deleted SPTs expressed in E. coli. E.
coli DH5 (open circles) and E. coli ER1458 (closed circles) trans-
formed with pRsptlAA, 3AA, 11AA, or 22AA were cultured for vari-
ous times after derepression of the lactose operon promoter.
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Fig. 1, we compared the protease sensitivities of SPTm and
N-terminally modified SPTp. Figure 2 shows the time-
dependent digestion profile by proteinase K (Fig. 2A) or S.
aureus V8 protease (Fig. 2B) of purified SPTm and SPTp.
No differences in the digestion pattern were observed be-
tween SPTm and SPTp with either protease. Thus, the con-
formations of the mature forms of SPTm and SPTp appear
to be indistinguishable by protease digestion, irrespective
of the N-terminal amino acid modification of SPT. There-
fore, the different protease sensitivities of pSPTm and
SPTp shown in Fig. 1 seem to be due to the presence of
MTS at the N-terminus of the pSPTm molecule.

We tried to examine the effect of MTS on the conforma-
tion of the SPT molecule in an E. coli expression system. In
our previous study (14), SPT10, a recombinant chimeric
protein consisting of several N-terminal amino acids of (}-
galactosidase and mature SPT, was found to have almost
the same enzymic properties and functional dimer struc-
ture as those of native SPT in the rat liver. As several N-
terminal amino acids of p-galactosidase were thus shown to

SPT10

E. coli DH5 I ER1458(lon-)
Culture Time (h) o 1 3 10 17 24 32 o 1 3 10 17 24 32

1AA

0 1 3 10 17 24 32 0 1 3 10 17 24 32

3AA

have no inhibitory effect on the activity and the native
dimer formation of SPT, we constructed mutated SPTs hav-
ing different lengths of N-terminal MTS just behind the N-
terminal amino acids of p-galactosidase under the lactose
operon promoter in a pUC8 vector (Fig. 3A). pRsptlAA con-
tains the full length of pSPTm with no extra amino acids at
the N-terminus. pRspt3AA contains a chimeric protein con-
sisting of 7 N-terminal amino acids of (3-galactosidase fol-
lowed by pSPTm lacking 2 N-terminal amino acids.
pRsptllAA encodes a chimeric protein that consists of 8 N-
terminal amino acids of (J-galactosidase followed by pSPTm
lacking 10 N-terminal amino acids. pRspt22AA (formerly
named pRsptlO) encodes a protein (SPT10) consisting of 7
N-terminal amino acids of p-galactosidase followed by 2
artificial amino acids, asparagine 22 of the MTS, and
mature SPT (14). These four clones were introduced into E.
coli DH5 or E. coli ER1458, a protease-lacking strain, to
evaluate the stability of the products in bacteria. Since the
lactose operon promoter in the pUC8 vector is repressed by
15 mM glucose in a medium, the expression of the products
was induced by decreasing the glucose concentration to 3
mM. The SPT activities of each of the mutated SPTs ex-
pressed after induction are shown in Fig. 3B. The longer
the MTS contained in the chimeric protein is, the smaller
the activities detected in the ER1458 strain of E. coli are.
Both DH5 and ER1458 strains transformed with pRspt-
1AA showed no SPT activity at any time after induction. In
the DH5 strain, only small activities were detected in
pRspt3AA, 11AA, and 22AA. To determine whether the dif-
ference in SPT activity among mutated SPTs is due to the
amount of enzyme the cells retained or to different specific
activities of mutated SPTs, we examined the protein level
by direct protein staining, as shown in Fig. 4. Activity and
protein analyses showed that the induction profiles of pro-
tein coincide with those of SPT activity in the four mutated

11AA
0 1 3 10 17 24 32 0 1 3 50 17 24 32

(0 min)
pSPTm *

SPTp-

pARS45K pARS43K

- SPTp - —

22AA
0 1 3 10 17 24 32 0 1 3 10 17 24 32

10 11 I I 13 14 15
Fig. 4. Induction profile of the MTS-deleted SPT proteins. Ex-
perimental conditions are the same as those described in the legend
to Fig. 3. E. coli DH5 (left) and E. coli ER1458 (right) transformed
with pRsptlAA, 3AA, 11AA, or 22AA were collected at various times
after derepression of the lactose operon promoter The expressed
products (20 |ig of protein) were analyzed by SDS-PAGE, and pro-
teins on the gel were stained with Coomassie Brilliant Blue R-250
after electroblotting. In the central lane, 1 (ig of purified SPT10, the
expressed product of pRspt22AA (formerly named pRsptlO), was ap-
plied. Arrowheads indicate the positions of the expected size of the
mutated SPTs.

(30 min)

(60 min)

pSPTm..
SPTp'

pSPTm.
SPTp-

- SPTp - ;

- SPTp - |

P1 P2 P3 P1 P2 P3
ProtK - + + - + +
TX-100 - - + - - +

Fig. 5. In vitro import of pSPTm and SPTp into purified per-
oxisomes. After in vitro transcription of pARS45K or pARS43K
with SP6 RNA polymerase and subsequent translation in a rabbit
reticulocyte lysate, in vitro import reaction with purified peroxi-
somes was carried out for 0, 30, and 60 min as reported previously
(12). PI, P2, and P3 represent translated products in the peroxiso-
mal fraction recovered after the second incubation of the import re-
action mixture for 10 min at 0'C without additions, with 300 ng/ml
proteinase K (Prot. K), and with 300 |jig/ml proteinase K and 1% Tri-
ton X-100 (TX-100), respectively.
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B
45KAJO

43KAJO

PA45K/UO pA43K/UO

SPT45K (M-22 ~ G352) UO (P2M - L3O3)
45KAJOs

43KAJO'
-43K/UO

SPT43K (M1 - G352) uo (P224 - L303)

Fig. 6. In vitro import of SPT/urate oxidase chimeric proteins
into purified peroxisoines. A; Schematic diagram of chimeric pro-
teins 45K/UO and 43K/UO. The N-tenninal methionine of urate oxi-
dase and that of a mature SPTm are numbered +l.The hatched box,
open box, and dotted box represent the MTS of pSPTm (Met-22 to
Asn-1), mature SPT from which a C-terminal region was deleted
(Metl to Gly352), and a C-terminal region of urate oxidase (Pro224 to

P1 P2 P3 P1 P2 P3
Leu303), respectively. B: After m vitro transcription of pA45K/UO
and pA43K/UO, in vitro translation, in vitro import reaction of the
translated product into peroxisomes for 1 h at 26'C, and subsequent
operations were carried out as described in the legend to Fig. 5. In the
left panel, 43K/UO shows a chimeric product translated from the
third methionine codon (Metl) of mature SPT Other symbols are the
same as in Fig. 5.

1 2 3 4 5 6
45K/UO

V

Prot K(ug/ml) 0 0.5 1 3 10 30
1 10 50

Proteinase K (ng/mi)

Fig. 7. Proteinase K digestion of SPT/urate oxi-
dase chimeric proteins. In vitro coupled transcrip-
tion/translation was carried out at 30'C for 2 h using
TNT Coupled Reticulocyte Lysate Systems (Promega
Corp., USA) with pA45K/UO plasmid, Tran36S-label
(ICN Biomedicals Inc., USA) and SP6 RNA poly-
merase. A; The proteinase K digestion (0"C, 10 min)
was performed at 0 (lane 1), 0.5 (lane 2), 1 (lane 3), 3
(lane 4), 10 (lane 5), and 30 (lane 6) |ig/ml of the pro-
tease and analyzed by SDS-PAGE and fluorography. B:
The amounts of 45K/UO (closed circles) and 43K/UO
(open circles) on the gel were separately quantitated by
use of FUJTX BAS1000 (Fuji Photo Film, Tokyo), and
the digestion profile was graphed.

SPTs after induction, indicating that the specific activities
of mutated SPTs are similar to those of native enzyme and
SPT10, a bacterially expressed product of pRspt22AA with
almost the same specific activity as the native SPT.

Repression of the Peroxisomal Targeting Signal by the
Presence of the Mitochondrial Targeting Signal—In the rat
liver, administration of glucagon to the animal leads to en-
hancement of the SPT gene transcription from an up-
stream initiation site (4), and the translated product
(pSPTm) is specifically translocated into mitochondria, not
into peroxisomes (2), then converted to the mature form
through the cleavage of MTS (8). It is therefore thought
that the peroxisomal targeting signal contained in pSPTm
is repressed or masked in the cell. We tried to examine,
using an in vitro peroxisomal import system, whether the
PTS in pSPTm is indeed repressed. Figure 5 shows the
results of the in vitro import of pSPTm Qeft panels) and
SPTp (right panels) into purified peroxisomes. In vitro syn-
thesized SPTp was shown to be translocated into peroxi-
somes as a protease-resistant form (right panels, lane 2) in
a time-dependent manner. In lane PI of the left panels, the
intensity of the pSPTm band recovered with peroxisomes is
significantly higher than that of the SPTp band. However,
in lane 2, the intensity of the proteinase K-resistant band
of SPTp is 2- to 3-fold greater than that of pSPTm at all
incubation times. These results indicate that the function of
PTS in SPTp is more effective than that in pSPTm. Thus,
the presence of MTS at the N-terminus may repress the
function of PTS in the pSPTm molecule.

To examine whether the repression of PTS by MTS is
restricted to the original combination of the targeting sig-
nals in SPT, we constructed a clone, named pA45K/UO,

that encodes a chimeric protein consisting of an N-terminal
portion of pSPTm and a C-terminal portion of urate oxidase
(UO), which contains a typical peroxisomal targeting sig-
nal, PTS1, at the C-terminus (Fig. 6A). The control plasmid
(pA43KAJO) that encodes an SPTp/urate oxidase chimeric
protein was also constructed. As shown in Fig. 6B (left
panel), the in vitro transcription/translation of pA45K/UO
also gave two products, named 45K/UO and 43K/UO, which
correspond to the translation products from the first and
third methionine codons, respectively, as observed in Figs. 1
and 5. The intensities of the protein bands of 45K/UO and
43K/UO in lane PI were almost the same, but with respect
to the proteinase K-resistant band in lane P2, the intensity
of 43K/UO band was significantly greater than that of 45K/
UO band. These results show that the peroxisomal target-
ing activity of PTS1 in 43K/UO is more effective than that
in 45K/UO, indicating that the function of PTS1 is repress-
ed by the presence of MTS in 45KAJO and that the repres-
sion of PTS by MTS is not restricted to the combination of
the original PTS and MTS in the pSPTm molecule.

Figure 7A shows the results of proteinase K digestion of
two chimeric proteins to examine the difference in their
protease sensitivities. The 45K/UO band was markedly de-
creased by digestion with 3 ng/ml of proteinase K (lane 4);

whereas the amount of 43K/UO was not affected by this
concentration of protease. Quantification of each band was
carried out, and the digestion profile is shown in Fig. 7B.
This figure indicates that 45K/UO was 5-10 times more
sensitive to proteinase K than was 43K/UO. The activity of
MTS to induce the loose conformation of the protein was
also observed in SPT/urate oxidase chimeric protein.
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DISCUSSION

We showed in this study (Fig. 1) and our previous study
(11) that the precursor form of mitochondrial SPT (pSPTm)
is highly susceptible to exogenously added protease. When
mutated SPTs having N-terminal MTS of various lengths
were expressed in E. coli, both the SPT activity and protein
level of the expressed products seemed to depend on the
length of MTS contained in the mutated SPTs (Figs. 3 and
4). The induction profiles of SPT activity and the level of
protein of mutated SPTs in protease-deficient bacteria coin-
cided well at any time after induction, indicating that the
specific activity of the mutated SPTs expressed is similar to
that of the authentic enzyme and SPT10 (14), although
their stabilities are quite different. In the case of pRspt-
lAA, both the activity and protein were hardly detectable
even just after the induction, suggesting very rapid degra-
dation of the product after its synthesis. To explain these
results, we propose that there are two interconvertible con-
formations of the SPT molecule. One is an unfolded and
enzymatically inactive form induced by the presence of
MTS or a part of it, and the other is a folded and enzymati-
cally active form shown in the mature SPTm, SPTp, or
SPT10, the product encoded by pRspt22AA. It is probable
that in pSPTm the equilibrium leans more toward the
unfolded form than the folded form, and the unfolded form
may be digested easily by protease(s) in E. coli. The mature
form of SPT (SPTp and SPTm), on the other hand, may
lean toward the folded form. The shorter the MTS in the
mutated SPT is, the more the equilibrium may shift to the
folded form. This idea can explain the alteration of the con-
tent of mutated SPTs with no change in their specific activ-
ities in bacteria by alteration of the equilibrium between
two conformations. Experimental evidence is needed to con-
firm this idea. Recently, intramolecular chaperone-like ac-
tivity of the MTS of the Fj-ATPase p-subunit precursor has
been reported (16), while it has also been reported that
MTS plays only a minor role in determining the folding
rate of aspartate aminotransferase (17).

In our previous studies (2, 6, 8, 18), administration of
glucagon to rats caused i) specific enhancement of tran-
scription from the upstream initiation site generating
pSPTm mRNA, ii) an increased translation of pSPTm in
the cytoplasm, and iii) selective translocation of pSPTm
into mitochondria. We have been interested in how pSPTm,
which has PTS in addition to MTS in the molecule, is
translocated selectively into mitochondria. Three possible
mechanisms for the selective translocation of pSPTm into
mitochondria have been proposed. One is cotranslational
import. As the MTS and putative PTS of pSPTm are
located at the N-terminus and the C-terminal region of
pSPTm, respectively, the MTS translated first may be
immediately recognized by the mitochondrial import
machinery on the mitochondrial outer membrane before
the PTS region is translated. Another possible mechanism
is the difference in targeting abilities of the MTS and PTS
in the pSPTm molecule. If the targeting ability of MTS is
much higher than that of PTS, most of the translated prod-
uct would be translocated into mitochondria. The third pos-
sible mechanism is intramolecular masking or repression of
PTS in pSPTm, such as the direct or indirect interaction of
MTS with PTS or allosteric inhibition of PTS function by

MTS, and so on. In the former two possibilities, PTS has
normal targeting activity in pSPTm, whereas in the third
possibility, the targeting function of PTS is repressed. To
examine whether the PTS function in the pSPTm molecule
is repressed, we tried to analyze the in vitro import effi-
ciency of in vitro translated pSPTm and SPTp into isolated
peroxisomes under conditions in which mitochondria have
no influence. As shown in Figs. 5 and 6, the PTS function of
pSPTm and the 45K/UO chimeric protein was much less
than that of mature SPT or the 43K/UO chimeric protein,
suggesting that the third possibility is the most likely. The
peroxisomal fraction used in the in vitro import experiment
was highly purified and assumed to contain no significant
amount of mitochondria (19). Indeed no significant process-
ing of the precursor to the mature form indicative of the
presence of mitochondria occurred during the import reac-
tion. The amount of the mature forms (SPTp and 43K/UO)
detected in the P2 fraction was almost the same whether
the precursors (pSPTm and 45K/UO) or the mature forms
(SPTp and 43KAJO) were used for the import reaction
(Figs. 5 and 6).

Several studies have shown that there are intramolecu-
lar interactions of functional subdomains (20-24). It is
thought that the interaction of subdomains makes the con-
formation of the protein more compact and probably more
protease-resistant. However, since the presence of MTS in
pSPTm leads to a conformation of the protein that is more
sensitive to protease, physical interaction of MTS with PTS
seems to be unlikely. We recently found that the proline
insertion into the C-terminal region of SPTp to affect the
secondary structure causes a marked reduction in the per-
oxisomal targeting activity (Mizuno, T, Ito, K., Ichiyama,
A., and Oda, T, unpublished observation). Motly et al. (25)
reported that a C-terminal region of human SPT/AGT of
more than 47 amino acids is required for the proper peroxi-
somal targeting of this enzyme. The peroxisomal targeting
signal of SPT thus seems to require the proper conforma-
tion around the C-terminal region for its targeting function.
We speculate that MTS leads to the repression of PTS by
the unfolding of pSPTm or the 45K/UO chimeric protein
molecule, especially at the C-terminal region, where the
putative peroxisomal targeting signal of SPT or PTS1 of
urate oxidase exists (12). With respect to the translocation
of proteins having both mitochondrial and peroxisomal tar-
geting signals in the molecule, two different results have
been reported. Like pSPTm, the selective import of the pre-
cursor into mitochondria has been reported in carnitine
acetyltransferase (26) and alanine:glyoxylate aminotrans-
ferase (27). On the other hand, the precursors of dienoyl-
CoA isomerase (28) and 3-hydroxy-3-methylglutaryl-CoA
lyase (29) are translocated into both mitochondria and per-
oxisomes, indicating no repression of PTS by the presence
of MTS in these molecules. The effect of MTS on PTS func-
tion seems to differ depending on the case.

In our previous studies (6,14), we observed that SPT10
consisting of full-sized mature SPT showed the full enzymic
activity and the soluble dimer structure in bacterial cells.
However, the 15-N-terminal-amino-acid-deleted SPT, the
product encoded in pRsptl9 plasmid, showed neither enzy-
mic activity nor the expected si2e of product in the cell. It
is, therefore, probable that the presence or absence of MTS
in the SPT molecule affects the stability of the conforma-
tion of the protein. In mammalian cells, two protein factors
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recognizing MTS have been reported: mitochondrial import
stimulating factor (30) and presequence binding factor (32).
It is not yet clear whether these factors interact with MTS
of pSPTm and contribute to proper organelle targeting and
conformational change of the precursor.
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