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Abstract. The firefly luciferase protein contains a 
peroxisomal targeting signal at its extreme COOH ter- 
minus (Gould et al., 1987). Site-directed mutagenesis 
of the luciferase gene reveals that this peroxisomal tar- 
geting signal consists of the COOH-terminal three 
amino acids of the protein, serine-lysine-leucine. 
When this tripeptide is appended to the COOH termi- 
nus of a cytosolic protein (chloramphenicol 

acetyltransferase), it is sufficient to direct the fusion 
protein into peroxisomes. Additional mutagenesis ex- 
periments reveal that only a limited number of conser- 
vative changes can be made in this tripeptide targeting 
signal without abolishing its activity. These results in- 
dicate that peroxisomal protein import, unlike other 
types of transmembrane translocation, is dependent 
upon a conserved amino acid sequence. 

I 
N eukaryotic cells, the sorting of proteins to their proper 
subcellular locations is often mediated by cis-acting se- 
quences present in the transported polypeptide (Blobel, 

1980). This mode of protein segregation has been demon- 
strated for protein import into mitochondria (Hase et al., 
1984), chloroplasts (Van den Broek et al., 1985), lysosomes 
(Johnson et al., 1987), the nucleus (Kalderon et al., 1984), 
and the endoplasmic reticulum (ER)Vsecretion pathway (for 
review, see Walter and Lingappa, 1986) as well as for reten- 
tion of proteins in the ER (Munro and Pelham, 1987). Only 
recently has this observation been extended to the process of 
peroxisomal protein import (Gould et al., 1987, 1988; Small 
et al., 1988). Proteins destined to reside in the peroxisome 
are transported into the organelle posttranslationally after 
synthesis on free polysomes. Unlike import of proteins into 
mitochondria, chloroplasts, or the ER/secretion pathway, 
peroxisomal import is not associated with removal ofa prese- 
quence or with any other detectable modification of the im- 
ported polypeptide (for a review of peroxisomal protein bio- 
genesis, see Lazarow and Fujiki, 1985). 

We have previously demonstrated that the peroxisomal pro- 
tein luciferase (Keller et al., 1987) contains a peroxisomal 
targeting signal (PTS) within its COOH-terminal twelve 
amino acids (Gould et al., 1987). More recently, we iden- 
tified additional PTSs at or near the COOH terminus of the 
peroxisomal proteins human catalase, pig D-amino acid oxi- 
dase, rat acylcoenzyme A (CoA) oxidase, and rat enoyl- 
CoA/hydratase-3-hydroxyacyl CoA dehydrogenase (Gould et 
al., 1988), and also in the Candida boidinii PMP-20 protein 
(Gould et al., manuscript in preparation). Miyazawa et al. 
(1989) have recently demonstrated that the COOH terminus 
of rat acyl-CoA oxidase, which had been previously shown 

1. Abbreviations used in this paper: CAT, chloramphenicol acetyltransfer- 
ase; CoA, coenzyme A; PTS, peroxisomal targeting signal. 

to contain a PTS (Gould et al., 1988), is also necessary for 
its own import into rat liver peroxisomes in vitro. 

To further investigate the nature of the PTS, we have 
created mutations that alter the amino acid sequence of lu- 
ciferase at or near the COOH terminus of the protein. The 
mutant proteins were tested for their ability to be imported 
into peroxisomes in vivo. The results of these experiments 
indicate that a tripeptide (serine, alanine, or cysteine at the 
first position; lysine, histidine, or arginine at the second; leu- 
cine at the third) is capable of acting as a PTS when present 
at the COOH terminus of a protein. A search of known 
peroxisomal protein sequences reveals that this tripeptide is 
a common feature of many peroxisomal proteins. These data 
suggest that a consensus three-amino-acid targeting signal is 
responsible for the import of a large number of peroxisomal 
proteins. In contrast, other processes that transport proteins 
across membranes (ER, mitochondrial, or chloroplast trans- 
port) are usually mediated through larger NH2-terminal sig- 
nals that are cleaved upon import and lack sequence conser- 
vation. The unique properties of peroxisomal protein import 
indicate that it may involve a fundamentally different type of 
protein translocation mechanism. 

Materials and Methods 

Reagents 
The rabbit antibody against bovine catalase was a gift from A. Schram 
(Genentech Inc., San Francisco, CA). The chloramphenicol acetyltransfer- 
ase (CAT) 2 cell line producing the anti-CAT mAb was a gift from C. Gor- 
man (Genentech Inc., San Francisco, CA). All oligonucleotides were pur- 
chased from Operon Technologies, Inc. (San Pablo, CA). Sequenase and 
the plasmid pTZI9U were obtained from United States Biochemical Corp. 
(Cleveland, OH). Additional reagents were from standard sources. 

Plasmids 
Manipulations of plasmid DNAs were as described (Maniatis et al., 1982). 
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DNA sequence analysis was performed by the method of Sanger et al. 
(1977), as modified by Chen and Seeburg (1985). In place of Klenow frag- 
ment of Escherichia coli DNA polymerase, a modified T7 polymerase (Se- 
quenase; United States Biochemical Corp.) was used. Construction of the 
plasmid pRSVL has been described elsewhere (de Wet et al., 1987) as has 
construction of the plasmid pRSVLA C12 (Gould et al., 1987). The other 
plasmids used in this report (except pSV2CAT and pSV2CAT-SKL) are the 
same as pRSVL except for the alteration of specific nucleotides between the 
Cla I and Sac I sites of pRSVL. The 450-bp-long Eco RV to Sac I fragment 
of pRSVL was isolated and cloned between the Hinc II and Sac I sites of 
the plasmid pTZ19U (United States Biochemical Corp.). The Cla I site of 
the luciferase gene is within this fragment ",,30 bp from the Eco RV site. 
The resultant plasmid pTZ-Luc was used as the substrate for site-specific 
mutagenesis by the method of Zoller and Smith (1983), as modified by 
Kunkel (1985). After the structure of each mutant was confirmed by DNA 
sequence analysis, the Cla I to Sac I segment of the mutated luciferase gene 
fragment was inserted back into pRSVL for subsequent expression in mam- 
malian cells. 

The construction of pSV2CAT has been described elsewhere (Gorman 
et al., 1982). pSV2CAT-SKL was constructed by inserting an oligonucleo- 
tide linker into the unique Nae I site of the plasmid pCATC (the structure 
of which is described in Gould et al., 1988). This oligonucleotide had the 
sequence 5'-TCAAGCTTTGA-3' and encoded a Hind III restriction enzyme 
recognition site. When inserted into the Nae I site of pcATC, the predicted 
amino acid sequence of CAT is altered in such a way that the tripeptide 
serine-lysine-leucine is appended to the COOH terminus of the protein. In 
all other respects, the sequence of the putative CAT-SKL protein is the same 
as the wild-type protein. A signal for mRNA polyadenylylation from SV40 
was then placed downstream of the CAT-SKL coding sequence by inserting 
the approximately 1600-bp-long Kpn I to Eco RI fragment of pRSVL be- 
tween the Kpn I and Eco [ ]  sites of pCATC-SKL. The product of this con- 
struction was pSV2CAT-SKL. 

Cell Culture, Transfections, and Immunofluorescence 

Conditions for growth of monkey kidney CV-1 cells are the same as previ- 
ously described (Keller et al., 1987). Transfections were performed by the 
method of Parker and Stark (1979). lmmunofluorescence was performed es- 
sentially as described by Keller et al. (1987). In this procedure, fixed cells 
were first labeled with a guinea pig antibody that recognizes the firefly lu- 
ciferase and a rabbit antibody raised against bovine catalase. After several 
washes, the cells were then labeled with a fluorescein-conjugated goat 
anti-guinea pig IgG antibody and a rhodamine-conjugated goat anti-rabbit 
IgG antibody. When observed by fluorescence microscopy, the rhodamine 
label depicted the distribution of catalase and the fluorescein label showed 
the distribution of luciferase. The goat anti-rabbit antibody does not cross- 
react with the guinea pig anti-luciferase antibody under the conditions we 
used. Cells expressing the CAT and CAT-SKL proteins were analyzed in the 
same manner except that a monocional anti-CAT antibody was used in place 
of the guinea pig antiluciferase antibody and that the secondary labelings 
were done with a fluorescein-conjugated goat anti-mouse lgG antibody. The 
culture medium in which the CAT-2 mAb-producing cell line was grown was 
used as the source of the anti-CAT antibody. 

Results  

The Minimal PTS in Luciferase 
When the gene encoding firefly luciferase was expressed in 
mammalian, insect, plant, or yeast cells, luciferase was found 
to be translocated into the peroxisomes of the cells in all 
cases (Keller et al., 1987, and unpublished data). Because 
the PTS of this protein was recognized in such diverse organ- 
isms, we felt that luciferase would be an excellent model pro- 
tein with which to determine the minimal PTS. Site-directed 
mutagenesis was used to alter the predicted amino acid se- 
quence of the luciferase gene at the 3' end of its coding re- 
gion, the region of the protein previously reported to contain 
targeting information (Gould et al., 1987). Specifically, de- 
letions were made that removed amino acids either from the 
amino or carboxy end of the twelve amino acid-long COOH- 

Table L Mutants Defining the Minimal PTS in Luciferase 

Amino acid position in luciferase 
5 5 5 5 5 5 5 5 5 5 5 5 5 5 5  
3 3 3 3 4 4 4 4 4 4 4 4 4 4 5  
6 7 8 9 0 1  2 3 4 5 6 7 8 9 0  

Subcellular 
Plasmid name distribution 

R-E- | -L-I -K-A-K-K-G-G-K-S-K-L 
R-E-I- 
R-E-I- G-G-K-S-K-L 
R-E-I- K-S-K-L 
R-E-I- S-K-L 
R-E-I- K-L 
R-E-I- L 
R-E-I-L-I-K-A-K-K-G-G-K 
R-E-I-L-I-K-A-K-K-G-G-K-S 
R-E-I-L-I-K-A-K-K-G-G-K-S-K 
R-E-I-L-I-K-A-K-K-G-G-K-S-K-L-S 
R-E-I-L-I-K-A-K-K-G-G-K-S-K-L- 1- L 

~RSVL P 
~RSVLAC12 C 
~RSVLA539-544 P 
~RSVLA539-546 P 
)RSVLA539-547 P 
3RSVLA539-548 C 
~RSVLA539-549 C 
~RSVLAC3 C 
~RSVLAC2 C 
)RSVLAC 1 C 
~RSVL + S C 
)RSVL + IL C 

The numbers in the table head (le~) refer to the amino acid positions of the 
550-amino acid-long luciferase. Below are the amino acid sequences of each 
mutant; the name of each mutant to its right; and on the extreme right, the loca- 
tion of the protein within the cell. P, peroxisomal; C, cytosolic. The subcellu- 
lar location of each protein was determined as described in the legend to Fig. 1. 

terminal targeting signal. Plasmids directing the expression 
of mutant luciferase genes from the Rous Sarcoma virus pro- 
moter were introduced into CV-1 monkey kidney cells by cal- 
cium phosphate-mediated transfection (Parker and Stark, 
1979). The cells were subsequently processed for double in- 
direct immunofluorescence as previously described (Keller 
et al., 1987). A guinea pig antiluciferase antibody and fluo- 
rescein-conjugated goat anti-guinea pig IgG antibody were 
used to detect the subcellular distribution of the mutant lu- 
ciferase proteins. The same cells were incubated with a rab- 
bit anticatalase antibody and rhodamine conjugated goat 
anti-rabbit-IgG antibody to localize the peroxisomes within 
the transfected cells. Each mutant luciferase protein was 
identified as either peroxisomal or cytosolic based on whether 
or not it colocalized with catalase in the cell. 

Table I provides a summary of the results of these experi- 
ments. Also, in Fig. 1 (A-F), we have presented the immu- 
nofluorescence data obtained with a representative subset of 
these mutants. Removal of sequences from amino acid 538 
towards the COOH terminus of luciferase (which is 550 
amino acids long) had no affect on targeting as long as the 
deletion did not extend to the serine residue 3 amino acids 
from the end of the protein. The mutant containing a 9-amino 
acid deletion (A539-547) that left only the last 3 amino acids 
of the 12-amino acid targeting signal had the same punctate 
distribution as wild-type luciferase (Fig. 1 A). Its colocaliza- 
tion with catalase within the same cell (compare A and B in 
Fig. 1) confirmed that this mutant protein (that retains serine- 
lysine-leucine at the COOH terminus) was peroxisomal. In 
contrast, the mutant A539-548 (which had only lysine-leu- 
cine at the COOH terminus) exhibited a diffuse, cytosolic 
distribution (Fig. 1 C) and did not colocalize with catalase 
(compare C with D in Fig. 1). This lack of import demon- 
strated a defect in the protein's targeting signal. Likewise, de- 
letion of three (AC3), two (AC2), or one (AC1; Fig. 1, E and 
F) amino acid(s) from the COOH terminus abolished the 
ability of luciferase to be transported to peroxisomes (Table 
I). Overall, the results obtained with these mutants indicated 
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Figure I. lmmunofluorescent localization of mutant luciferases. CV-I monkey kidney cells were transfected with each of the mutant luciferase 
genes described in Tables I and II and subsequently processed for double indirect immunofluorescence. We show the data obtained with 
a representative subset of these mutants. The micrographs are paired such that A-E  and G - K  show the distribution of luciferase (fluorescein 
labeled) inside transfected cells while B-F  and H-L show the distribution of catalase (i.e., peroxisomes) for the cells in the same field 
(rhodamine labeled). Shown are the subceUular distributions of mutant luciferases encoded by pRSVLA539-547 (A and B); pRSVL- 
A539-548 (C and D); pRSVLAC1 (E and 17); pRSVL-AKL (G and H); pRSVL (I and J); and pRSVL-SKI (K and L). 
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Table IL Acceptable Degeneracy of the PTS 

Amino acid position in luciferase 
5 5 5 5 5 5 5 5 5 5 5 5 5 5 5  
3 3 3 3 4 4 4 4 4 4 4 4 4 4 5  
6 7 8 9 0 1 2 3 4 5 6 7 8 9 0  

Sub- 
cellular 
distri- 

Plasmid name bution 

R-E-I-L-I-K-A-K-K-G-G-K-S-K-L 

Serine 548 mutated to 

Lysine 549 mutated to 

Leucine 550 mutated to 

pRSVL P 

Glutamic 
acid pRSVL-EKL C 

Leucine pRSVL-LKL C 
Phenyl- 

alanine pRSVL-FKL C 
Tyrosine pRSVL-YKL C 
Threonine pRSVL-TKL C 
Lysine pRSVL-KKL C 
Alanine pRSVL-AKL P 
Cysteine pRSVL-CKL P 

Glycine pRSVL-SGL C 
Glutamic 

acid pRSVL-SEL C 
Isoleucine pRSVL-SIL C 
Serine pRSVL-SSL C 
Histidine pRSVL-SHL P 
Arginine pRSVL-SRL P 

Serine pRSVL-SKS C 
Valine pRSVL-SKV C 
Glutamic 

acid pRSVL-SKE C 
Phenyl- 

alanine pRSVL-SKF C 
Lysine pRSVL-SKK C 
Isoleucine pRSVL-SKI C 

Mutations affecting each of the last three amino acids of luciferase are shown. 
For each, the amino acid substitution is noted, and the subcellular distribution 
of the mutant luciferase is shown to the right. P, peroxisomal; C, cytosolic. 
The subcellular distribution of each mutant was determined as described in the 
legend to Fig, I. 

that the minimal PTS consists of the COOH-terminal three 
amino acids (serine-lysine-leucine) of luciferase. 

The existence of this PTS at the extreme COOH terminus 
of the protein begs the question regarding the role, if any, the 
COOH-terminal location of the PTS plays in its function. 
Mutants were made that appended either one (serine) or two 
(isoleucine-leucine) amino acid(s) to the COOH terminus of 
luciferase. Both of these mutant proteins were observed to 
be cytosolic, indicating that addition of amino acids to the 
carboxy end of the PTS resulted in its inactivation (Table I). 

Effect of  Mutations within the Minimal PTS 

We previously described a point mutation in the targeting 
signal of rat enoyl-CoA/hydratase-3-hydroxyacyl-CoA dehy- 
drogenase (which ends in the sequence serine-lysine-leu- 
cine-COOH) that abolished the ability of the sequence to act 
as a PTS (Gould et al., 1988). In this mutation, an asparagine 
was substituted in place of the penultimate lysine residue. To 
obtain more complete data on acceptable sequence variation 
in the minimal PTS, site-directed mutagenesis was used to 
alter each of the last three codons of the luciferase gene so 
that a variety of amino acids were substituted for the three 
COOH-terminal amino acids of luciferase. As before, ex- 

pression vectors containing these mutant luciferase genes 
were transfected into CV-1 cells. Double indirect immunoflu- 
orescence was performed on the transfected cell populations 
and the subcellular distribution of each mutant luciferase was 
determined (Table II). Immunofluorescence data obtained 
with a subset of these mutants are presented in Fig. 1 (G-L). 
The serine residue could be changed to the structurally simi- 
lar amino acids alanine (Fig. 1, G and H) or cysteine, but 
not to threonine, tyrosine, phenylalanine, leucine, lysine, or 
glutamic acid. The lysine residue could be replaced by the 
basic residues arginine (Fig. 1, land J)  or histidine, but not 
by glycine, glutamic acid, isoleucine, or serine. Also, the re- 
quirement of a leucine at the last position seemed fixed, as 
neither isoleucine (Fig. 1, K and L), serine, valine, glutamic 
acid, lysine, or phenylalanine could be substituted for this 
amino acid without abolishing import of the protein to the 
organelle. 

The Minimal PTS Is SuJficient to Direct a Cytosolic 
Protein into the OrganeUe 

Though our results demonstrate that the tripeptide targeting 
signal identified above is necessary for import of luciferase 
into peroxisomes, the critical test of a such a signal is 
whether it is sufficient to direct a heterologous protein into 
the organelle. To see if the tripeptide serine-lysine-leucine- 
COOH could function in this manner, we fused a segment 
of DNA encoding only these three amino acids (followed by 
a translational stop codon) onto the 3' end of the CAT coding 
region. As can be seen in Fig. 2 A and B, when the three 
amino acids serine-lysine-leucine were appended to the 
COOH terminus of CAT, the protein was found to colocalize 
with catalase in the peroxisomes of the expressing cells. As 
shown in previous reports (Gould et al., 1987, 1988) wild- 
type CAT was present in the cytosol of transfected cells (Fig. 
2, C and D). These results demonstrate that the tripeptide 
serine-lysine-leucine-COOH is sufficient to direct a cyto- 
solic protein to peroxisomes and confirms its ability to func- 
tion as a PTS. 

Discussion 

Characteristics of the PTS 

The work presented in this paper indicates that at least one 
type of signal for peroxisomal protein import consists of a 
3-amino acid-long peptide with the "consensus sequence" of 
serine, alanine, or cysteine at the first position; lysine, histi- 
dine, or arginine at the second, and leucine at the third posi- 
tion, the COOH terminus of the protein. The results of the 
amino acid substitution experiments allow us to make some 
predictions regarding the nature of the PTS. The ability of 
serine, alanine, or cysteine to function at the first position of 
the sequence implies that recognition of this residue by a 
pmative PTS receptor would be based primarily on structural 
properties (i.e., size of side chain). In contrast, because ly- 
sine, histidine, and arginine each contain basic side chains, 
it may be that the key requirement for this second residue is 
that it possess basic properties. Also, the inability of any sub- 
stitutions for leucine to retain function implies that it is es- 
sential for function. The key properties that must be ex- 
hibited at this position cannot be surmised at this time. 

We also found that the addition of one (serine) or two 
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Figure 2. Immunofluorescent localization of the CAT- 
SKL fusion protein and wild-type CAT. CV-1 cells 
transfected with pSV2CAT-SKL or pSV2CAT were 
processed for double indirect immunofluorescence. 
Micrographs A and C depict the immunofluorescent 
staining with the anti-CAT antibody (fluorescein la- 
beled) while micrographs B and D represent the im- 
munofluorescent staining with the anticatalase anti- 
body (rhodamine labeled). (A and B) Cells transfected 
with pSV2CAT-SKL. (Cand D) Cells transfected with 
pSV2CAT. 
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Table III. Peroxisomal Targeting Sequences in Peroxisomai Proteins 

Location 
Total no. Conserved 

Peroxisomal protein amino acids amino acids COOH terminal Internal* Reference 

Class I 
Rat acyl-CoA 659 661 

oxidase 661 Ser-Lys-Leu + - Miyazawa et al., 1987 
Rat peroxisomal 720 722 

bifunctional enzyme 722 Ser-Lys-Leu + - Osumi et al., 1985 
Mouse or rat sterol- 141 143 

carrier-protein 2 143 Ala-Lys-Leu + - Scallen, T., personal communication; 
partial Morris et al., 1988 

Rat uricase cDNA Ser-Arg-Leu + - Reddy et al., 1988 
Pig D-amino-acid 345 347 

oxidase 347 Ser-His-Leu + - Ronchi et al., 1982 
548 550 

P. pyralis luciferase 550 Ser-Lys-Leu + - de Wet et al., 1987 
P. plagiophthalamus 541 543 

luciferase 543 Ser-Lys-Leu + - Wood et al., 1989 
307 309 

Soybean uricase 309 Ser-Lys-Leu + - Nguyen et al., 1985 
Cucumber malate partial 

synthase cDNA Ser-Lys-Leu + - Smith and Leaver, 1986 
Spinach glycolate 367 369 

oxidase 369 Ala-Arg-Leu + - Volokita and Somerville, 1987 
C. boidinii 165 167 

PMP-20 167 Ala-Lys-Leu + - Garrard and Goodman, 1989 

Class II 
516 518 

Human catalase 526 Ser-His-Leu - + Bell et al., 1986 
Rat peroxisomal 140 142 

thiolase 398 Ser-Arg-Leu - + Hijikata et ai., 1987 
252 254 
Ala-Lys-Leu - + 

D. melanogaster xanthine 56 58 
dehydrogenase (rosy) 1335  Ala-Lys-Leu - + Keith et al., 1987 

C. tropicalis 554 556 
acyl-CoA oxidase PXP-4 709 Ser-Lys-Leu - + Okazaki et al., 1986 

C. tropicalis 522 524 
acyI-CoA oxidase PXP-5 662 Ser-Lys-Leu - + Okazaki et al., 1986 

C. tropicalis 331 333 
catalase 485 Ser-Arg-Leu - + Okada et al., 1987 

H. polymorpha 592 594 
methanol oxidase 664 Ala-Arg-Leu - + Ledeboer et al., 1985 

Class I proteins contain the PTS at the COOH terminus, and Class 1I proteins contain an analogous sequence in at least one internal location. 
* A different COOH-terminal signal cannot be excluded. 

(isoleucine-leucine) amino acids to the COOH terminus of 
luciferase blocks import of the protein into peroxisomes. It 
may be that the PTS requires the COOH terminal location 
for function, in which case a role may exist for the free car- 
boxylic acid in recognition of the PTS by its putative recep- 
tor. Alternatively, it may be that its ability to function as a 
PTS is strongly context dependent, and these last two muta- 
tions may have placed the PTS in an unrecognizable context. 
Our results are similar to those observed for soluble proteins 
of the ER, where a 4-amino  acid peptide (lysine-aspartic 
acid-glutamic acid-leucine, or KDEL) at the COOH termi- 
nus of these proteins acts as an ER retention signal (Munro 
and Pelham, 1987). However, it should be noted that the 
processes of ER retention and protein transport into the per- 
oxisome differ significantly in that peroxisomal import re- 

quires translocation of proteins across a lipid bilayer whereas 
ER retention probably does not (Munro and Pelham, 1987; 
Pelham et al., 1988). 

The immunofluorescence assay we used to detect import 
of peroxisomal proteins was qualitative and did not allow us 
to record subtle differences in import efficiency between var- 
ious proteins. The microscopy images presented in this re- 
port were representative of the distribution of the proteins as 
determined by analysis of tens or hundreds of transfected 
cells. Because the transfection procedure may deliver greatly 
different amounts of plasmid DNA to different cells, the 
amount of protein produced in different cells may vary ac- 
cordingly. In cells that express extremely high levels of even 
a normally peroxisomal protein such as luciferase, signifi- 
cant levels of the protein may be detected in the cytosol. Thus 
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when we observe a cell in which the protein of interest is de- 
tected in the cytosol as well as in peroxisomes, it is difficult 
to be certain if the dual localization of the protein is due to 
a low efficiency PTS on the protein or if it is caused by satura- 
tion of the import machinery because of hyperexpression of 
the introduced peroxisomal protein. We could observe no 
differences among the peroxisomal luciferases in the per- 
centage of expressing cells in which both peroxisomal and 
cytosolic staining was seen. We are therefore unable to spec- 
ulate as to the relative efficiencies of the peroxisomal target- 
ing signal sequences that were identified herein. The most 
pressing limitation of our in vivo transport assay is that it 
may not be able to detect low efficiency import since a low 
initial rate of import will result in accumulation of the protein 
in the cytosol, resulting in a bright cytosolic signal that may 
mask weak peroxisomal fluorescence. 

The Minimal PTS Is a Common Feature of  
Peroxisomal Proteins 

A major prediction that follows from our identification of the 
minimal PTS is that other peroxisomal proteins should con- 
tain this element within their amino acid sequence. In accor- 
dance with this prediction, all but two of the peroxisomal 
proteins for which sequence data is available contain the 
tripeptide targeting signal somewhere within their sequence. 
Eleven of these proteins (Class 1, Table III) contain the se- 
quence serine-lysine-leucine or a conservative variant at 
their COOH terminus. Furthermore, the proteins in Class I 
(COOH-terminal PTSs) are from insects, mammals, plants, 
and yeasts, an observation suggesting that the PTS we have 
identified may be a general one that has been conserved 
through evolution. This is consistent with the peroxisomal 
localization of luciferase when expressed in any of these 
types of organisms (Keller et al., 1987; unpublished data). 

The proteins in Class II (Table III) do not contain this con- 
sensus PTS at their C termini. However, they do contain the 
consensus sequence at one or more internal locations. We do 
not know whether the tripeptide targeting signal that we have 
identified functions as a PTS at internal locations within 
these proteins or whether some other type of PTS is active. 
Interestingly, the COOH-terminal 27 amino acids of human 
catalase can act as a PTS and contain, at an internal location, 
the consensus PTS sequence serine-histidine-leucine (Gould 
et al., 1988). 

The only peroxisomal proteins we are aware of that do not 
contain the conserved tripeptide PTS sequence are rat cata- 
lase (Furuta et al., 1986) and dihydroxyacetone synthase 
from the yeast Hansenula polymorpha (Janowicz et al., 
1985). In these proteins, the closest match to the consensus 
PTS is the sequence alanine-lysine-isoleucine in dihydroxy- 
acetone synthase and serine-histidine-isoleucine in rat cata- 
lase. Though the leucine-to-isoleucine mutation inactivated 
the PTS in luciferase, it is quite possible that these sequences 
may function as PTSs at internal locations. 

Even if the consensus PTS is able to work at internal loca- 
tions, it is clear that it could not be a PTS in all contexts. A 
search of the protein identification resource protein sequence 
databank (June 30, 1988 release) identified a large number 
of eukaryotic proteins that contain the consensus PTS some- 
where within their sequence. Most contain this sequence at 
internal locations and are not peroxisomal. Of the proteins 
that contain the PTS at the COOH terminus, where it is 

known to function, all are either peroxisomal or secretory 
proteins (excepting those with unknown subcellular distribu- 
tion). It is not surprising that the search identified secretory 
proteins that have the COOH-terminal PTS. Because secre- 
tory proteins are transported co-translationally into the ER, 
they are committed to secretion before the synthesis of their 
COOH terminus, and any peroxisomal targeting information 
present at their COOH terminus would be effectively muted. 

Evidence from the work of Small et al. (1988) suggests that 
certain polypeptides that lack the PTS we have identified are 
capable of being imported into Candida tropicalis peroxi- 
somes in vitro (Small et al., 1988). The contrast between our 
results and those obtained in their yeast in vitro import sys- 
tem may be explained by the existence of PTSs in C. tropi- 
calis that differ from those that act in mammalian cells. Al- 
ternatively, multiple signals may be capable of directing 
proteins to peroxisomes in both types of organisms. Addi- 
tional experiments are required to distinguish between these 
possibilities. 

Implications for Peroxisomal Protein Import 

We have identified a PTS located at the COOH-terminus of 
several peroxisomal proteins that consists of a tripeptide with 
the consensus sequence of serine, alanine, or cysteine at the 
first position, lysine, arginine, or histidine at the second, and 
leucine at the third. The observation that a short, COOH- 
terminal sequence can direct proteins to peroxisomes is in 
contrast to results obtained in the study of mitochondrial, 
chloroplast, and ER transport, where rather large (at least 
12 amino acids, and commonly even longer) NH2-terminal 
pre-sequences are implicated in the import of proteins to the 
organelle. In addition, these other types of translocation sig- 
nals lack sequence conservation and are thought to form 
higher order structures responsible for targeting activity 
(e.g., amphiphilic helices or/~-sheets proposed to act as mi- 
tochondrial targeting signals [for review, see Verner and 
Schatz, 1988]), whereas the PTS we have studied has a con- 
sensus sequence. 

Peroxisomal protein import is also unique in that it is the 
only one of these translocation processes not associated with 
proteolytic modification of the imported protein (Lazarow 
and Fujiki, 1985). That the consensus tripeptide PTS of per- 
oxisomal proteins is not removed as a consequence of their 
import is confirmed by protein sequence analysis of D-amino 
acid oxidase showing that the purified, mature protein ter- 
minates with the COOH-terminal sequence serine-histidine- 
leucine (Ronchi et al., 1982). Whether the differences be- 
tween peroxisomal import and other types of transmembrane 
translocation are an indication that the underlying mecha- 
nisms of import are fundamentally different is not clear at 
this time. An answer to this question must await the elucida- 
tion of the mechanisms underlying each type of transport. 
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