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Although human alanine:glyoxylate aminotransferase
(AGT) is imported into peroxisomes by a Pex5p-depend-
ent pathway, the properties of its C-terminal tripeptide
(KKL) are unlike those of any other type 1 peroxisomal
targeting sequence (PTS1). We have previously sug-
gested that AGT might possess ancillary targeting infor-
mation that enables its unusual PTS1 to work. In this
study, we have attempted to locate this information and
to determine whether or not it is a characteristic of all
vertebrate AGTs. Using the two-hybrid system, we show
that human AGT interacts with human Pex5p in mam-
malian cells, but not yeast cells. Using (immuno)fluores-
cence microscopic analysis of the distribution of various
constructs expressed in COS cells, we show the follow-
ing. 1) The putative ancillary peroxisomal targeting in-
formation (PTS1A) in human AGT is located entirely
within the smaller C-terminal structural domain of 110
amino acids, with the sequence between Val-324 and
Ile-345 being the most likely candidate region. 2) The
PTS1A is present in all mammalian AGTs studied (hu-
man, rat, guinea pig, rabbit, and cat), but not amphibian
AGT (Xenopus). 3) The PTS1A is necessary for peroxiso-
mal import of human, rabbit, and cat AGTs, but not rat
and guinea pig AGTs. We speculate that the internal
PTS1A of human AGT works in concert with the C-ter-
minal PTS1 by interacting with Pex5p indirectly with
the aid of a yet-to-be-identified mammal-specific adap-
tor molecule. This interaction might reshape the tetra-
tricopeptide repeat domain allosterically, enabling it to
accept KKL as a functional PTS1.

Alanine:glyoxylate aminotransferase (AGT,1 EC 2.6.1.44)
catalyzes the transamination of the intermediary metabolite

glyoxylate to glycine. A deficiency of AGT, as occurs in the
hereditary disease primary hyperoxaluria type 1, allows
glyoxylate to be oxidized to oxalate instead. The resulting in-
creased synthesis and excretion of oxalate leads to the deposi-
tion of insoluble calcium oxalate in the kidney and urinary
tract and, ultimately, renal failure (1). AGT is normally perox-
isomal in human liver, but in a subset of primary hyperoxaluria
type 1 patients it is mistargeted to mitochondria (2). Although
the molecular basis of the peroxisome-to-mitochondrion mistar-
geting of AGT in primary hyperoxaluria type 1 has been sub-
jected to extensive investigation (3–6), its normal targeting to
peroxisomes has received much less attention (7, 8).

Peroxisomal import of human AGT is dependent on the pres-
ence of the type 1 peroxisomal targeting sequence (PTS1) re-
ceptor Pex5p, but not the PTS2 receptor Pex7p (7). However,
several features of the peroxisomal targeting of AGT are un-
usual when compared with the targeting of other peroxisomal
proteins. The C-terminal tripeptide of human AGT is KKL (9),
which has a two-out-of-three match with the prototypical con-
sensus PTS1 of (S/A/C)(K/R/H)(L/M) (10, 11). KKL is necessary
for peroxisomal targeting of human AGT but insufficient to
direct the peroxisomal targeting of reporter proteins, such as
bacterial chloramphenicol acetyltransferase or firefly lucifer-
ase (7, 12). This has led to the suggestion that additional
targeting information may be necessary beyond that provided
by the C-terminal tripeptide (7).

PTS1s are recognized by, and interact with, the tetratri-
copeptide repeat (TPR) domain located in the C-terminal part
of Pex5p (13, 14). Crystallographic analysis of human Pex5p
bound to a synthetic hexapeptide ending in SKL showed that a
small uncharged residue is required in the �3 position (15).
Lysine, which is the residue at �3 in human AGT, does not fit
this description, being large and positively charged. Therefore,
it is not surprising that human AGT does not appear to interact
directly with human Pex5p in the yeast two-hybrid assay (8).
However, what is surprising is that the peroxisomal import of
human AGT is still Pex5p-dependent (7). Although numerous
tripeptides have been shown to be able to act as PTS1s, albeit
in a highly context-dependent fashion, KKL has never been
shown to either act as a PTS1 or interact directly with Pex5p
(for example, see Refs. 16–19). In addition, to our knowledge,
KKL has not yet been found at the C terminus of any other
peroxisomal protein.

Further evidence that the human AGT PTS1 behaves very
differently from other PTS1 sequences is shown by the observa-
tion that normal human AGT (ending in KKL) does not compete
with other PTS1 proteins for peroxisomal import in a transient
overexpression system, whereas mutated human AGT (ending in
SKL) and GFP-SKL do (8). In addition, the peroxisomal import of
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AGT-KKL, but not AGT-SKL or GFP-SKL, is markedly inhibited
by overexpression of human Pex5p (8).

Unlike the C termini of most other PTS1 proteins, the C
termini of mammalian AGTs are poorly conserved. For exam-
ple, it is KKL in human (9) and marmoset (20), HRL in guinea
pig (21), SQL in rabbit (20), NKL in rat (22), mouse (23),
and cat (24), HKL in dog (EMBL accession number
AAEX01037931/2, Canis familiaris chromosome 25 contig
37930/1), and SKL in cow (EMBL accession number AV605720,
Bos taurus cDNA). This evolutionary variability differs from
archetypal PTS1 proteins, such as urate oxidase, the C termi-
nus of which (i.e. SRL) is conserved in rat, rabbit, mouse, pig,
and baboon, or acyl-CoA oxidase, the C terminus of which (i.e.
SKL) is conserved in rat, mouse, guinea pig, human, and koala.

A complicating factor with AGT, but as far as we are aware
no other peroxisomal protein, is that its intracellular compart-
mentalization varies between different mammalian species
(25–30). For example, in the human, rabbit, and guinea pig
hepatocytes, AGT is peroxisomal. However, in the cat and dog,
AGT is mainly mitochondrial with only a small proportion
peroxisomal. In other mammals, such as marmoset and rat,
AGT is more evenly distributed between both peroxisomes and
mitochondria. Some non-mammalian vertebrates do not target
AGT to peroxisomes at all. For example, in Xenopus laevis,
AGT is mitochondrial and cytosolic. Interestingly, the C termi-
nus of Xenopus AGT (i.e. KKM), although very similar to the
KKL of human AGT, appears to be unable to act as a PTS1 (28).

Since the original discovery of the PTS1, it has become in-
creasingly clear that a wide variety of tripeptides can target
proteins to peroxisomes, albeit in a context-dependent manner.
Context can be provided by the type of cell (particularly the
species from which it is derived) or the nature of the cargo (i.e.
the protein to be imported). In the case of the former, Pex5p
from different species might have different PTS1 requirements
(16, 31). Whereas in the case of the latter, amino acids in close
proximity (i.e. within 10–20 residues) to the C-terminal trip-
eptide can markedly influence the properties of, and allowable
residues within, the PTS1 (16, 17, 32–35). The importance of
specific residues near the C terminus appears to be particularly
important if the C-terminal tripeptide deviates from the con-
servative consensus PTS1 (16). However, even the canonical
PTS1 SKL can be inhibited by the close proximity of acidic
amino acids (12). Human AGT is unusual in that the degener-
acy of its PTS1 occurs in the same protein and cellular context.
Human AGT can be targeted to peroxisomes not only by KKL,
but also by all the other tripeptides found in mammalian AGTs
(i.e. NKL, SQL, HRL, and SKL) as well as the glycosomal
targeting sequence SSL (7). However, there are limits to the
degeneracy of the allowable PTS1s in human AGT; SEL, DEL,
LLL, and the Xenopus C terminus, KKM, do not work (7, 28).
Although amino acids within the last 40 or so residues of
human AGT were shown to be necessary for its peroxisomal
targeting, they were still not sufficient for the peroxisomal
targeting of reporter proteins (7, 12). This suggests that any
additional peroxisomal targeting information in human AGT
must extend beyond the C-terminal 40 amino acids. Surpris-
ingly, this extra information is evidently absent from Xenopus
AGT, despite being 66% identical (and 75% similar) to human
AGT. This was shown by the observation that, although cyto-
solic Xenopus AGT could be redirected to the peroxisomes if its
C-terminal KKM was replaced by SKL, it could not if it was
replaced by KKL (28).

Although the crystal structure of the TPR domain of human
Pex5p has been solved (15), the structures of very few of its
cargo proteins have been determined. Therefore, it is not clear
to what extent parts of the cargo, other than the C-terminal

tripeptide, might interact with the import receptor and affect
its function, particularly the acceptability of different C-termi-
nal tripeptides as PTS1s. We have recently solved the crystal
structure of human AGT to 2.5 Å and shown it to exist as an
intimate dimer composed of two identical subunits, each of
which can be divided into an N-terminal extension of about 20
amino acids, a large domain of about 260 amino acids contain-
ing most of the active site and the dimerization interface, and
a smaller C-terminal domain of about 110 amino acids of un-
certain function (36) (Fig. 1). The structures of AGTs from
other species are likely to be very similar to that of human
AGT, thereby allowing the properties of their PTS1s to be
analyzed in terms of the overall protein structure, rather than
just in terms of polypeptide sequence.

In the present study, we have attempted to localize the
putative ancillary peroxisomal targeting information in human
AGT by expression of a wide variety of AGT-GFP and interspe-
cies AGT constructs in COS cells and determining their distri-
bution by confocal (immuno)fluorescence microscopy. In addi-
tion, we have re-analyzed the interaction between human AGT
and human Pex5p, using the mammalian two-hybrid system.

MATERIALS AND METHODS

Expression Constructs—The oligonucleotide primers used in the
present study were synthesized by MWG Biotech (Germany) and are
described in the Supplementary Materials. The expression constructs,
cloned into either pcDNA3 (Invitrogen) or pEGFP (BD Biosciences), are
described in Table I.

GFP-oligopeptide Constructs—The GFP constructs encoding C-ter-
minal AGT penta- or hexapeptides were made using PCR with primers
that annealed to the 5� and 3� ends of the GFP coding sequence. The 3�
primers additionally contained coding sequence for the desired C-ter-
minal AGT oligopeptides (see Supplementary Materials). pEGFP.N3
(BD Biosciences) was used as template for PCR amplification of GFP for
all GFP-oligopeptide constructs, except GFP-PKKKL for which the
template was GFP-SKL (8). Reverse primers used were P23 for GFP-
CPKNKL, P24 for GFP-CPRHRL, P25 for GFP-PKSKL, P26 for GFP-
CAQSQL, P27 for GFP-PKKKL, and P38 for GFP-CSRNKL. Each of
these reverse primers was paired with the forward primer P22, which
anneals upstream of the multiple cloning site in pEGFP.N3 or in the
construct GFP-SKL. The resulting PCR products were digested with
XbaI at the restriction site that was introduced by the reverse primers,
and BamHI at the restriction site in the multiple cloning site down-
stream of the P22 primer. The resulting DNA sequence fragments were
ligated into BamHI-XbaI-digested pcDNA3.

GFP-AGT Constructs—GFP-HsAGT-KKL was made by first produc-
ing the intermediate construct pcDNA3.GFP as follows. The region
coding for SKL in GFP-SKL was replaced by an XhoI restriction site by
PCR amplification using primers P34 and P35. The PCR product was
then subcloned into pcDNA3 using the restriction sites KpnI at the 5�
end and XbaI at the 3� end (outside the newly constructed XhoI site in
the insert) to give pcDNA3.GFP. Human AGT was amplified from the
template pAGT (HsAGT-KKL in Bluescript KS�) (6) using the primers
P36 and P37. The PCR product was cut with XhoI and XbaI and cloned
into XhoI-XbaI-digested pcDNA3.GFP to give GFP-HsAGT-KKL.

To make GFP-HsAGT346–392-KKL, the appropriate region of AGT was
amplified by PCR from pAGT using primers P19 and P20. The PCR
product was digested with XhoI and XbaI and cloned into the intermedi-
ate construct pcDNA3.GFP (see above). GFP-HsAGT361–392-KKL was also
made from pAGT using primers P20 and P21. The PCR product was
digested with BsrGI and XbaI and cloned into the intermediate construct
pcDNA3.GFP. To make GFP-HsAGT283–392-KKL, the appropriate region
of AGT was amplified by PCR from HsAGT-KKL (8), using the primers
P11 and P18. The PCR product was cut with XhoI and BspEI and cloned
into XhoI-BspEI digested pEGFP.C3 (BD Biosciences).

Mammalian AGT-KKL Constructs—The rat, guinea pig, rabbit, and
cat AGT-KKL and the cat AGT-CPKKKL constructs were made using
the appropriate species-specific cDNAs as templates for PCR, and prim-
ers (Supplementary Materials) that introduced restriction sites for clon-
ing and, for the reverse strand primers, changed the species-specific
C-terminal tripeptides to KKL and the C-terminal hexapeptide into
CPKKKL. Primers P28 and P29 were used to amplify guinea pig AGT-
KKL, P30 and P31 were used for rat AGT-KKL, P6 and P7 were used for
rabbit AGT-KKL, P32 and P33 were used for cat AGT-KKL, and P32
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and P39 were used for cat AGT-CPKKKL. Guinea pig and rat AGT-KKL
were subcloned into BamHI-XhoI-digested pcDNA3. Rabbit AGT-KKL,
cat AGT-KKL, and cat AGT-CPKKKL were subcloned into KpnI-EcoRI-
digested pcDNA3.

Xenopus-human AGT Chimeric Constructs—The chimeric Xenopus-
human AGT constructs were produced by PCR using the method of
“site-specific mutagenesis by overlap extension” (37). The two species-
specific fragments were amplified separately (16 PCR cycles), using

FIG. 1. Crystal structure of human
AGT. A–D, the crystal structure of hu-
man AGT (36). A, overall topology of the
AGT homodimer. The subunits are arbi-
trarily designated � (blue) and � (red).
PLP (green) indicates the positions of the
cofactor pyridoxal phosphate. B, a magni-
fied view of the � subunit showing the
large N-terminal structural domain (blue)
and the small C-terminal structural do-
main (brown). C, a magnified view of the
small domain indicating the various Xe-
nopus-human AGT and GFP-human AGT
fusion protein junctions discussed in the
text, the segments being arbitrarily color-
coded. The numbers indicate the position
of the more C-terminal of the pair of res-
idues at the junctions. The last residue
identifiable in the crystal structure is 390;
therefore, the C-terminal KKL indicated
simply represents the approximate loca-
tion of the C terminus of AGT. D, the
whole AGT homodimer color coded as in A
except for the putative ancillary targeting
domain Val324–Ile345 which is shown in
yellow.

TABLE I
Description of the AGT expression constructs used in the present study

Construct Description

HsAGT-KKLa Human (H. sapiens) AGT encoded by the more common major AGXT allele (8); C terminus � KKL
HsAGT-SKLb Human AGT in which the C-terminal KKL is replaced by SKL (7)
HsAGT-KKMb Human AGT in which the C-terminal KKL is replaced by KKM (28)
HsAGT-���b Human AGT in which the C-terminal KKL is deleted (7)
XlAGT-KKM Xenopus (X. laevis) AGT encoded by the short transcript (28); C terminus � KKM
XlAGT-KKL XlAGT encoded by the short transcript in which the C-terminal KKM is replaced by KKL (28)
XlAGT-SKL XlAGT encoded by the short transcript in which the C-terminal KKM is replaced by SKL (28)
Hs283Xl-KKL Residues 1–282 of HsAGT fused to residues 282–389 of XlAGT with a C-terminal KKLc

Hs283Xl-SKL Residues 1–282 of HsAGT fused to residues 282–389 of XlAGT with a C-terminal SKLc

Xl283Hs-KKL Residues 1–281 of XlAGT fused to residues 283–392 of HsAGTc

Xl306Hs-KKL Residues 1–304 of XlAGT fused to residues 306–392 of HsAGTc

Xl324Hs-KKL Residues 1–322 of XlAGT fused to residues 324–392 of HsAGTc

Xl361Hs-KKL Residues 1–359 of XlAGT fused to residues 361–392 of HsAGTc

GFP-HsAGT-KKL GFP fused to HsAGT
GFP-HsAGT283–392-KKL GFP fused to residues 283–392 of HsAGT
GFP-HsAGT346–392-KKL GFP fused to residues 346–392 of HsAGT
GFP-HsAGT361–392-KKL GFP fused to residues 361–392 of HsAGT
GFP-PKKKL GFP fused to residues 388–392 of HsAGT (i.e. C-terminal 5 amino acids of HsAGT)
GFP-PKSKL GFP fused to the pentapeptide PKSKL
GFP-CPRHRL GFP fused to the C-terminal 6 amino acids of guinea pig AGT
GFP-CPKNKL GFP fused to the C-terminal 6 amino acids of rat/mouse AGT
GFP-CSRNKL GFP fused to the C-terminal 6 amino acids of cat AGT
GFP-CAQSQL GFP fused to the C-terminal 6 amino acids of rabbit AGT
RnAGT-KKL Rat (R. norvegicus)AGT in which the normal C-terminal tripeptide (NKL) is replaced by KKL
CpAGT-KKL Guinea pig (C. porcellus) AGT in which the normal C-terminal tripeptide (HRL) is replaced by KKL
OcAGT-KKL Rabbit (Oryctolagus cuniculus) AGT in which the normal C-terminal tripeptide (SQL) is replaced by

KKL
FcAGT-KKL Cat (F. cattus) AGT in which the normal C-terminal tripeptide (NKL) is replaced with KKL
FcAGT-(CPK)KKL Cat (F. cattus) AGT in which the normal C-terminal hexapeptide (CSRNKL) is replaced with CPKKKL

a This construct (fused to the GAL4 DNA-binding domain) was also used for the mammalian two-hybrid studies.
b These constructs (fused to the GAL4DNA-binding domain) were used only for the mammalian two-hybrid studies.
c A single human AGT subunit contains 392 amino acids, whereas Xenopus AGT contains 391 amino acids. As a result, residues 282 and283,

which are at the junction of the large N-terminal and small C-terminal structural domains of human AGT, are equivalent to residues 281 and 282
in Xenopus AGT.

Peroxisomal Targeting of Alanine:glyoxylate Aminotransferase 27113

 at M
urdoch U

niversity (C
A

U
L

) on M
ay 5, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


species-specific non-overlapping primers upstream or downstream of
the chimeric junction, and a dual species overlapping primer at the
junction. To make Hs283Xl-KKL, primers P1 and P2 were used with
template HsAGT-KKL and primers P3 and P4 were used with template
XlAGT-KKL (28). For Xl283Hs-KKL, primers P8 and P9 were used with
template XlAGT-KKL and primers P10 and P11 were used with tem-
plate HsAGT-KKL. For Xl306Hs-KKL, primers P8 and P12 were used
with template XlAGT-KKL and primers P13 and P11 were used with
template HsAGT-KKL. For Xl324Hs-KKL, primers P8 and P14 were
used with template XlAGT-KKL and primers P15 and P11 were used
with template HsAGT-KKL. For Xl361Hs-KKL, primers P8 and P16
were used with template XlAGT-KKL and primers P17 and P11 were
used with template HsAGT-KKL. The two amplified fragments, one
human and one Xenopus, were then mixed and subjected to a further 10
PCR cycles without primers to anneal the two fragments at the junc-
tional overlap and extend each to the end. The products of this proce-
dure served as templates for a final PCR round of 16 cycles, with
primers P8 and P11 for the various Xl-Hs-KKL chimeras, and P1 with
P4 for the single Hs-Xl-KKL chimera. The final PCR products were
digested with KpnI and XhoI and cloned into pcDNA3. The construct
Hs283Xl-SKL was produced by PCR amplification using primers P1
and P5 with template Hs283Xl-KKL and subcloning into KpnI-XhoI-
digested pcDNA3. All constructs were checked by DNA sequencing for
their correct DNA sequence (MWG Biotech).

Mammalian Two-hybrid Constructs—The positive control vector
pM3-VP16, expressing a fusion of the GAL4 DNA-binding domain (BD)
to the VP16 activation domain (AD) and the pG5CAT chloramphenicol
acetyl transferase reporter vector were purchased from Clontech/BD
Biosciences. Normal human AGT and human AGT in which the C-
terminal tripeptide KKL was replaced by SKL were amplified by PCR
from the template pAGT (HsAGT-KKL in Bluescript KS�) (6) using the
primers P40 with P41 (HsAGT-KKL) and P40 with P42 (HsAGT-SKL).
The PCR products were cut with the restriction enzymes EcoRI and
XbaI and then ligated into the vector pM GAL4 DNA-binding, which was
cut with the same restriction enzymes. Human AGT in which C-termi-
nal tripeptide KKL was replaced by KKM and human AGT in which the
C-terminal three amino acids were deleted were amplified by PCR from
the template HsAGT-KKL using the primers P40 with P43 (HsAGT-
KKM) and P40 with P44 (HsAGT-DD�). The PCR products were cut
with the restriction enzymes EcoRI and SalI and then ligated into the
vector pM GAL4 DNA-binding, which was cut with the same restriction
enzymes. The final constructs were sequence-verified. pVP Pex5S and
pVP Pex5L were produced by cutting the vectors pPTS1-BP and
pGAD424-pas10, respectively (38), with BglII, filling in the recessed
ends with Klenow polymerase and then cutting out the insert with SalI.
These inserts were purified and ligated into pVP16 (Clontech/BD Bio-
sciences), which was cut with HindIII, then filled in with Klenow
polymerase followed by a second restriction digest with SalI.

Mammalian Two-hybrid System—To study the interaction between
AGT and the PTS1 import receptor Pex5p, we used COS-1a cells and
the Clontech Mammalian Matchmaker Two-Hybrid Assay Kit, as per
the manufacturer’s instructions. COS cells were seeded into 25-cm2

flasks at a density of 1.2 � 104 cells per cm2. After 24-h incubation at
37 °C, the cells were transfected as follows. Serum- and antibiotic-free
Dulbecco’s modified Eagle’s medium (Invitrogen) was mixed with 5.5 �g
of DNA, composed of 2.5 �g of each, the mammalian DNA BD, and the
AD vector plus 0.5 �g of the reporter vector to a final volume of 140 �l.
SuperFect (25 �l, Qiagen) was added to the DNA in the medium, and
the mixture was incubated at room temperature (22–24 °C) for 5–10
min. Complete medium (1 ml containing 10% v/v fetal bovine serum
and antibiotics) was then added to the mix, and the total was placed
onto the cells in the flasks. The cells were incubated at 37 °C for 2–3
h; the DNA-SuperFect mixture was then removed; the cells were
washed once with 5 ml of PBS, and 5 ml of the complete medium was
added. The cells were then cultured for 24–48 h at 37 °C in growth
medium (specification see above), after which they were harvested
and extracted as follows. Cells were washed 5� with 5 ml of PBS.
Fresh PBS, 250 �l, was added, and the cells were scraped off the flask
surface with a rubber scraper. The cell suspension was transferred
into a 0.5-ml Eppendorf tube, and the PBS was removed after centri-
fuging at 13,000 rpm in a microcentrifuge for 10 s. Cells were re-
suspended in 250 �l of 0.1 M Tris buffer, pH 7.5, containing 0.5%
Triton X-100, and the mixture was incubated for 15 min on ice. The
cell mixtures were then centrifuged at 13,000 rpm in a microcentri-
fuge at 4 °C for 5 min, and the supernatant was mixed with 4% SDS
and 10% 2-mercaptoethanol in 0.125 M Tris buffer, pH 6.8, heated to
95 °C for 5 min and electrophoresed on a 8% reducing polyacrylamide
gel. Separated products were visualized by immunoblotting using

polyclonal rabbit anti-chloramphenicol acetyltransferase antibody
(Sigma).

Cell Culture and Transfection—COS-1a cells grown to 80% conflu-
ence in growth medium (Dulbecco’s modified Eagle’s medium with
GlutaMAX, 4500 mg/D-glucose, sodium pyruvate, 50 units/ml penicillin,
50 �g/ml streptomycin) were trypsinized and plated out onto 13-mm
glass coverslips in 4-well plates at a concentration of 2.5 � 104 cells per
cm2. After 24-h incubation at 37 °C, the cells were transfected as fol-
lows. Serum- and antibiotic-free Dulbecco’s modified Eagle’s medium
(Invitrogen) was mixed with 1–2 �g of DNA to a final volume of 60 �l.
SuperFect (6 �l) (Qiagen, Crawley, West Sussex, UK) was added to the
DNA in the medium and the mix was incubated at room temperature
(22–24 °C) for 5–10 min. Complete medium (400 �l containing 10% v/v
fetal bovine serum and antibiotics) was then added to the mix and the
total was placed onto the cells on the coverslips. The cells were incu-
bated at 37 °C for 2–3 h; the DNA-SuperFect mix was then removed; the
cells were washed once with 500 �l of PBS, and 1 ml of the complete
medium was added. The cells were then cultured for 24–48 h at 37 °C
in growth medium (see above), after which they were processed for
(immuno)fluorescence microscopy.

(Immuno)fluorescence Microscopy—The cells were fixed in freshly
prepared 3% (w/v) paraformaldehyde, permeabilized in 1.0% (w/v) Tri-
ton X-100 in PBS, and immunolabeled as described previously (5–7). In
some experiments, Triton X-100 was replaced by 25 �g/ml digitonin.
The constructs were visualized either by the autofluorescence of GFP or
by using rabbit anti-human AGT antiserum and fluorescein isothiocya-
nate-conjugated goat anti-rabbit IgG (Sigma). The peroxisomal marker
catalase was visualized using guinea pig anti-human catalase anti-
serum followed by biotinylated goat anti-guinea pig IgG and Texas
Red-avidin DCS (Vector, Peterborough, UK). The fluorescence of fluo-
rescein and GFP was observed using excitation and emission wave-
lengths of 488 and 522 nm, respectively. For Texas Red, excitation and
emission wavelengths of 568 and 605 nm, respectively, were used. The
fluorescence images were captured using a confocal laser-scanning flu-
orescence microscope, either the MRC 1024 or the Radiance 2100 Up-
right Multiphoton (Bio-Rad).

The subcellular localization of the various constructs was quantified
by counting cells that labeled for both the construct and peroxisomal
catalase. The distribution of the construct was assessed and then cat-
egorized into either peroxisomal, peroxisomal plus cytosolic, or cytoso-
lic. On average 302 cells (range 19–1173) were counted for each
construct.

RESULTS

Human AGT Interacts with Human Pex5p in Mammalian,
but Not Yeast, Cells—Previous studies have yielded conflicting
results regarding the peroxisomal import pathway taken by
human AGT. Although import in transfected mammalian tis-
sue culture cells is dependent on expression of Pex5p, no inter-
action between AGT and human Pex5p is detectable in the
yeast two-hybrid system (see the introduction). To check
whether the latter result was an artifact of the heterologous
system used, we have retested the interaction in the present
study using a mammalian two-hybrid system. The results in
Fig. 2, show clearly that HsAGT-KKL does interact with
HsPex5p (both long and short forms) in COS cells. Notwith-
standing the qualitative, or at best semi-quantitative, nature of
the two-hybrid reaction, it appeared that the strength of the
interaction between HsAGT-KKL and HsPex5p was similar to
that of HsAGT-SKL. On the other hand, two AGT constructs
mutated at the C terminus, HsAGT-KKM (28) and HsAGT-���
(7), which are known not to be targeted to peroxisomes, did not
interact with either form of Pex5p.

C Termini of Rat/Mouse and Guinea Pig AGTs, but Not
Human, Rabbit, or Cat AGTs, Are Sufficient to Direct the Per-
oxisomal Import of GFP—Previous studies have shown that the
human PTS1 KKL is not able to target the reporter proteins
chloramphenicol acetyl-transferase and firefly luciferase to
peroxisomes (7). On the other hand, a 15-mer oligopeptide
ending in SQL (the C-terminal tripeptide of rabbit AGT) was
able to target GFP to peroxisomes (16). To assess the peroxi-
somal targeting ability of the different mammalian AGT C
termini, various GFP constructs were expressed in COS cells,
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and the distribution was determined by fluorescence confocal
microscopy. The results showed that, whereas GFP-CPKNKL
(rat/mouse), GFP-CPRHRL (guinea pig), and GFP-PKSKL
(prototypical PTS1) were targeted to peroxisomes, GFP-
PKKKL (human/marmoset), GFP-CAQSQL (rabbit), and GFP-
CSRNKL (cat) remained cytosolic (Figs. 3 and 7 (a–f) and Table
II). During the course of these experiments, it was noticed that
a substantial proportion (�85%) of cells expressing GFP-CS-
RNKL did not express punctuate catalase. The reason for this
is unclear, but in any case GFP in these cells was entirely
cytosolic frequently with significant aggregation (see Fig. 7f 2).
Although GFP-CSRNKL was also mainly cytosolic (but without
aggregation) in the 15% of expressing cells that did contain
punctuate catalase, a minority was clearly peroxisomal (see
Fig. 7f1). Overall, these experiments showed that the C-termi-
nal hexapeptides of rat/mouse and guinea pig AGTs were suf-
ficient to target GFP to peroxisomes, those of human/marmo-
set, rabbit, and cat were not.

KKL Is Able to Target Human, Rat, Guinea Pig, and Rabbit
AGTs, but Not Cat and Xenopus AGTs, to Peroxisomes—We
have proposed previously that human AGT, but not Xenopus
AGT, might contain additional peroxisomal targeting informa-
tion (see above). To test whether this extra information is
unique to human AGT or whether it is a common feature of
mammalian AGTs, we have examined whether KKL is able to
direct the peroxisomal import of other mammalian AGTs by
substituting it for the naturally occurring C-terminal tripep-
tides in rat, guinea pig, rabbit, and cat AGTs. The results
showed that KKL could direct the peroxisomal targeting of rat,
guinea pig, and rabbit AGTs, as well as human AGT, but it
could not do so for cat AGT (Figs. 4 and 7 (g–k) and Table II).
The failure of KKL to target cat AGT to peroxisomes appeared
to be due to an incompatibility between this tripeptide and the
amino acids immediately upstream in cat AGT (i.e. CSR), be-
cause the C-terminal hexapeptide of human AGT (i.e. CP-
KKKL) was able to target the feline protein to peroxisomes

(Figs. 4 (I and J) and 7j2). These results suggest that ancillary
peroxisomal targeting information is present in all mammalian
AGTs, including that of the cat.

A Large Extended C-terminal Region of Human AGT Is Re-
quired to Direct the Peroxisomal Targeting of GFP—Numerous
studies have shown that the efficiency of the Pex5p-dependent
import of peroxisomal proteins can be influenced by the pres-
ence of particular residues within 10–20 amino acids of the C
terminus (see the introduction). To determine the minimum
contiguous sequence necessary to target human AGT to peroxi-
somes, we have fused full-length and variously truncated C-
terminal fragments of human AGT to the C terminus of GFP
and determined their subcellular distribution in transfected
COS cells. The results showed that full-length human AGT,
and its small C-terminal structural domain of 110 amino acids
(residues 283–392) were able to target GFP to peroxisomes
(Figs. 5 (A–D) and 7 (l and m)). However, GFP fusion constructs
containing smaller amounts of AGT C-terminal sequence (i.e.

FIG. 2. Interaction of HsAGT with HsPex5p in the mammalian
two-hybrid system. The two-hybrid reaction was carried out in
COS-1a cells using the Clontech Mammalian Matchmaker Two-Hybrid
Assay Kit. HsAGT-KKL, HsAGT-SKL, HsAGT-KKM, and HsAGT-���
were fused to the DNA-binding domain, and the long and short forms of
HsPex5p were fused to the activation domain. A and B, show the results
from two different experiments. The results show that both HsAGT-
KKL and HsAGT-SKL interact strongly with both long and short
HsPex5p, as measured by expression of chloramphenicol acetyltrans-
ferase (CAT). However, neither HsAGT-KKM nor HsAGT-��� interact
with either form of Pex5p. The overall expression of AGT and Pex5p
was similar in all test samples (data not shown).

FIG. 3. (Immuno)fluorescence analysis of the subcellular distri-
bution of various GFP-AGT constructs in transfected COS cells.
COS cells were transfected with the following constructs: A and B, GFP-
PKKKL (human); C and D, GFP-CPKNKL (rat); E and F, GFP-CPRHRL
(guinea pig); G and H, GFP-CAQSQL (rabbit); I and J, GFP-CSRNKL
(cat); and K and L, GFP-PKSKL (prototypical PTS1) (see Table I for a
description of the constructs). After 48 h the cells were labeled and then
visualized for the autofluorescence of GFP (A, C, E, G, I and K) and the
peroxisomal marker catalase (B, D, F, H, J and L). Scale bars � 5 �m (A–J
are the same magnification, as are K and L). GFP-PKKKL, GFP-
CAQSQL, and GFP-CSRNKL were distributed diffusely in the cytosol and
sometimes the nucleus; GFP-CPKNKL and GFP-CPRHRL were mainly
punctuate and co-localized with catalase (i.e. peroxisomal). Not surpris-
ingly, GFP-PKSKL was also strongly peroxisomal.
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residues 346–392 and 361–392) were not (Figs. 5 (E–H) and 7
(n and o)).

Human-Xenopus AGT Chimeras Suggest That the Putative
Additional Peroxisomal Targeting Information in Human AGT
Is Located in a Region of the C-terminal Small Structural
Domain of AGT Remote from Its C Terminus—A complicating
factor in the GFP fusion experiments above was that several of
the constructs showed a tendency to aggregate when expressed
in COS cells. Because conformational stability appeared to
have been compromised and might have affected targeting
secondarily, we sought another system that was likely to main-
tain AGT structure. Xenopus and human AGTs are almost
certainly structurally conserved, and we considered that Xeno-
pus-human AGT fusion proteins would be much less prone to
conformational instability and aggregation than GFP-AGT fu-
sion proteins.

Taking advantage of the likely absence of the ancillary per-
oxisomal targeting information in Xenopus AGT, we con-
structed a series of human-Xenopus chimeric fusion proteins,
containing varying amounts of human and Xenopus sequence,
and determined their subcellular distribution in transfected
COS cells. The results confirmed the GFP fusion studies above
that showed that the totality of the peroxisomal targeting in-
formation of human AGT resides in the small C-terminal struc-
tural domain. This was shown by the fact that, whereas the
chimera containing the large domain of Xenopus AGT and the
small domain of human AGT (Xl283Hs-KKL) was peroxisomal,
the parallel construct in which the domains were swapped over
(i.e. Hs283Xl-KKL) remained mainly cytosolic (Figs. 6 (C–F)
and 7 (s and w)). The failure of the latter construct to target to
peroxisomes to any great extent was unlikely to be due to
conformational obscuring of the C-terminal PTS1, because the
equivalent construct in which the C-terminal KKL was re-
placed by SKL (i.e. Hs283Xl-SKL) was targeted efficiently to
peroxisomes (Figs. 6 (G–H) and 7x).

The small structural domain consists of 110 amino acids. To
narrow down the minimum sequence necessary for peroxisomal
targeting, we tested the ability of a further three chimeric
molecules containing decreasing amounts of human AGT small
domain (i.e. Xl306Hs-KKL, Xl324Hs-KKL, and Xl361Hs-KKL)
to target to peroxisomes in transfected COS cells (see Fig. 1C
for a visualization of these constructs in the context of the
crystal structure of human AGT). The results (Figs. 6 (I–N) and
7 (t–v)) showed that the efficiency with which these constructs
targeted to peroxisomes decreased as the proportion of human
C-terminal small domain decreased. For example, Xl306Hs-

KKL was imported into peroxisomes with similar efficiency to
that of Xl283Hs-KKL, whereas the import efficiency for
Xl324Hs-KKL was rather less, and Xl361Hs-KKL was not im-
ported at all. When Triton X-100 permeabilization was re-
placed by digitonin permeabilization neither Xl306Hs-KKL nor
Xl324Hs-KKL could be detected immunologically in punctuate
structures (data not shown), suggesting that these constructs,
at least, were imported completely into the peroxisome interior
and not just stuck to the outside of the peroxisomal membrane.
Although, as predicted, the Xenopus-human chimeric AGTs
were much more stable and less prone to aggregate than were
the GFP-AGT fusions, the Xl361Hs-KKL construct did show
some signs of aggregation. Other evidence in support of the
conclusion that all but the last chimeric construct folded prop-
erly was provided by the fact that they all appeared to dimerize
as normal (data not shown).

DISCUSSION

Cell Context Dependence of the Interaction between Human
AGT and Human Pex5p—The fact that human AGT is able to
interact with human Pex5p in mammalian cells (this study),
but is unable to do so in yeast cells (8), suggests that, unlike for
other PTS1 proteins, the correct cellular environment is impor-
tant for AGT. The most likely explanation for this is that the
mammalian cell provides something that the yeast cell does
not. From our previous work (8), we suggested that the inter-
action between AGT and Pex5p might require the presence of
an adaptor molecule. One explanation of the present two-hy-
brid results is that this adaptor is present in mammalian cells,
but not yeast cells. The role of this putative adaptor could be to
allosterically modify the TPR domain of Pex5p allowing it to
accept the degenerate range of C-terminal tripeptides known
to be able to direct human AGT to peroxisomes.

Location of the Ancillary Targeting Information in Human
AGT—The results presented in this report on the intracellular
targeting of XlAGT-HsAGT and GFP-HsAGT fusion proteins
show not only that all of the information required by human
AGT to target it to peroxisomes is contained within the smaller
C-terminal domain of 110 amino acids (residues 283–392), but
also that the ancillary targeting information (PTS1A) is possi-
bly concentrated in the 22-amino acid region from Val-324 to
Ile-345 (see Fig. 1C). Although a number of studies have shown
that residues in close proximity to the C-terminal tripeptide
(i.e. within 10–20 amino acids) can influence the ability of this
tripeptide to function as a PTS1 (see the introduction), we are
not aware of any studies that have demonstrated a role for

TABLE II
C termini of AGT and peroxisomal targeting

Species C-terminal hexapeptide
Does full-length AGT

target to
peroxisomes?

Can C-terminal penta/
hexapeptides direct

the peroxisomal import
of GFP fusions?

Does replacement of the natural
C-terminal tripeptide by KKL

still allow peroxisomal import of
full-length AGT?

Human/marmoset CPKKKL Yes No Yes
Rat/mouse CPKNKL Yes Yes Yes
Guinea pig CPRHRL Yes Yes Yes
Rabbit CAQSQL Yes No Yes
Cat CSRNKL Yesa No Nob

Dog CPRHKL Yesc ? ?
Cow CPRSKL ?d ?e ?
Xenopus CPKKKM No No No

a The majority of AGT is targeted to the mitochondria in cat hepatocytes due to the presence of an N-terminal MTS. Internal translation leads
to a shorter polypeptide missing the MTS, which is targeted to the peroxisomes.

b The human C-terminal tripeptide KKL cannot direct cat AGT to peroxisomes, because it is inhibited by residues �6 to �4 (i.e. CSR). However,
the human C-terminal pentapeptide PKKKL can direct cat AGT to peroxisomes, because CPK at �6 to �4 is compatible with KKL.

c The distribution in dog is similar to that of the cat. It is likely that internal translation produces the polypeptide that is targeted to peroxisomes,
as in the cat.

d The distribution of AGT in the cow is unknown. However, in other artiodactyls it is both mitochondrial and peroxisomal.
e The ability of the C terminus of cow AGT to target GFP to peroxisomes has not been formally tested. However, in numerous experiments SKL

has been shown to be able to target reporter proteins to peroxisomes unless an acidic amino acid is in close proximity.
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residues so distant from the C terminus as found for the PTS1A
in human AGT. Unfortunately, the edges of the region contain-
ing the PTS1A cannot be determined exactly. In particular, it is
uncertain to what extent it extends downstream toward the C
terminus. Although there is some evidence that deletions to
regions between the C-terminal tripeptide and the region iden-
tified in the present study can interfere with the peroxisomal
targeting of human AGT (7), it is unlikely that these interven-
ing regions are directly involved in providing targeting infor-
mation. It is more likely that these studies demonstrate the
consequences of perturbation of the spatial relationship be-
tween the ancillary targeting region and the C-terminal tri-
peptide (see below). Even if the PTS1A is not required, major
structural alterations to the intervening regions could affect
PTS1 functioning. For example, some point mutations pre-

dicted to disrupt the C-terminal �-helix (residues 371–387)
inhibit the peroxisomal targeting of rat AGT (33), even though
we have shown in the present study that its C-terminal
hexapeptide CPKNKL does not require any additional target-
ing information to work as a PTS1. In addition, certain point
mutations upstream of the C-terminal tripeptide, especially
the close proximity of acidic residues, can interfere with the
peroxisomal targeting of human AGT (12), even if the C-termi-
nal KKL is replaced by SKL, probably due to inhibiting the
operation of the C-terminal PTS1 rather than due to the loss of
any extra targeting information.

Cat AGT is unusual among the mammalian AGTs, because it
is the only one in which the residues immediately upstream of
the C-terminal tripeptide (i.e. CSR) appear to compromise the
ability of KKL to act as a PTS1. In vertebrate AGTs, residues
�4 to �6 are much better conserved than the terminal residues
�1 to �3. For example, they are CPK in human/marmoset,
rat/mouse, and Xenopus and CPR in guinea pig, dog, and cow
(see Table II). The least well conserved are the rabbit (CAQ)
and the cat (CSR). Although the structural basis of the cat
AGT-specific interference of KKL function remains unknown,
it is clearly related to the presence of serine at �5. It appears
that, although closely positioned residues can prevent KKL
from working as a PTS1, they cannot allow KKL to work if the
PTS1A is not present. This is clearly shown by Xenopus AGT,
the C terminus of which is almost identical to that of human
AGT (CPKKKM versus CPKKKL, see Table II). Despite this, it
cannot be directed to peroxisomes by replacing the final methi-
onine by leucine.

The ability of KKL (or CPKKKL in the case of the cat), to

FIG. 4. Immunofluorescence analysis of the subcellular distri-
bution in transfected COS cells of various species-specific AGTs
possessing the human C-terminal tripeptide KKL. COS cells were
transfected with the following constructs: A and B, HsAGT-KKL (i.e.
normal human AGT); C and D, RnAGT-KKL; E and F, CpAGT-KKL; G
and H, FcAGT-KKL; I and J, FcAGT-(CPK)KKL; K and L, OcAGT-KKL
(see Table I for a description of the constructs). After 48 h the cells were
labeled and then visualized for AGT (A, C, E, G, I, and K) and the
peroxisomal marker catalase (B, D, F, H, J, and L). Scale bars, 5 �m
(A–H are the same magnification, as are I–L). Whereas FcAGT-KKL
was distributed diffusely (i.e. cytosolic), all the other constructs were
mainly punctuate and co-localized with catalase (i.e. peroxisomal).

FIG. 5. (Immuno)fluorescence analysis of the subcellular dis-
tribution of various GFP-HsAGT fusions in transfected COS
cells. COS cells were transfected with the following constructs: A
and B, GFP-HsAGT; C and D, GFP-HsAGT283–392; E and F, GFP-
HsAGT346–392; G and H, GFP-HsAGT361–392 (see Table I for a descrip-
tion of the constructs). After 48 h the cells were labeled and then
visualized for the autofluorescence of GFP (A, C, E, and G) and the
peroxisomal marker catalase (B, D, F, and H). Scale bar � 5 �m (all
panels are at the same magnification). GFP-HsAGT and GFP-
HsAGT283–392 had a punctuate distribution that co-localized with
catalase (i.e. peroxisomal). However, HsGFP-AGT348–392 and GFP-
HsAGT361–392 were diffusely distributed in the cytosol and nucleus with
no sign of peroxisomal labeling. All constructs, except GFP-HsAGT, also
show signs of aggregation in the cytosol.

Peroxisomal Targeting of Alanine:glyoxylate Aminotransferase 27117

 at M
urdoch U

niversity (C
A

U
L

) on M
ay 5, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


target all the mammalian AGTs to peroxisomes suggests that all
these mammalian AGTs possess the PTS1A, even though the
GFP fusion protein results indicate that it is not required in the
rodents (i.e. rat, mouse, and guinea pig). In Xenopus AGT, which
does not contain a PTS1A, the region between residues 324 and
345 is much more poorly conserved compared with the same
region in human AGT than is the whole protein (36% identical
compared with 66%). However, this region in rat, guinea pig,
rabbit, and cat AGTs is as well conserved, compared with human
AGT, as is the rest of the protein (77–91% identical compared
with 78–83%). This level of conservation, or lack of conser-
vation, of this region is compatible with its ability to function

as a PTS1A in mammalian AGT, but not Xenopus AGT.
Possible Mechanism of Action of the Ancillary Peroxisomal

Targeting Information (PTS1A)—The region between Val-324
and Ile-345, which our present results suggest is the most
likely candidate for the PTS1A, is exposed on the surface of the
AGT dimer. Although it is 47–68 residues upstream of the C
terminus, in the three-dimensional crystal structure of AGT
the PTS1A and the PTS1 are very close (see Fig. 1D). For
example, the main chain of Gly-329 is only 4.5 Å from that of
Lys-389. If close proximity between residues 324–345 (the
PTS1A) and residues 390–392 (the PTS1) is important, then it
is not surprising that deletions or point mutations in the inter-
vening regions that disrupt their spatial relationship should
also interfere with peroxisomal targeting.

In the absence of explicit data on the crystal structure of the
AGT-Pex5p import complex, the exact mechanism of action of
the PTS1A remains speculative. The crystal structure of the
TPR domain of human Pex5p complexed with a hexapeptide
ending in SKL explains the requirement of this tripeptide, or
conservative variants thereof, in the peroxisomal targeting of
most peroxisomal proteins (15). However, it fails to explain how
mammalian AGTs, uniquely, can be targeted to peroxisomes by
KKL, SQL, NKL, HRL, SKL, SSL, and probably many other
tripeptides. One possible role for the ancillary targeting infor-
mation is to bind directly or indirectly to human Pex5p causing
an allosteric change to the conformation of the TPR region to
allow it to accept such a degenerate range of PTS1s. Our
previous (8) and present studies indicate that the peroxisomal
import of human AGT might require an additional factor that
is present in mammalian, but not yeast, cells. Therefore, it is
possible that the PTS1A in human AGT interacts with this
putative additional factor, rather than human Pex5p directly.
The human AGT-adaptor complex would in turn interact with
human Pex5p altering the specificity of its TPR domain.

Evolutionary Origins of the PTS1A in Mammalian AGT—If
our interpretation of the data presented in this and previous
papers is correct, then the question remains as to why human
AGT has evolved such a mechanism for peroxisomal import,
whereas most other peroxisomal proteins seem able to rely on
the necessity and sufficiency of the prototypical PTS1 C-termi-
nal tripeptide. The answer probably lies in the unique evolu-
tionary history of AGT targeting (see the introduction) (30).
During vertebrate evolution, the intracellular targeting of AGT
has changed on numerous occasions under the influence of
dietary selection pressure. Depending on the particular spe-
cies, AGT can be peroxisomal, peroxisomal and cytosolic, per-
oxisomal and mitochondrial, mitochondrial, or mitochondrial
and cytosolic (25, 30, 39). In general, AGT is more likely to be
mitochondrial the more carnivorous the diet, and more perox-
isomal the more herbivorous the diet. It appears that the ulti-
mate intracellular destination of AGT depends mainly on
whether an N-terminal MTS is either included within, or ex-
cluded from, the open reading frame. The apparent hierarchi-
cal dominance of the MTS over the PTS1 would lead to low
evolutionary conservation pressure on the PTS1 when the MTS
is present and may thus have led to the diversity of PTS1
tripeptides observed in mammals. Early mammalian lineages
were probably mainly carnivorous or omnivorous with AGT
being entirely or mainly mitochondrial (30). Efficient peroxiso-
mal targeting could have evolved on many different occasions
as an adaptive response to episodic pressure for more herbiv-
orous diets.

The prsence of the PTS1A in rodents, even though it would
appear to be unnecessary, suggests that it evolved for some
other reason unrelated to peroxisomal targeting. Although the
crystal structure of AGT would suggest that this other function

FIG. 6. Immunofluorescence microscopic analysis of the sub-
cellular distribution of human and Xenopus chimeric AGTs in
transfected COS cells. COS cells were transfected with the following
constructs: A and B, XlAGT-KKL; C and D, Xl283Hs-KKL; E and F,
Hs283Xl-KKL; G and H, Hs283Xl-SKL; I and J, Xl306Hs-KKL; K and
L, Xl324Hs-KKL; M and N, Xl361Hs-KKL (see Table I for a description
of the constructs). After 48 h the cells were double-labeled for AGT (A,
C, E, G, I, K, and M) and the peroxisomal marker catalase (B, D, F, H,
J, L, and N). Scale bar � 5 �m (all panels are at the same magnifica-
tion). The constructs Xl283Hs-KKL and Hs283Xl-SKL were punctuate
co-localizing with catalase (peroxisomal). Xl306Hs-KKL and Xl324Hs-
KKL were both diffuse (cytosolic) and punctuate co-localizing with
catalase (peroxisomal). XlAGT-KKL, Hs283Xl-KKL, and Xl361Hs-KKL
were diffusely distributed (i.e. cytosolic) with no sign of punctate (per-
oxisomal) labeling.
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is unlikely to be related to catalytic activity, it could be involved
with the stability of the enzyme. Its ability to enable otherwise
inadequate PTS1s, such as KKL in human AGT, SQL in rabbit
AGT, and NKL in cat AGT, to function as PTS1s might have
been a chance side-effect. If the PTS1s of mammalian AGT
evolved on numerous occasions, then because they evolved in
the presence of the PTS1A, they did not need to evolve suffi-
ciency. The sufficiency of rodent AGT PTS1s (i.e. those of rat/
mouse and guinea pig) might simply result from a purely
chance event occurring in their early evolutionary history. Al-
ternatively, the ancestral rodent might have transiently lost its
PTS1A, and only re-acquired it after the rodent PTS1
had evolved.

PTS1A and Kidney Stone Disease—The efficiency with which
AGT is targeted to peroxisomes could be a significant determi-
nant of an individual’s susceptibility to idiopathic calcium ox-
alate kidney stone disease. This is suggested by the fact that a
third of patients with primary hyperoxaluria type 1 have dis-
ease, because AGT is redirected away from the peroxisomes
toward the mitochondria (1). In addition, some patients with
peroxisome biogenesis disorders, such as Zellweger syndrome,
in which AGT becomes stuck in the cytosol, have marked hy-
peroxaluria (40, 41). If the PTS1A, in addition to the PTS1, is a
determinant of AGT peroxisomal import efficiency, then natu-
rally occurring amino acid replacements in this region might be
expected to affect this efficiency. The knock-on effect of this
would be altered levels of oxalate synthesis, which could easily
influence the likelihood of calcium oxalate deposition in the
kidney. In this context, it is interesting to note that of the three
non-synonymous polymorphisms found in human AGT (i.e.
Pro11 3 Leu, Val326 3 Ile, and Ile340 3 Met) (42), two are
located in the 22-residue PTS1A. Ile3403 Met segregates with
the minor AGXT allele, which also contains Pro11 3 Leu.
Val326 3 Ile segregates with a variant called the minor (Afri-
can) AGXT allele (43). Although the functional effects of the
two PTS1A polymorphisms have not been well characterized, it

is known that Ile340 3 Met can partially counteract the unto-
ward effects of the Pro11 3 Leu polymorphism, which include
partial mistargeting, slowing down dimerization, and decreas-
ing specific catalytic activity (3, 44). In some of the mammals
discussed in this report (i.e. guinea pig, cat, dog, and cow)
residue 340 is normally methionine rather than isoleucine.
Whether this has any specific effect on AGT peroxisomal tar-
geting efficiency and oxalate synthesis in these species has yet
to be determined.
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