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Four of the Most Common Mutations in Primary
Hyperoxaluria Type 1 Unmask the Cryptic Mitochondrial
Targeting Sequence of Alanine:glyoxylate Aminotransferase
Encoded by the Polymorphic Minor Allele*
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Background: The hereditary kidney stone disease primary hyperoxaluria type 1 (PH1) is caused by a deficiency of the
peroxisomal enzyme alanine:glyoxylate aminotransferase (AGT).

Results: Four mutations interact with a common polymorphism resulting in AGT mitochondrial mistargeting.
Conclusion: The synergy between the polymorphism and mutations in AGT is more common than thought previously.
Significance: This has implications for the design of chemotherapeutic agents.

The gene encoding the liver-specific peroxisomal enzyme ala-
nine:glyoxylate aminotransferase (AGT, EC. 2.6.1.44) exists as
two common polymorphic variants termed the “major” and
“minor” alleles. The P11L amino acid replacement encoded by
the minor allele creates a hidden N-terminal mitochondrial tar-
geting sequence, the unmasking of which occurs in the heredi-
tary calcium oxalate kidney stone disease primary hyperoxaluria
type 1 (PH1). This unmasking is due to the additional presence of
a common disease-specific G170R mutation, which is encoded by
about one third of PH1 alleles. The P11L and G170R replacements
interact synergistically to reroute AGT to the mitochondria where
it cannot fulfill its metabolic role (i.e. glyoxylate detoxification)
effectively. In the present study, we have reinvestigated the conse-
quences of the interaction between P11L and G170R in stably
transformed CHO cells and have studied for the first time whether
asimilar synergism exists between P11L and three other mutations
that segregate with the minor allele (i.e. 1244 T, F152I, and G41R).
Our investigations show that the latter three mutants are all able to
unmask the cryptic P11L-generated mitochondrial targeting
sequence and, as a result, all are mistargeted to the mitochondria.
However, whereas the G170R, 1244 T, and F152I mutants are able
to form dimers and are catalytically active, the G41R mutant aggre-
gates and is inactive. These studies open up the possibility that all
PH1 mutations, which segregate with the minor allele, might also
lead to the peroxisome-to-mitochondrion mistargeting of AGT, a
suggestion that has important implications for the development of
treatment strategies for PH1.

In European and North American populations, 15-20% of
the alleles encoding the liver-specific peroxisomal enzyme ala-
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nine:glyoxylate aminotransferase (AGT,” EC 2.6.1.44) encode a
cryptic N-terminal mitochondrial targeting sequence (MTS) (1,
2). The polypeptide encoded by this allele, termed the “minor
allele,” differs from that encoded by the more common “major
allele,” most importantly by the presence of a P11L amino acid
replacement, which generates an optimal motif for binding to
the mitochondrial import receptor TOM20 (1, 3-5). However,
the P11L-generated M TS is functionally ineffective because the
N-terminal extension in which it is located is tightly bound to
the surface of the neighboring subunit in the fully folded
dimeric protein (6). Not only is the TOM20 interaction motif
masked but also the high stability of the AGT dimer generates a
conformation incompatible with mitochondrial import (7, 8).
The resulting functional inefficiency of this cryptic MTS means
that only a very small proportion (~5%) of AGT encoded by the
minor allele finds its way to the mitochondria (1). Despite being
masked, the intrinsic strength of this unusual noncleavable
MTS is shown by the observations that when the AGT folding/
dimerization pathways are disrupted, for example by increasing
the temperature or by targeted amino acid replacements, or if
the N-terminal 20 amino acids encoded by the minor allele are
attached to a reporter protein, the resulting construct is rapidly
imported into mitochondria (9, 10). Exposure of this cryptic
MTS can have very serious consequences, as is the case for a
subset of patients with the hereditary calcium oxalate kidney
stone disease primary hyperoxaluria type 1 (PH1, OMIM
259900) (1, 11, 12). In these patients, the synergistic interaction
between the P11L amino acid replacement characteristic of the
minor allele and a disease-specific G170R mutation increases
the efficiency of the P11L-generated MTS so that the great
majority (~90%) of the enzyme is rerouted to the mitochondria
(1,2,8,11, 13).

2 The abbreviations used are: AGT, alanine:glyoxylate aminotransferase; PH1,
primary hyperoxaluria type 1; GO, glycolate oxidase; BS(PEG), bis-N-suc-
cinimidyl-(pentaethyleneglycol) ester; MW, molecular weight; PLP,
pyridoxal-5'-phosphate.
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TABLE 1

Properties of normal and mutant forms of AGT used in the present study
M/m, major/minor mitochondrial localization; P/p, major/minor peroxisomal localization. Information was from multiple sources (9, 1618, 21-23, 25, 34, 47-50).

Enzyme activity compared with

AGT-MA (%) Intracellular localization

AGT Amino acid changes compared with
construct AGT-MA Recombinant protein Liver Transfected COS cells Liver®
AGT-MA® 100 100 P P
AGT-mi° P11L, 1340M 45-100 90 P P+m
AGT-anc? “2MFQALAKASAAPGSRAAGWVRT ! M+ p M+ p
AGT-41° P11L, G41R, I340M <10-24 0
AGT-152°¢ P11L, F152I, 1340M <10-80 0-16 m + p¢
AGT-170¢ P11L, G170R, I340M <10-76 10-72 M+p M+ p
AGT-244¢ P11L, 1244T, 1340M <10-26 0-36 P

“ Human liver except for AGT-anc where the distribution has been determined in marmoset liver.

?Normal AGT encoded by the major allele.
¢Normal AGT encoded by the minor allele

4 Cleavable ancestral (marmoset) 22-amino acid leader sequence added to the N terminus of AGT-MA.

¢ Mutant AGTs found in PH1 all on the background of the minor allele.

/Peroxisomal cores as extrapolated from a compound AGT-41/AGT-152 compound heterozygote.
¢ Distribution extrapolated from a compound AGT-41/AGT-152 compound heterozygote.

Although mistargeted AGT remains catalytically active in
the mitochondria, it is metabolically inefficient. This is because
most of its substrate (i.e. glyoxylate) in synthesized in the per-
oxisomes. Failure to transaminate glyoxylate to glycine within
the peroxisomes, allows glyoxylate to diffuse into the cytosol
where it is oxidized to the metabolic end product oxalate, cat-
alyzed by lactate dehydrogenase (14). It is this elevated synthe-
sis of oxalate that leads to all of the pathological sequelae of
PH1, most notably the progressive deposition of insoluble cal-
cium oxalate in the kidney and urinary tract (12).

As most of the missense mutations in AGT that cause PH1
segregate with the minor allele, it is of considerable interest to
know whether synergistic interactions, including peroxisome-
to-mitochondrion mistargeting, occur between these muta-
tions and the P11L polymorphism. Little information is cur-
rently available about the intracellular compartmentalization
of other mutant forms of AGT either in situ (i.e. in the liver) or
in tissue culture cell lines. That which is available shows that a
G82E mutant form of AGT segregating with the major allele is
peroxisomal in human liver (15). In addition, an 1244T mutant
on the background of the minor allele is also peroxisomal in
transiently transfected COS cells (16). The liver of a compound
heterozygote PH1 patient (F152I and G41R, both on the minor
allele) had both peroxisomal and mitochondrial AGT (17).
However, in the latter case, overall expression was very low so
that the distribution profile could easily have been distorted.
Therefore, it is not clear whether such synergistic interactions,
including AGT mistargeting, does actually occur with other
mutations. Previous studies on recombinant AGT expressed in
Escherichia coli suggests that P11L and all other minor allele
mutations studied (i.e. G170R, 1244T, F152I, and G41R) do
interact synergistically, at least in terms of protein stability (18 —
21); but, whether this is paralleled by mistargeting in a eukary-
otic system, is unknown. To investigate this, we have explored
the intracellular compartmentalization, oligomeric status, and
enzyme activity of three common mutant forms of AGT
encoded by the minor allele in stably transformed CHO cells
and compared the results with those found for the previously
studied G170R mutant.

We show that three other disease-causing mutations, in
addition to G170R, (i.e. 1244T, F152I, and G41R), with all four
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representing ~40% of PH1 alleles (16, 22—25), can functionally
unmask the cryptic MTS generated by the P11L polymorphism
characteristic of the minor allele. This opens up the possibility
that all missense mutations that co-segregate with this allele
might lead to the peroxisome-to-mitochondrion mistargeting
of AGT. As this would account for half of all mutant alleles, this
finding has considerable importance for the development of
treatment strategies for PH1. In addition, we show that three of
the four mutations that lead to AGT mistargeting do not pre-
vent AGT dimerization or the acquisition of at least some cat-
alytic activity in stably transformed CHO cells.

EXPERIMENTAL PROCEDURES

Expression Constructs and Cell Lines—The full-length
c¢DNAs of AGT and glycolate oxidase (GO) were subcloned in
the mammalian expression vectors pcDNA3.1(+)neo and
pcDNA3.1(—)zeo, respectively (both from Invitrogen). The dif-
ferent AGT constructs used in this study are described in Table
1. AGT-MA, AGT-mi, AGT-anc, AGT-170, AGT-152, and
AGT-41 were prepared as described previously (10, 18, 26, 27).
All of the AGT constructs except AGT-MA and AGT-244
already existed and were recloned from a pHYK vector into
pcDNA3.1. AGT-244 was created by site-directed mutagenesis
and cloned into pcDNA3.1.

CHO cell lines expressing AGT variants were established by
retransforming a CHO cell line previously transformed with
GO and created for other purposes not described (27). Three
cell lines expressed normal AGT variants: AGT-MA expressing
AGT encoded by the major allele of AGXT, with AGT-mi
expressing AGT encoded by the minor allele of AGXT, and
AGT-anc expressing a variant of AGT-MA to which a more
usual cleavable N-terminal MTS was added, similar to marmo-
set AGT (28). Four cell lines expressing mutant AGTs were
used: AGT-170, AGT-152, AGT-244, and AGT-41.

Cell Culture and Transformation—All GO and AGT double-
transformed cell lines were created from one single CHO GO
cell line retransformed with AGT constructs following the
methods published previously (27) with the difference that cells
were transfected with Turbofect (Fermentas). CHO cells were
cultured in Ham’s F12 medium supplemented with 10% fetal
calf serum and the addition of zeocin (400 ug/ml, Invitrogen)
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FIGURE 1. Subcellular distribution of various normal AGT constructs in stably transformed CHO cells as shown by immunofluorescence microscopy.
Cells were stained with anti-peroxisomal proteins (green), anti-AGT (red), and MitoTracker (blue). Nuclei were stained with Hoechst (gray). Scale bars, 10 um.
Merged and single channel images from a single z-plane are shown for cells expressing AGT-MA, AGT-mi, and AGT-anc. Insets, reslice along the zaxis along the
line drawn in the merged image. Below is shown the red/green/blue (RGB) profile plotted along the line drawn in the merged image: blue line, mitochondria
(MitoTracker); green line, peroxisomes (anti-peroxisomal proteins); red line, AGT (anti-AGT).

and G418 (800 pg/ml, Invitrogen) for the selection mainte-
nance of GO and AGT, respectively, as described previously
(27). The levels of expression of AGT in the cell lines remained
stable over a period of at least 3 months, with at least 95% of
cells expressing AGT.

Immunofluorescence Microscopy and Image Analysis—Cells
on 13-mm glass coverslips were prepared for immunofluores-
cence microscopy and stained as described previously with various
combinations of rabbit or guinea pig polyclonal anti-human AGT,
anti-rat liver peroxisomal proteins, and MitoTracker (Red,
CMXRos, Molecular Probes, Invitrogen) (27, 29). The image
acquisition was carried out using a confocal laser-scanning flu-
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orescence microscope (Leica TCS SPE), and the image analysis
was carried out using Image] software (National Institutes of
Health, Bethesda, MD). For quantitative colocalization analy-
sis, Manders’ and Pearson’s coefficients were calculated using
the ImageJ JACoP plugin (30) with manually set thresholds.

Immunoelectron Microscopy—Immnuoelectron microscopy
on cells was carried out as published previously (17, 29). Briefly,
fixed cells were stained with polyclonal rabbit anti-human AGT
antiserum and then with 10-nm colloidal gold conjugated to
anti-rabbit IgG.

Immunoblotting and Chemical Cross-linking—Cell lysates
were analyzed by SDS-PAGE and immunoblotting following a
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FIGURE 2. Subcellular distribution of various PH1 mutant AGT constructs, in stably transformed CHO cells as shown by immunofluorescence micros-
copy. Cells were stained with anti-peroxisomal proteins (green), anti-AGT (red), and MitoTracker (blue). Nuclei were stained with Hoechst (gray). Scale bars, 10
um. Merged and single channel images from a single z-plane are shown for cells expressing AGT-170, AGT-152, AGT-244, and AGT-41. Insets, reslice along the
z axis along the line drawn in the merged image. Below is shown the RGB profile plotted along the line drawn in the merged image: blue line, mitochondria
(MitoTracker); green line, peroxisomes (anti-peroxisomal proteins); red line, AGT (anti-AGT).

previously described method (27, 29). Chemical cross-linking
was carried out using bis-N-succinimidyl-(pentaethylenegly-
col) ester, (BS(PEG)s, Pierce) as described previously (29). For
densitometry analysis of Western blots, the chemiluminescent
signal was recorded from the membrane with a camera
(ImageQuant LAS 4000). The file was then analyzed using the
measure tool in Image]J software (NIH). Results were expressed
relative to the densitometry of AGT-MA in each gel analyzed.

Catalytic Activity—AGT activities in cell lysates were meas-
ured as published previously by a spectrophotometric method
(27, 31).

RESULTS

All PHI Mutations Studied Functionally Unmask the Cryptic
MTS of AGT Encoded by the Minor Allele (i.e. AGT-mi)—To
investigate whether other disease-causing mutations that seg-
regate with the minor AGT allele lead to peroxisome-to-mito-
chondrion AGT mistargeting, the intracellular compartmen-
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talization of various normal and mutant AGT constructs has
been studied in stably transformed CHO cells. Immunofluores-
cence microscopic analysis of these cells is shown in Figs. 1-3.
As has been shown before in transiently transfected COS cells
(9) and microinjected human fibroblasts (13), AGT-MA and
AGT-mi were peroxisomal (Fig. 1), whereas AGT-anc (Fig. 1)
and AGT-170 (Fig. 2) were predominantly mitochondrial with
a minority peroxisomal. Qualitative (Fig. 2) and quantitative
(Fig. 3) analysis indicated that AGT-152, similar to AGT-170
and AGT-anc, was mainly mitochondrial with a minority per-
oxisomal. On the other hand, AGT-244 and AGT-41 were
shown to be more evenly distributed between mitochondria
and peroxisomes.

Higher resolution analysis of the distribution of the con-
structs by immunoelectron microscopy (Fig. 4) confirmed the
mitochondrial and peroxisomal localization of AGT-anc,
AGT-170, AGT-152, AGT-244, and AGT-41. In addition, it
was able to detect a small amount of mitochondrial AGT-mi,
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FIGURE 3. Immunofluorescence microscopy colocalization coefficients
for the subcellular distribution of AGT variants in stably transformed
CHO cells. A, Pearson’s colocalization coefficient, calculated for the colocal-
ization of AGT and peroxisomes (dark gray) and for AGT and mitochondria
(pale gray); B, Manders’ M1 coefficients for the colocalization AGT with the
peroxisomal marker (dark gray) and for AGT with mitochondrial marker (pale
gray); C, Manders’ M2 coefficients for the colocalization peroxisomal marker
with AGT (dark gray) and for mitochondrial marker with AGT (pale gray). Coef-
ficients were calculated using the ImageJ JACoP plugin, with manual thresh-
olding, on image stacks of cells stained concomitantly with anti-AGT, anti-
peroxisomes, and MitoTracker. The results are given as means (+ S.D.) of
several images; at least 10 individual cells were analyzed for each coefficient.

which was not noticeable by immunofluorescence microscopy.
In the case of AGT-41, the peroxisomes contained large amor-
phous “cores,” not present with the other constructs (Fig. 4B).
These cores stained for AGT and at least one other peroxisomal
enzyme GO (data not shown).

Mutant AGTs on the Background of the Minor Allele Can Still
Dimerize—Previous studies have shown that the peroxisome-
to-mitochondrion mistargeting of AGT is accompanied by a
decrease in the rate of dimerization but not its abolition (8, 9).
In fact, this interference with dimerization has been suggested
to be an integral part of the mistargeting process (8). To deter-
mine whether mutations that cause AGT mistargeting affect
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the steady state dimeric status of AGT in transformed CHO
cells, the expression of normal and mutant AGT variants has
been investigated by SDS-PAGE and immunoblotting.

All AGT constructs showed a prominent band of ~43 kDa,
the expected size of the monomer (Fig. 54). Surprisingly, how-
ever, for a denaturing gel, minor bands of 80 —90 kDa were also
present for many of the constructs. This is compatible with the
size expected for the dimer. In addition, to strong bands in the
region of 80-90 kDa, cells expressing AGT-41 showed many
other high molecular weight (MW) bands. Altogether, these
high MW bands in AGT-41 were much more prominent than
the 43-kDa band of the monomer. Cells expressing AGT-anc
exhibited an additional monomeric band of ~45 kDa, presum-
ably representing the preprotein (most likely peroxisomal),
which still retains the ancestral cleavable MTS leader sequence.
Cells expressing the mutant AGT constructs also show variable
amounts of a lower MW band of ~38 —40 kDa. This was most
noticeable in cells expressing AGT-41. These lower MW bands
disappeared when the blot was incubated with antibodies raised
against the N terminus of AGT (data not shown), suggesting
that they resulted from N-terminal clipping.

When cells were incubated with the bifunctional cross-linker
BS(PEG),, strong bands of 80-90 kDa were very prominent,
indicating that in all cases, dimerization had occurred (Fig. 5B).
Although monomeric bands were also present after cross-link-
ing, they disappeared when the concentration of the cross-
linker was increased (data not shown). The double dimeric
bands, which also formed when purified recombinant AGT was
cross-linked (Fig. 5C), presumably represent structural iso-
forms separated by the SDS-PAGE. Heavy staining of the
immunoblot in Fig. 5B showed the additional presence of high
MW cross-linked bands in many of the normal and mutant
AGT constructs, presumably due to the presence of higher
order multimers. Many of the high MW bands found in cells
expressing AGT-41 (Fig. 5A4) disappeared after cross-linking
(Fig. 5, B and C), probably due to the formation of very high
MW structures unable to enter the gel matrix.

AGT-41, but Not the Other Mutant Constructs, Aggregates
Intraperoxisomally—Because missense mutations in protein-
encoding genes often lead to the instability and subsequent
aggregation of the encoded proteins and because immunoelec-
tron microscopy showed that AGT-41 formed intraperoxi-
somal aggregates (see above), the presence of such was investi-
gated in the present system by pelleting cell lysates with low
speed centrifugation (600 X g for 10 min). The supernatants
and pellets were analyzed by SDS-PAGE and immunoblotting
(Fig. 6). Whereas almost all of the normal and mutant AGT
constructs remained in the supernatant, more than half of the
AGT-41, including most of the higher MW bands, came down
in the pellet. Therefore, apart from AGT-41, macroaggregation
intracellular did not seem to occur with normal or mutant
AGT.

Except for AGT-41, the Mutant Forms of AGT on the Back-
ground of the Minor Allele Retain at Least Some Functional (i.e.
Catalytic) Activity—One of the best surrogates for determining
the extent to which an enzyme has attained the correct struc-
tural conformation intracellularly is to determine its catalytic
activity. The assays were carried out on whole cell lysates in the
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FIGURE 4. Subcellular distribution of various normal and mutant AGT constructs in stably transformed CHO cells as shown by immunoelectron
microscopy. Cells expressing various forms of AGT (A, AGT-244; B, AGT-41; C, AGT-MA; D, AGT-mi; E, AGT-anc; F, AGT-170) were stained with anti-AGT and 10
nm of colloidal gold conjugated to anti IgG. Scale bars, 100 nm. Black arrowheads, peroxisomes; white arrowheads, mitochondria; black arrow, intraperoxisomal

core (B). Data are not available for AGT-152.

presence and absence of the cofactor pyridoxal-5'-phosphate
(PLP) to determine the level of holo-AGT (activity in the
absence of PLP in the assay) and apo-AGT (difference between
the activities in the presence and absence of PLP in the assay).
The results in Table 2 show that, with the exception of AGT-41,
all normal and mutant constructs were catalytically active in
stably transformed CHO cells. Cells expressing AGT-41
showed no activity. In the presence of PLP, the activities ranked
as follows: AGT-MA > AGT-mi = AGT-anc > AGT-170 >
AGT-152 = AGT-244 > AGT-41. All of the mutants had
activities significantly lower than the normal AGTs. Interest-
ingly, the differences between the activities in the presence and
absence of PLP were negligible, except for AGT-152, suggesting
that in most cases, the AGT was present mainly as the holo
protein. AGT-152, on the other hand, seemed to be present
entirely as the apo protein. Densitometric scans of the immu-
noblots (Table 2) indicated that at least some of the differences
in AGT activity could be attributed to different levels of net
expression.

DISCUSSION

The peroxisome-to-mitochondrion mistargeting of AGT is
unparalleled in human genetic disease. Although previously
thought to be restricted to G170R on the background of the
minor allele, the present studies open up the possibility that all,
or at least most, of the mutations segregating on the minor
allele might also lead to mistargeting. As the frequency of the
minor allele is ~50% in PH1 patients, compared with 15-20%
in the general population (32), it suggests that AGT mistarget-
ing in PH1 might be much more common than previously
thought.

Previous studies of the peroxisome-to-mitochondrial mis-
targeting of PH1 mutant AGT with the G170R amino acid
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replacement on the background of the minor allele showed that
the P11L polymorphism was entirely responsible for providing
the mitochondrial targeting information (1, 2). The exact role
of the G170R mutation was unclear as it had relatively little
effect on the conformation and other properties of AGT on its
own (8, 18, 20, 33). However, it did appear to interact synergis-
tically with the P11L polymorphism to interfere with AGT
dimerization and possibly freeing up the otherwise trapped
N-terminal extension (8, 9). Whether the latter was a cause or a
result of interference of dimerization was unclear. In any case,
the present study shows that the steady state of most of the
AGTs containing mutations which lead to mistargeting is
dimeric, as it is for normal AGTs. In addition, the presence of
enzyme activity suggests that these dimers are structurally rel-
atively normal, at least in terms of the active site environment.
The only exception is AGT-41, which appears to exist in mul-
tiple polymeric states and aggregates. Therefore, it is likely that
all mutations studied slow down the process of folding and/or
dimerization, rather than preventing it. This would allow the
still free N-terminal polymorphic MTS more time to interact
with its binding site on TOM?20.

At a structural level, it is clear that the N-terminal extension,
which contains the P11L amino acid replacement of the minor
allele, plays no direct part in the catalytic activity of AGT (6). So
its role is unclear, although it has been suggested that it might
initiate, or at least aid, the dimerization process (8, 9). This
suggestion has been reinforced by the finding that mutations
that interfere with the interaction of this extension and the
surface of the neighboring subunit, do indeed inhibit dimeriza-
tion in vitro translations (9). But the N-terminal extension of
AGT is clearly not essential for dimerization, as its removal still
allows AGT to form dimers, albeit inactive and probably con-
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FIGURE 5. Expression and dimerization status of AGT variants in stable CHO
transformants shown by immunoblotting. Whole cell lysates were electro-
phoresed by SDS-PAGE and blotted onto nitrocellulose membranes, which were
then incubated with anti human-AGT (A-C) and with anti GAPDH for loading
control (A). A, noncross-linked cell lysates (each lane was loaded in duplicate with
5 pg of total cell protein); B, cell lysates cross-linked with BS(PEG), at 1250 um
(each lane was loaded with 2 g of total cell protein); C, cell lysates (cells) and
purified recombinant AGT expressed in E. coli (protein) were cross-linked with
BS(PEG) at 1250 um (+) or not cross-linked (—). For cell samples, 6 g of protein
were loaded per lane, for purified AGT 50 ng were loaded. The purified recombi-
nant AGT was a kind gift from Dr Cellini (University of Verona). kD, kDa.
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FIGURE 6. Presence or absence of aggregates in CHO cell lines stably
expressing normal and mutant AGT constructs. Whole cell extracts of CHO
cells stably expressing AGT variants were centrifuged at 600 X g for 10 min,
and the resulting supernatant (SN) and pellet (P) were immunoblotted
against anti-AGT. Each lane was loaded with 5 g of total cell protein.

formationally abnormal, both in cells (the present study) and in
purified recombinant protein (29).

There are no structures available for any AGT mutant,
except the isolated G170R mutant, so that it is unknown
whether the additional mutations studied here have any signif-
icant effects on their own (i.e. in the absence of the P11L
replacement). Previous studies on purified recombinant AGT
expressed in E. coli suggest that, except for G41R, they do not
(18,21, 34). Therefore it is likely that peroxisome-to-mitochon-
drion mistargeting caused by these mutations, all result from a
similar synergistic interaction to that previously identified for
G170R. A dual localization of proteins is known for a number of
proteins, sometimes both peroxisomal and mitochondrial (35—
37). The role and speed of protein folding in the final distribu-
tion of a partly mitochondrial protein has been shown for some
enzymes such as fumarase (38, 39) and yeast major adenylate
kinase (40). Such a mechanism could also control the abnormal
dual targeting of AGT mutants in PH1 patients.

The mutant forms of AGT in this study are all predicted, or
have been shown, to lead to AGT instability (16, 18, 21, 34, 41),
although the consequences for their intracellular behavior were
less certain. The present study suggests that any mutation on
the minor allele that leads to protein instability and/or inter-
feres with the process of folding or dimerization could lead to
peroxisome-to-mitochondrion mistargeting directed by the
P11L-generated MTS. The final destination of minor allele
mutant AGTs is dependent on kinetic partitioning of the newly
synthesized polypeptide in the cytosol between folding,
dimerization, mitochondrial import, peroxisomal import,
aggregation, and proteolysis (see Fig. 7). So that the slower the
folding and dimerization is, the greater will be the mistargeting
to the mitochondria. It is possible that if the acquisition of the
correct conformation is delayed for too long, aggregation and
proteolysis will then predominate. Interestingly, only AGT-41
showed any propensity to aggregate when expressed in stably
transformed CHO cells, although other mutants studied here
(i.e. AGT-244 and AGT-152) tended to aggregate in other sys-
tems (ie. transiently transfected COS cells and purified recom-
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TABLE 2
AGT catalytic activities in stably transformed CHO cell lines
AGT AGT activity” Net AGT

construct n —PLP +PLP —PLP/+PLP expression”
AGT-MA 8 417 =71 44.6 = 11.4** 0.96 £ 0.18 1.00
AGT-mi 8 28.4 * 6.9 279 =52 1.05 = 0.32 0.82 = 0.33
AGT-anc 4 234 3.1 25.0=*59 0.96 £ 0.14 1.18 = 0.48
AGT-170 6 14.8 = 4.2 14.2 = 1.9%** 1.06 = 0.32 0.69 = 0.31§
AGT-152 4 0.9 * L.7### 8.0 = 0.9*** 0.10 = 0.18 0.34 = 0.12§§$§
AGT-244 4 7.0*x21 8.9 + 2.2%%* 0.80 £ 0.21 0.56 = 0.25§
AGT-41 4 0.6 £0.3 0.7 = 0.2%** 0.89 £0.38 2.16 £1.20
WT 6 0.7 £0.9 0.7 £ 0.5 1.00

“The AGT assay was carried out in standard conditions without PLP (—PLP) or with 150 wmol/l PLP (+PLP). Units, wmol pyruvate/h/mg protein = S.D., n, number of ex-
periments for each construct. The limits of sensitivity of the AGT assay are 3 wmol pyruvate/h/mg protein. The reference range for AGT activity +PLP in human liver is

19.1-47.9 (26).

® For the net AGT expression, a densitometry analysis, including both monomer and oligomers, was performed on immunoblots loaded with the same amount of cell protein
lysate for each cell line. The result is expressed as a ratio to that of the expression of AGT-MA in each immunoblot. Statistical significance was calculated using Student’s ¢
test. AGT activity +PLP was compared with that of AGT-mi (**, p < 0.01; ***, p < 0.001); AGT activity —PLP was compared with that of the same construct +PLP (###,
» < 0.001); net AGT expression was compared with that of AGT-MA (§, p < 0.05; §§§, p < 0.001).
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FIGURE 7. Schematic representation of the intracellular kinetic partition-
ing of AGT-mi and its mutants. Diagram shows the unfolded monomeric,
folded monomeric, folded dimeric, aggregated and degraded forms of AGT-
mi. The C-terminal type 1 peroxisomal targeting sequence (thick gray line)
always remains available for interaction with the peroxisomal import recep-
tor Pex5p and peroxisomal import, whereas the polymorphic N-terminal MTS
(thick black line) is only available for interaction with the mitochondrial import
receptor TOM20 and mitochondrial import in the unfolded monomeric spe-
cies. AGT-MA is presumed to take mainly pathways 1—2—3 with rapid fold-
ing, dimerization, and peroxisomal import. Relatively little is expected to take
pathway 5 (degradation). None will take pathway 6 (mitochondrial import) as
AGT-MA does not contain a MTS. AGT-mi will be similar to AGT-MA, except
that a small proportion (5-10%) will take pathway 6-7-8 due to the presence
of the polymorphic MTS. The kinetics of AGT-mi folding and dimerization
means that pathway 1—2—3 will predominate over pathway 6—7—8. As
the net expression of AGT-mi tends to be lower than AGT-MA, some are
expected to be degraded (5). AGT-mi mutants that destabilize the protein
and slow down folding and/or dimerization (1—2) will increase both mito-
chondrialimport (6) and the degradation (5). Most of the AGT-170 follows the
mitochondrial pathway (6—7—8), with only a small proportion taking the
peroxisomal pathway (1—2—3). Some will also be degraded (5). Most of AGT-
152 is degraded (5), but the majority of the remainder will take the mitochon-
drial pathway (6—7—8). Most of AGT-244 is degraded (5), but the remainder
is split between the peroxisomal (1—2—3) and mitochondrial (6—7—8)
pathways. AGT-41 appears to be split between the peroxisomal (1—2—3)
and mitochondrial (6—7—8) pathways. However, intraperoxisomal aggrega-
tion pathways (4) predominate. Although dimers form, they are likely to be
highly abnormal as AGT-41 completely lacks catalytic activity. The intraper-
oxisomal aggregates might form in the peroxisome from any of the import-
able species (i.e. unfolded or folded monomers or folded dimer).
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binant protein, respectively) (16, 34). Intriguingly, aggregates of
AGT-41 were only found in peroxisomes and not in the cytosol
or the mitochondria. Presumably, any aggregates formed in the
cytosol would be degraded or imported into the peroxisomes,
which are less fastidious about the conformational require-
ments for import (42). These aggregated species would be mito-
chondrially import incompetent, as only unfolded monomers
can be imported (7). The folding environment inside mitochon-
dria could be different enough from that in the cytosol or per-
oxisome to prevent aggregation.

All of the minor allele mutants in the present study showed
N-terminal clipping to varying extents. This was especially
noticeable for AGT-41 (see Fig. 5A4). Previous studies using
purified recombinant AGT-41 expressed in E. coli have shown
that the N-terminal 40 or so amino acids are more flexible than
the equivalent region in normal AGT (21). In fact, these authors
suggest that this flexibility is at least partly responsible for the
loss of catalytic activity of the mutant. This flexibility might
occur in all minor allele mutants and, if so, could make available
this region for N-terminal clipping by a nonspecific intracellu-
lar protease. Such an N-terminal clipping is different from the
cleavage of the N terminus of AGT-anc, which is expected after
mitochondrial import because AGT-anc contains a classical
MTS and recognition sites for the mitochondrial processing
peptidase.

Although the system of stably transformed CHO cells used in
the present study is relatively simple, at least at the metabolic
level, compared with liver cells, it has the advantage of being
much more tractable. Except for enzyme activity, the informa-
tion available on human PH1 liver is very limited. When com-
pared with the information that is available in human liver and
other systems, a number of similarities and differences are
apparent. The ranking of enzyme activities found in stably
transformed CHO cells, i.e. AGT-MA > AGT-mi > AGT-
170 > AGT-152 = AGT-244 >> AGT-41 is similar to that in
human liver, although in the latter case, the range between dif-
ferent patients is very large (see Table 1). The net levels of
expression of immunoreactive protein for the AGT mutants in
the livers of patients tend to be rather less than found in CHO
cells. This is especially the case for AGT-41, which was
expressed highly in CHO cells, but is very low in PH1 liver (at
least in a compound F152I/G41R compound heterozygote)
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(17). Such a difference may be due to the greater activity of the
hepatocyte proteolytic machinery. No information is available
regarding the intracellular compartmentalization of AGT-244
in PH1 liver. However, immunoelectron microscopy of a liver
from a PH1 patient heterozygous for F152I and G41R showed a
complex picture, some mitochondrial labeling and some perox-
isomal labeling, notwithstanding the low overall labeling due to
greatly reduced overall immunoreactivity (17). Most of the per-
oxisomal label was concentrated into cores, which family stud-
ies suggested was associated with the G41R mutation rather
than the F152I mutation. Whether these intraperoxisomal
cores are equivalent to the cores and aggregates found with
AGT-41 in the present study is unclear.

The present system, essentially a steady state system, has
similarities to other systems, as well as differences. For example,
in transiently transfected COS cells, AGT-244 appears to be
entirely peroxisomal and at least partially aggregated (16). This
may be due to the different cells used or differences between
transient and steady state expression. Our preliminary obser-
vations (not reported here) suggest that short term expression
may favor peroxisomal rather than mitochondrial import of
minor allele mutant AGTs and that the significantly different
composition of the media (most notably pyridoxine concentra-
tion) in which COS and CHO cells are cultured could make a
big difference in the way AGT folds, dimerizes and acquires
functional activity.

The findings in the present study have important implica-
tions for the development of new strategies for the treatment of
PH1, especially the search for chemotherapeutic agents that
might counteract the effects of specific mutations. The poten-
tial of chemical chaperones as treatments has been established
for other diseases such as Fabry disease, cystic fibrosis, al-an-
titrypsin deficiency (43—46), and might also hold promise for
PH1, where they could prevent AGT aggregation and decrease
degradation, thereby increasing the overall level of expression.
Agents that increase the affinity of the cofactor would also
increase the holo/apo AGT ratio and would be likely to be ther-
apeutically effective on mutants similar to AGT-152. However,
merely increasing the proportion of ultimately correctly folded
protein may not be enough if the protein can still be targeted to
the wrong intracellular compartment, which could be the case
for AGT mutants on the minor allele background. The design
and testing of therapeutic drugs in PH1 should therefore also
include more sophisticated methods such as an assessment of
the correct intracellular targeting.
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