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Dehydrogenase Type IV/D-Specific Multifunctional
Protein 2 Is Mediated by its C-Terminal Tripeptide AKI
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Abstract The product of the porcine HSD17B4 gene is a peroxisomal 80 kDa polypeptide containing three
functionally distinct domains. The N-terminal part reveals activities of 17B-estradiol dehydrogenase type IV and
D-specific 3-hydroxyacyl CoA dehydrogenase, the central part shows D-specific hydratase activity with straight and
2-methyl-branched 2-enoyl-CoAs. The C-terminal part is similar to sterol carrier protein 2. The 80 kDa polypeptide
chain ends with the tripeptide AKI, which resembles the motif SKL, the first identified peroxisome targeting signal PTS1.
So far AKI, although being similar to the consensus sequence PTS1, has neither been reported to be present in
mammalian peroxisomal proteins, nor has it been shown to be functional. We investigated whether the HSD17B4 gene
product is targeted to peroxisomes by this C-terminal motif. Recombinant human PTS1 binding protein Pex5p interacted
with the bacterially expressed C-terminal domain of the HSD17B4 gene product. Binding was competitively blocked by
a SKL-containing peptide. Recombinant deletion mutants of the C-terminal domain lacking 3, 6, and 14 amino acids and
presenting KDY, MIL, and IML, respectively, at their C-termini did not interact with Pex5p. The wild-type protein and
mutants were also transiently expressed in the HEK 293 cells. Immunofluorescence analysis with polyclonal antibodies
against the C-terminal domain showed a typical punctate peroxisomal staining pattern upon wild-type transfection,
whereas all mutant proteins localized in the cytoplasm. Therefore, AKI is a functional PTS1 signal in mammals and the
peroxisome targeting of the HSD17B4 gene product is mediated by Pex5p. J. Cell. Biochem. 73:70-78, 1999.
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Multifunctional 80 kDa Protein cDNArevealed that the 32 kDa type IV dehydro-
genase corresponds to an N-terminal fragment
of a larger multidomain 80 kDa protein [Leend-
ers et al., 1994a]. The N-terminal and central
part of this 80 kDa protein reveal unexpected
homology to the 3-hydroxyacyl-CoA dehydroge-
nase and 2-enoyl-CoA hydratase domains of
FOX2, a multifunctional peroxisomal B-oxida-
tion protein from yeast. The C-terminus of the
80 kDa protein is homologous to sterol carrier
protein 2 (SCP2) [Leenders et al., 1994b]. In-
deed, the bacterially expressed 80 kDa protein
was subsequently shown to possess, beside 173-
hydroxysteroid dehydrogenase activity, 3-hy-

Type IV 17B-hydroxysteroid dehydrogenase
(gene HSD17B4) was originally discovered in
porcine endometrium [Adamski et al., 1992b]
and shown to be localized in peroxisomes
[Markus et al., 1995]. Subsequent cloning of its
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droxybutyryl-CoA dehydrogenase and croto-
nase activity and to be able to transport lipids
and sterols [Leenders et al., 1996]. In addition
to the porcine enzyme, the human [Adamski et
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al., 1995] and mouse [Normand et al., 1995]
orthologs have now been cloned.

During studies on peroxisomal B-oxidation of
pristanic acid and bile acid intermediates in rat
and man, D-specific multifunctional 80 kDa
proteins (named as well multifunctional pro-
tein 2, MFP2) were discovered [Novikov et al.,
1994; Qin et al., 1997], characterized and cloned
[Dieuaide-Noubhani et al., 1996, 1997a,b; Jiang
et al., 1996, 1997; Novikov et al., 1997]. This
proteins turned out to be the further orthologs
of the porcine 17B-hydroxysteroid dehydroge-
nase V. Since the V., B-oxidation activities of
these proteins are shown to be several fold
higher, than the 17B-hydroxysteroid dehydroge-
nase activity [Dieuaide-Noubhani et al., 1996;
Leenders et al., 1996; Novikov et al., 1997; Qin
et al., 1997], it is questionable whether 17p3-
estradiol is a physiological substrate. On the
other hand, the enzyme has 0.2 uM K, towards
steroids, is abundant in steroid-responsive tis-
sues [Adamski et al., 1995; Normand et al.,
1995] and evidence is reported that the enzyme,
and its processing to a 32 kDa dehydrogenase,
is regulated by steroids such as progesterone in
kidney and uterus [Kaufmann et al., 1995].
Until physiological substrate issue is clarified,
we will refer to the 80 kDa protein as 17j3-
hydroxysteroid dehydrogenase 1V/D-specific
multifunctional protein 2 (173-HSDIV/MFP-2).

Peroxisomal Targeting Signal PTS1

Most peroxisomal matrix proteins contain at
their C-termini a topogenic signal, called PTS1
(peroxisome targeting signal 1) that is recog-
nized by a PTS1-binding protein Pex5p (per-
oxin protein 5) [Distel et al., 1996], and that
will mediate protein import into peroxisomes
[see ref. Subramani, 1993, 1996 for a reviewl].
PTS1 was first defined as the tripeptide SKL
[Gould et al., 1987], but subsequent studies
have shown some degeneracy. In mammals,
this has lead to the consensus S/A/C - K/IR/H - L
[Gould et al., 1989]. Whereas the C-terminus of
rat [Corton et al., 1996; Dieuaide-Noubhani et
al., 1996; Qin et al., 1997], mouse [Normand et
al., 1995], and human [Adamski et al., 1995]
17B-HSDIV/MFP-2 corresponds to AKL, the por-
cine protein ends with AKI [Leenders et al.,
1994a]. The latter combination has hitherto not
been proven to be functionally active in mam-
mals. Moreover, a terminal isoleucine in the
target motif seems to result in a weak PTS1,
since substitution of | for L in the SKL-motif of

luciferase diminished (or abolished) its import
in mammalian CV1-cells [Gould et al., 1989]
and the predominant cytosolic localization of
epoxide hydrolase in mouse and rat liver has
been ascribed to the presence of SKI at its
C-terminus [Arand et al., 1991; Grant et al.,
1993]. On the other hand, AKI fits to the more
relaxed consensus found for glycosomal protein
targeting , being S/IA/C/G/H/N/P - KIH/M/N/R/S -
L/I/M/Y [Sommer et al., 1992], and in yeast,
this tripeptide has been reported to be essential
for targeting the Candida tropicalis trifunc-
tional protein (the fungal counterpart of 17p3-
HSDIV/MFP-2) to the peroxisomes [Aitchison
et al., 1991]. PTS1 functionality might be con-
text specific however, since AKI fused to chlor-
amphenicol acetyltransferase did not target the
enzyme to the peroxisomes in yeast [Fransen et
al., 1995].

In this work we have investigated the role of
AKI as peroxisome targeting signal 1 by means
of direct measurements of the interactions be-
tween recombinant porcine 173-HSD IV/IMFP-2
and recombinant human Pex5p and by transfec-
tion studies followed by immunohistochemistry.

MATERIALS AND METHODS
Construction of Mutants

A DNA fragment containing the coding se-
quence for the amino acids 606-738 (the C-
terminal domain similar to sterol carrier pro-
tein 2 abbreviated as pSCP2) of the porcine
178-HSDIV/MFP2 obtained from the cDNA
[Leenders et al., 1994a] was used as a template
for PCR amplification of mutant DNA. Appropri-
ate oligonucleotide primer pairs adding BamHI
and Kpnl restriction sites at the 5’- and 3'-ends
were applied to amplify constructs coding for
wild type protein and deletion mutants lacking
the last 3, 6, or 14 amino acids (Table I). The
last two constructs were chosen to explore if the
internal sequences QMIL, QKL, and NIML (Fig.
1, upper panel) similar to that of plant and
human catalase [Korneluk et al., 1984; Mullen
et al., 1997a,b] could be also recognized by Pex5p.
The PCR amplified DNA was digested with
BamHI and Kpnl and cloned directionally into
the BamHI and Kpnl restriction sites of the
vector pRep10 (Invitrogen, Leek, The Nether-
lands) or into the vector pGex 2T PL2, a modi-
fied pGex 2T vector (Pharmacia, Freiburg, Ger-
many), with an additional Kpnl site [Leenders
et al.,, 1994a]. The constructs were verified by
restriction analysis and full length sequencing.
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TABLE I. PCR Amplification of 17-HSDIV/MFP2 Mutants?

Position inthe  C-terminal
HSD17B4 amino acid

Primer Sequence 5'-3' cDNA sequence Abbreviation
forward  ttttggatccATGACTGTCATTTCAAATGCATACGTG 1858-1881
reverse  ttttggtaccTCAAATCTTGGCATAGTCTTTAAG 2260-2280 AKI wt
reverse ttttggtaccTCAATAGTCTTTAAGAATCATCTGAAG 2248-2271 KDY A3
reverse ttttggtaccTCAAAGAATCATCTGAAGCTTCTGGCTC 2238-2262 MIL A6
reverse  ttitggtaccTCACAGCATGATGTTCCCTCTG 2220-2238 IML Al4

aPCR parameters: 2 min. 94°C, (30 s 94°C, 30 sec 62°C, 2 min 72°C) X 30 cycles, 7 min 72°C, Pfu polymerase (Stratagene,
Heidelberg, Germany) was used. Mismatches introducing restriction sites BamHI (forward) and Kpn | (reverse) are in lower

case, start and stop codons are underlined.

Transfection and Immunofluorescence
Analysis of Cells

Human embryonal kidney HEK 293 Ebna
cells (Invitrogen) were grown on glass cover-
slips in 3 cm dishes in RPMI Medium supple-
mented with 10% FCS, L-glutamine (200 ug/
ml), streptomycin (100 U/ml), and penicillin
(100 pg/ml). The cells were transfected at 40%
confluence by the calcium phosphate coprecipi-
tation method [Wigler et al., 1977] with 4 pg of
the plasmids pRep10-wt, pRep10-A3, pRepl0-A6
and pRepl0-Al14 (see Table 1 and Fig. 1 for
abbreviations), respectively. The coverslips were
collected 72 h after transfection, fixed in metha-
nol/acetone at —20°C, blocked with 3% BSA in
PBS and labeled with polyclonal rabbit antise-
rum KS (dilution 1:800) against the porcine
SCP2 domain of 178-HSDIV/MFP2 (pSCP2),
followed by a secondary goat anti-rabbit anti-
body (dilution 1:500) decorated with Cy3 (Di-
anova, Hamburg, Germany) as described [Hu-
sen et al.,, 1994]. Controls by staining of
non-transfected cells with primary and second-
ary antibody or by staining of pRep10-wt trans-
fected cells with secondary antibody only,
showed no labeling. The porcine kidney AM
C6C9 cell line constitutively expressing 17B-
HSDIV/MFP2 was used a positive control. Coun-
terstaining of nuclei was performed by DAPI
(Boehringer Mannheim, Germany). The cover-
slips were viewed on a Zeiss Axiophot (Zeiss,
Oberkochen, Germany), fluorescence signals
were digitized by a CCD camera and blue and
red immunofluorescence superimposed with
ISIS software (MetaSystems, Altlussheim, Ger-
many).

Expression of the SCP2 Domain in E. coli

The E. coli strain IM107 containing the pGex-
wt, pGex-A3, pGex-A6, or pGex-Al4 plasmids

were grown in LB media containing 50 pg/ml
Ampicillin. The cells were grown in a rotary
shaker at 37°C until absorbency at 600 nm
reached 0.6. Protein expression was induced by
0.2 mM (final) isopropyl-D-thiogalactopyrano-
side and incubation for additional 3 h. Cell
lysis, purification of the glutathione-S-transfer-
ase (GST) fusion proteins, cleavage with throm-
bin and SDS-PAGE analysis of purified pro-
teins were performed as described [Adamski et
al., 1992a; Leenders et al., 1996].

In Vitro Binding Assays With PEX5p

Recombinant proteins were subjected to SDS-
PAGE, followed by electroblotting to nitrocellu-
lose. After blocking, blots were stained or incu-
bated with partially purified bacterially
expressed and biotinylated Pex5p fusion pro-
tein and formed complexes were visualized by
streptavidine-alkaline phosphatase as described
before [Fransen et al., 1995, 1996].

Recombinant proteins were also coated in
wells of a 96-well microtiter plate followed by
incubation with the biotinylated Pex5p fusion
protein as described before [Fransen et al., 1995]
with some modifications to improve the stabil-
ity of alkaline phosphatase. For competition
experiments, increasing amounts of peptides
P1 or P2, corresponding to C-terminus of the
rat acyl-CoA oxidase, were added during the
incubation with Pex5p. P1 ends in SKL, whereas
this tripeptide is deleted in P2 [Fransen et al.,
1995].

RESULTS

In Vitro Binding of Porcinel7B-HSD IV/MFP-2
to Pex5p

The purity of the isolated wild-type and dele-
tion mutants of the SCP2 domain of 173-HSD/
MFP-2 was checked by SDS-PAGE (Fig. 1). The
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Fig. 1. Mutants of SCP2 domain of porcine 173-hydroxyster-
oid dehydrogenase 1V/D-specific multifunctional protein 2. a:
Schematic presentation of wild type protein and mutants. Amino
acid sequence from position 720 to 737 is given at the top,
abbreviations are given on the left, C-terminal amino acids on
the right. b: SDS-PAGE of purified proteins from E. coli. Molecu-

theoretical molecular mass of the wild type
SCP2 domain is 15 kDa. Interestingly, al-
though the wt, A3 and A6 proteins differ sequen-
tially by three amino acids in length (verified by
DNA-sequencing of pGEX inserts) there is very
little mobility change between A3 and A6 but a
clearly visible one between wt and A3. The
purified proteins were used for in vitro binding
to Pex5p. As reported before [Fransen et al.,

o ——
= —
G MIL

SCR2e IML

A3 A6 A14 b

lar mass standards 17S and 70L (Sigma, Deisenhofen, Germany)
are given on the left. Designations of proteins: wt, wild-type
SCP2 domain of HSD17B4 , A3, A6, and Al4 represent the
deletion mutants (see Table | for details). Five pg of purified
proteins were applied per lane, resolved by 10% SDS-PAGE and
stained with Coomassie Brilliant Blue.

1996], the interaction between a PTS1-contain-
ing protein and (human) PEX5p is not affected
by SDS-PAGE and blotting of the PTS1-contain-
ing protein. The fragment corresponding to
the wt-SCP2-domain interacted with PEX5p,
but no interactions were observed with the A3,
A6, A14 recombinant proteins, neither as GST-
fusions nor after removal of the tag (data not
shown).
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Similarly, in the microtiter binding assay,
interactions could only be demonstrated when
the intact C-terminus was present (Fig. 2). Ad-
dition of an SKL-containing rat peptide P1 com-
petitively diminished the binding of Pex5p to
the complete SCP2-like domain whereas the P2
peptide without SKL signal was not competi-
tive. Compared to the binding of Pex5p to hu-
man serum albumin, covalently linked to an
SKL-ending peptide, the interaction with the
SCP2-domain of porcine 173-HSDIV/MFP-2 is
less strong.

Targeting of 173-HSD/MFP-2 to Peroxisomes
In Vivo

We have previously shown by various differ-
ent approaches such as immunogold electron
microscopy and density gradient analyses that
the wild-type 17-HSDIV/MFP-2 localizes solely
in peroxisomes [Markus et al., 1995]. The por-
cine AM C6C9 cell line constitutively expresses
the 17B-HSD IV/MFP-2 [Carstensen et al.,
1996]. These cells were employed to prove that
the cell culture conditions and the immunofluo-
rescence analysis used in this study were suit-
able for detecting native enzyme in peroxi-
somes (Fig. 3). The human embryonal kidney
293 Ebna cell line is devoid of activity of this
enzyme [Carstensen et al., 1996] and was ap-
plied to check the targeting of porcine 1783-
HSDIV/MFP2. When transiently transfected
with the pRep10 vector coding for the wild type
SCP2 domain carrying the AKI signal at its
C-terminus the immunofluorescence gave the
same spotted pattern as in AM C6C9 cells,
which is characteristic for peroxisomes. In some
cells, we observed a weak cytoplasmic back-
ground. In contrast, transfections with pRep10
coding for A3, A6, and Al14 deletion mutants
revealed diffuse staining, proving that the mu-
tant proteins were not directed into the peroxi-
somes. The specificity of the staining with the
anti-17p-HSDIV/MFP2 antibody is illustrated
by the lack of peroxisomal-located immunofluo-
rescence in nontransfected HEK 293 Ebna
cells.

DISCUSSION
AKl is a Rare Signal

The sequence of porcine 17B-HSDIV/MFP2
ends with AKI. This motif indeed is similar to a
proposed consensus for PTS1 [Sommer et al.,
1992], but this consensus was defined for glyco-

somal import and is more relaxed than that
seen in mammalian systems in which AKI has
not yet been shown to be functional. While
mammalian peroxisomal proteins carrying a
C-terminal SKL-motif are found frequently, up
to now the porcine 17B-HSDIV/MFP2 is the
only representative of corresponding proteins
ending in AKI. In other organisms the AKI is
also not often present at the C-terminus of
peroxisomal proteins. The sole known example
is the multifunctional B-oxidation protein of
Candida tropicalis [Nuttley et al., 1988]. An-
other candidate might be Cu,Zn-superoxide dis-
mutase in Drosophila sp. [Kwiatowski et al.,
19941, which has been described in man [Keller
et al.,, 1991] and rat [Dhaunsi et al., 1992;
Wanders and Denis, 1992].

Not Every Protein Presenting C-Terminal Signal
AKI is Peroxisomal

The C-terminal motif AKI/L seems not to
suffice for the targeting of proteins exclusively
into peroxisomes, as is illustrated by the follow-
ing examples. Human proteins showing this
motif may be nuclear receptors (DAX-1, Swiss-
Prot: P79386), or be localized at the plasma
membrane (OX40) [Latza et al., 1994], may
reveal mixed localization in peroxisomes, mito-
chondria, and endoplasmic reticulum (carni-
tine O-acetyltransferase) [Corti et al., 1994] or
indeed reside solely in peroxisomes (insulin-
degrading enzyme) [Authier et al., 1995]. Fur-
thermore, it was shown that glycosomal glycer-
aldehyde phosphate dehydrogenase from
Trypanosoma brucei, featuring AKL at its
C-terminus, switched to cytosolic localization
when transfected into human CV-1 cells [Borst,
1989]. In the case of plant peroxisomal cata-
lase, combined C-terminal motifs were found to
be responsible for the direction of the protein
[Mullen et al., 1997a; Mullen et al., 1997b], i.e.,
an internal SHL sequence located —8 amino
acids from the C-terminus requires in addition
the C-terminal tripeptide PSI for peroxisomal tar-
geting. Interestingly, the engineered C-terminal
motifs KANL or KSLL alone were sufficient for
the peroxisomal localization. It is likely, that
the direction of human catalase to peroxisomes
is driven by its C-terminal tetrapeptide KANL
[Korneluk et al., 1984]. A closer look at the
sequence of the porcine 173-HSDIV/MFP2 re-
veals a putative targeting sequence QKL at
position —10 from the C-terminus (Fig. 1) which
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Fig. 2. In vitro interaction of the SCP2 domain of 17(3-
hydroxysteroid dehydrogenase I\V/D-specific multifunctional pro-
tein 2 with Pex5p. A: Microtiter wells were coated with increas-
ing amounts of bacterially expressed wild-type and deletion
mutants of the SCP2 domain, freed from the GST tag by throm-
bin digestion, followed by incubation with biotinylated PEX5p,
streptavidin-alkaline phosphatase and detection of the formed
complexes after 120 min of incubation with p-nitrophenyl
phosphate [Fransen et al., 1995]. Closed triangles, SCP wild-
type; closed circles, SCP2-A3; open triangles, SCP2-A6; open
squares, SCP2-A14. For comparison, the interaction with hu-
man albumin crosslinked to a peptide ending in SKL (closed
squares) was analyzed. Complexes were measured after 90 min
of incubation with p-nitrophenyl phosphate. In cases where
values overlap only open symbols are shown. B: Microtiter plate
wells were coated with 1 pg of bacterially expressed wild-type
SCP2, freed fom the GST tag (triangles) or human albumin
crosslinked to a SKL-peptide (squares) and incubated with bio-
tynilated PEX5p and the formed complexes were detected as
described above. During the incubation with PEX5p, increasing
amounts of P1 peptide, ending in SKL (open symbols), and P2
peptide (closed symbols) were present.

could perhaps also be necessary for successful
peroxisomal import.

Pex5p Protein Binds Specifically AKI Tripeptide

Recent cloning and in vitro expression of the
PTS1 receptor protein Pex5p, [Fransen et al.,
1995] allowed for a detailed study of the target-
ing mechanism of the 17-HSDIV/MFP2. We
prepared several mutant proteins lacking the
C-terminal tripeptide including one lacking also
the putative internal targeting motif. Our in
vitro and in vivo studies are consistent and
show that the deletion of AKI drives the protein
to the cytosol caused by the loss of binding to
Pex5p. Although the A6 mutant still contains
both the internal tripeptide QKL as well as the
C-terminal motif QMIL (functioning as a target-
ing signals in other organisms) [Korneluk et al.,
1984; Mullen et al., 1997a,b] this construct
remains also cytosolic. The same is observed for
the A14 mutant lacking all above motifs. This
proves that the C-terminal tripeptide AKI is a
functional PTS1 signal in mammals and that
the peroxisome targeting of the 173-HSDIV/
MFP2 is mediated by Pex5p.

As pointed out by Arand et al. [1991], some
PTS1, such as SKI, may function less effi-
ciently, explaining the predominant cytosolic
localization of epoxide hydrolase in rat and
mouse liver. Also the interaction of the func-
tional C-terminus of the porcine 173-HSDIV/
MFP2 with Pex5p seems much weaker than
that seen with SKL- or AKL-containing pro-
teins. This might explain the weak cytoplasmic
background staining of the HEK 293 cells trans-
fected with the wild-type SCP2 domain of 173-
HSDIV/MFP2 sometimes observed. Alterna-
tively, the level of expressed protein might have
been too high to be completely imported into
the peroxisomes. However, such weak interac-
tion does not result in a partly cytosolic distribu-
tion of 173-HSDIV/MFP-2 in porcine tissues.
Based on immunogold electron microscopy data
[Markus et al., 1995] and density gradient
analysis [Adamski, 1991] the 173-HSDIV/MFP2
appears to be solely organelle associated.
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Fig. 3. Targeting of 17B-hydroxysteroid dehydrogenase 1V/D-specific multifunctional protein 2 in vivo. Cells were grown on glass
coverslips and fixed as described in Materials and Methods. All cells were stained with rabbit anti-porcine SCP2-domain antiserum (KS)
followed by Cy3 conjugated goat anti-rabbit antibody, counterstaining of nuclei was done with DAPI; a: positive control of native
enzyme in AM C6C9 cells; b: HEK 293 Ebna nontransfected cells; c: HEK 293 Ebna cells transfected with the wild-type SCP2-domain of
17B-HSDIVIMFP2; d—f: HEK 293 Ebna cells transfected with deletion mutants A3, A6, and A14 of the SCP2-domain, respectively. Scale

bars = 10 pm.
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