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Chapter 3

A region linking two conserved domains in pyruvate
carboxylase is essential for sorting and assembly of
peroxisomal alcohol oxidase
Paulina Ozimek, Nina Visser, Marten Veenhuis and Ida J. van der Klei.

Chapter 3

ABSTRACT
Pyruvate carboxylase (Pyc1p) has a dual role in the yeasts Hansenula polymorpha and
Pichia pastoris. Besides its enzyme function, Pyc1p is required for correct sorting and
assembly of peroxisomal alcohol oxidase (AO). Deletion of PYC1 results both in
aspartate auxotrophy (Asp), due to the absence of Pyc1p enzyme activity, and deficiency
in methanol utilization (Mut).
To identify regions that are specifically required for the function of HpPyc1p in AO
assembly, we generated a series of mutations in the HpPYC1 gene by transposon
mutagenesis. This approach resulted in 18 different genes that encode HpPyc1p variants
containing randomly inserted pentapeptides. Upon transformation of these genes into H.
polymorpha Δpyc1, strains were obtained that varied in phenotypes from Asp+ Mut+ to
AspMut.
Strain PYC1 13, which showed the Asp+ Mutphenotype, produced HpPyc1p containing a
pentapeptide insertion at residue 541, which is present in a region linking the conserved
N-terminal biotin carboxylation domain (BC) and the central transcarboxylation domain
(TC). Like in Δpyc1 cells, inactive, monomeric AO accumulated in cells of strain PYC113.
HpPyc113 p, like wild type HpPyc1p, was capable to specifically bind AO protein.
Using truncated versions of HpPyc1p, we showed that an N-terminally truncated
HpPyc1p variant, lacking the BC domain, but still containing the linking region, was fully
functional in AO activation. Because two different insertions in the TC domain resulted in
Asp Mut phenotypes, we propose that the linking region between the BC and TC
domains, together with the TC domain are involved in AO sorting and assembly.

INTRODUCTION
Peroxisomal matrix proteins are synthesized in the cytosol and post-translationally
imported into peroxisomes. Correct sorting requires peroxisomal targeting signals (PTS)
that are recognized by one of the two known PTS receptor proteins, Pex5p or Pex7p.
These receptors are soluble proteins that function as cycling receptors and enter the
peroxisomal matrix in complex with their cargo. Upon release of the cargo, the receptors
recycle to the cytosol, where they can mediate another round of import [128].
It is generally accepted that the peroxisomal protein import machinery can accommodate
folded and oligomeric proteins. Moreover, several lines of evidence indicate that proper
folding/assembly of newly synthesized peroxisomal matrix proteins is a prerequisite for
efficient translocation, like in the twin arginine (Tat) and cytosol-to-vacuole (CVT)
protein translocation pathways [129,130]. For instance, in patients suffering from primary
hyperoxaluria type I, a defect in the dimerization of peroxisomal glyoxylate amino44
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transferase I contributes to mistargeting of the protein to mitochondria [131]. Another
example is peroxisomal acyl-CoA oxidase in the yeast Yarrowia lipolytica, which has to
be properly assembled to allow sorting to peroxisomes [73].
The role of protein folding and assembly in peroxisomal protein translocation has so far
obtained little attention. However, its importance may have been overlooked because of
the common use of non-peroxisomal reporter proteins in peroxisomal research (e.g. green
fluorescent protein, chemically modified proteins [132]).
Cytosolic folding of peroxisomal matrix proteins may be required to allow yet unknown
protein-protein interactions between peroxisomal matrix proteins and PTS-receptors. This
assumption is based on the finding that peroxisomal matrix proteins exist that lack a
typical PTS1, but are imported in a Pex5p dependent way. For Saccharomyces cerevisiae
acyl-CoA oxidase, it has recently been demonstrated that the interaction between this
PTS1-lacking protein and Pex5p does not involve the C-terminal PTS1-binding domain of
Pex5p, but a novel domain in the N-terminal half of Pex5p [74,133].
Alcohol oxidase (AO) of Hansenula polymorpha is an example of a protein that does
contain a PTS1, which however is redundant for sorting to peroxisomes. Like shown for
acyl-CoA oxidase in bakers yeast, import of AO requires only the N-terminal half of
Pex5p [65]. Moreover, several data indicate that AO is only recognized by Pex5p upon
binding of its co-factor FAD [63-65]. Hence, FAD binding most likely results in the
formation of a yet unknown PTS in AO [65].
In H. polymorpha mutants defective in the cytosolic enzyme pyruvate carboxylase
(HpPyc1p), newly synthesized AO monomers fail to bind FAD and, as a consequence, are
not sorted to peroxisomes nor assembled into enzymatically active octamers [67].
HpPyc1p is an anapleurotic enzyme that replenishes the tricarboxylic acid cycle with
oxaloacetate generated from pyruvate. The function of HpPyc1p in AO sorting does not
require enzymatically active HpPyc1p, but involves a novel additional function of the
protein [67]. The fate of newly synthesized AO protein in H. polymorpha cells deleted for
PYC1 is similar as observed in cells blocked in synthesis of the FAD precursor riboflavin
[63], suggesting that HpPyc1p plays a direct role in donating FAD to AO monomers. In
line with this assumption is the finding that HpPyc1p specifically binds to AO protein in
vitro [67].
It is generally assumed that non-covalent binding of FAD to proteins is a spontaneous
process in vivo and does not require the function of special co-factor binding proteins.
Our current data on the unexpected role of HpPyc1p in AO activation are in conflict with
this view. How would HpPyc1p function in mediating FAD-binding to AO? One
possibility is that HpPyc1p interacts with newly synthesized AO monomers to mediate or
stabilize a protein conformation that is competent for FAD-binding. Another possibility
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includes that HpPyc1p is actively involved in donating FAD to AO, which implies that
HpPyc1p (transiently) binds FAD.
In order to elucidate the molecular mechanisms involved in the novel function of
HpPyc1p, we aimed to delineate the region(s) in HpPyc1p required to activate AO. An
NCBI Conserved Domain Search did not reveal any unique domain in HpPyc1p that is
not present in Pyc proteins of non-methylotrophic yeast. Instead, like all other known Pyc
proteins, HpPyc1p contains three functional domains, namely an N- terminal biotin
carboxylation domain (BC), a central transcarboxylation domain (TC) and a C- terminal
biotin carboxyl carrier domain (BCC) [134]. The BC domain is involved in ATPdependent carboxylation of biotin. The TC domain transfers a carboxyl group from biotin
to pyruvate, whereas BCC binds biotin [135].
None of these domains contains an FAD-binding motif (Marco Fraaije, personal
communication). However, the BC domain contains an ATP-binding site, which might be
capable to transiently bind the adenine nucleotide in FAD.
Using a random transposon mutagenesis approach and the analysis of truncated HpPyc1
proteins we dissected the region in HpPyc1p required for AO activation. These studies
indicate that the N-terminal BC domain is not required for this process. Instead, our data
show that a region linking the BC and TC domains plays an important role in AO
assembly.

MATERIALS AND METHODS
Organisms and growth conditions
The Hansenula polymorpha strains used in this study are derivatives of wild type NCYC
495 leu1.1 [95] and Δpyc1 leu1.1 [67]. Cells were cultivated at 37 ºC in mineral media
[10], supplemented with 0.5 % glucose, 0.5 % methanol or a mixture of 0.1 % glycerol
and 0.5 % methanol as carbon sources. Solid media contained 0.67 % Yeast Nitrogen
Base without amino acids (Difco, Sparks, MD) and were supplemented with 1 % glucose
(YND) or 0.5 % methanol (YNM) and 2 % agar. When needed, aspartate was added to a
concentration of 60 mg/l.
Escherichia coli DH5was used for cloning purposes and cultivated as described [94].
Genetic manipulations and yeast transformation
All standard DNA-procedures were performed as described [94]. Electro-transformation
of H. polymorpha cells was performed according to Faber et al. [101].
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Generation of H. polymorpha PYC1 mutants
The H. polymorpha PYC1 gene as an NcoI (Klenow filled-in)/ SphI fragment of pHIPX5PYC [67] was cloned into pHIPX6 [136] digested with BamHI (Klenow filled-in) and
SphI. The resulting plasmid, pHIPX6-PYC, was subjected to NotI digestion followed by
Klenow-fill in and re-ligation to eliminate the NotI restriction site. The final construct was
mutagenized with the transposon based MGS™ mutation generation system (Finnzymes
OY, Espoo, Finland). Plasmids were used to transform E. coli and colonies with
transposon-containing plasmids were selected on the basis of chloramphenicol-resistance
gene present in the transposon.
Further restriction analysis of the resulting plasmids with BamHI/HindIII allowed
selection of the ones that carried transposon in the HpPYC1 gene, but not in the vector
region. The insertion sites were sequenced using the primer “entraceposon CAM reverse”
(Table 1), corresponding to the transposon positions 147-128. The main body of the
transposon was cut out by NotI-digestion and plasmids were religated, resulting in
plasmids that contain random insertions of 15 bps in the HpPYC1 gene. These plasmids
were used to transform H. polymorpha Δpyc1. Transformants were screened for the
ability to complement either of the two or both growth phenotypes of the Δpyc1 strain,
namely aspartate auxotrophy and inability to grow on methanol.
Table 1. Primers used in this study
Primer name

Sequence (5’-3’)

Entraceposon CAM reverse

CTACCGGAAGCAGTGTGACC

PYC trunc. 1

GGGATATCATGCAATCCAAGAACAGAGC

PYC trunc. 2

GGGATATCATGACCAGAGATGCTGACATCC

PYC trunc. 3

GGGATATCATGTGCTTGATCATGGACAC

PYC-STOP

CCGCATGCGCAGAGCGAGACGC

Synthesis of N-terminally truncated versions of HpPyc1p
Fragments of HpPYC1 gene coding for truncated HpPyc1p proteins consisting of amino
acids 480-1175 (HpPyc1480-1175p), 512-1175 (HpPyc1512-1175p) and 561-1175 (HpPyc1 5611175
p) were amplified using the common reverse primer “PYC-STOP” [67], and primers
“PYC trunc. 1”, “PYC trunc. 2” or “PYC trunc. 3”, respectively (Table 1). To facilitate
further cloning, PCR products of 2166 bp, 2070 bp and 1923 bp, respectively, were
ligated into pBluescript®II KS(+) (Stratagene), digested with SmaI. HpPYC1 fragments
were subsequently retrieved by digestion of the obtained plasmids with SmaI and SphI
and cloned into pHIPX6 [19], digested with BamHI (Klenow filled-in) and SphI. The
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resulted plasmids designated pHIPX6- PYC1480 -1175, pHIPX6- PYC1 512-1175 and pHIPX6PYC1 561-1175 were used to transform H. polymorpha Δpyc1 leu1.1 cells, yielding in strains
PYC1 480-1175 , PYC1512-1175 and PYC1561-1175, respectively.
Isolation of His6-tagged versions of HpPyc1p and HpPyc1 13p
Construction of the plasmid pQE60-PYC for the expression of a C-terminally His6-tagged
HpPyc1p, was described before [67]. To obtain the analogous plasmid for expression of
His6-tagged version of HpPyc113p, a BamHI/PstI fragment of HpPYC1 gene (963 bp) in
pQE60-PYC was replaced by the fragment of HpPYC113 digested with the same enzymes
(978 bp). The resulting plasmid pQE60-PYC1 13 was used to transform E. coli Sq13009

pREP4
. Purification of both proteins was performed as previously described [67].
For circular dichroism (CD) measurements, purified HpPyc1-His6p and HpPyc1 13-His6p
proteins were dialysed against 10 mM phosphate buffer, pH 7.0.
AO/HpPyc113p binding studies
Sepharose beads containing covalently bound AO or BSA protein were prepared as
described by Evers et al. [113]. Binding studies using purified HpPyc1 13p as well as
HpPyc1p were performed as described before [67].
Fluorescence measurements
Fluorescence spectra were obtained using a Fluorolog 3.2.2 (Horiba Jobin Yvon)
spectrofluorometer equipped with a thermostatically controlled cuvette holder. All
measurements were performed at room temperature (22 °C) using purified His6-tagged
versions of HpPyc1p and HpPyc1 13p in 25 mM Tris HCl pH 7.0 supplemented with
50_mM KCl and 1 mM DTT. The absorbance of the samples at 280 nm was kept below
0.1 to minimise the inner filter effect. Excitation and emission slits were kept at 2 nm.
The spectrum of a blank solution, containing all components except the protein, was
subtracted from each sample spectrum. All collected spectra were corrected for
wavelength dependent instrumental response characteristics.
Circular Dichroism measurements
Circular dichroism (CD) measurements were performed on a Jasco J-715
spectropolarimeter, equipped with a Peltier temperature control system set at 20 °C.
Typical protein concentrations were 0.1-0.2 μM for far-UV CD measurements in a 0.1-cm
cuvette and for near-UV CD measurements in a 1-cm cuvette. The scan speed was set at
10 nm/min and 100 nm/min for measurements in far-UV and near-UV regions,
respectively. Ten scans were averaged for each sample during data collection in the farUV region, and thirty scans in the near-UV region. The spectral bandwidth was 1.0 nm.
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The response time was 2 seconds during the measurements in the far-UV, and 0.5 seconds
in the near-UV. The blank (10 mM phosphate buffer pH 7.0 buffer) recorded under the
same conditions was subtracted from the corresponding CD spectra. The analysis of farUV CD spectra in secondary structure content was performed using CDNN version 2
software (Institut für Biotechnologie, Martin-Luther-Universität Halle-Wittenberg,
Germany [http://bioinformatik.biochemtech.uni-halle.de/cdnn]).
Biochemical methods
AO activity was measured as described by Verduyn et al. [106] in crude extracts,
prepared according to van der Klei et al. [79]. AO monomers and octamers were
separated by velocity centrifugation in sucrose density gradients [107]. Protein
concentrations were determined using the Bio-Rad assay kit (Bio-Rad Gmbh, Munich,
Germany) using bovine serum albumin (BSA) as a standard. SDS-PAGE [109] and
Western blotting were performed as described [110]. Blots were decorated with antisera
against H. polymorpha AO and HpPyc1p.

RESULTS
Generation of HpPYC1 mutants
In order to identify regions in HpPyc1p specifically required for AO sorting and assembly,
mutants of the HpPYC1 gene were created using transposon mutagenesis and analysed
upon subsequent expression in a H. polymorpha PYC1 deletion strain (Δpyc1). In order to
mutagenize HpPYC1, a self-replicating plasmid was constructed, pHIPX6-PYC,
containing the HpPYC1 gene under the control of the PEX3 promoter [136]. As shown in
Figure 1, introduction of this plasmid in Δpyc1 cells resulted in full complementation of
Δpyc1 cells, which are auxotrophic for aspartate (Asp – phenotype) due to the absence of
Pyc1p enzyme activity and unable to utilize methanol (Mut phenotype) because of the
absence of properly sorted, active AO [67].
pHIPX6-PYC was subjected to transposon mutagenesis and 180 plasmids containing the
transposon were analysed. 20 plasmids were selected that contained a single transposon
inserted in the HpPYC1 gene, but not in the vector backbone. From these plasmids
corresponding constructs were obtained that contained fifteen basepairs insertions in the
HpPYC1 gene (see “Materials and Methods”). The amino acid sequences of the
pentapeptide insertions as well as the position of these insertions in HpPyc1p are
presented in Figure 2. These data show that insertions are distributed over the entire
protein. Only in two cases identical mutants were obtained (Fig. 2A, mutants 1 and 2, and
mutants 7 and 8).
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Figure 1. HpPYC1 expressed from plasmid pHIPX6, under control of the PEX3 promoter,




complements the Mut Asp phenotype of the Δpyc1 deletion strain. Cells of H. polymorpha strains
were cultivated in liquid media containing glucose without aspartate (A) or methanol plus aspartate (B).
WT, wild type strain transformed with empty vector pHIPX6; Δpyc1, Δpyc1 strain transformed with
WT

empty vector; PYC1 , Δpyc1 strain expressing WT HpPYC1 from pHIPX6-PYC. Growth is expressed
as change in optical density at 660 nm (OD660).

The plasmids were introduced into H. polymorpha Δpyc1 cells and transformants were
analyzed for functional complementation of the AspMutphenotype (Fig. 2). About half
of the mutant genes (11 out of 20) fully complemented the growth defects of Δpyc1 cells
(i.e. resulted in an Asp Mutphenotype). Two transformants showed normal growth on
methanol (Mut) but an intermediate phenotype with respect to aspartate auxotrophy
(Asp/–), characterized by a significantly delayed appearance of colonies on solid glucosemedia without aspartate. Four transformants showed an AspMutphenotype, four were
AspMutand one (strain PYC1 13) was AspMut .
These data confirm our earlier observation [67] that HpPyc1p enzyme activity and its
function in AO activation are independent, because mutations can be introduced that
affect either of the two HpPyc1p functions.
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Position and sequence of the
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353 CGRMQ
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1106 MRPHP
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671 AAAVD
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Figure 2. A: Sequences of the pentapeptide insertions obtained by transposon mutagenesis with the
corresponding phenotype of strains containing the mutant HpPyc1p proteins. B: Schematic overview of the
phenotypes (shown by different colours) of H. polymorpha strains producing mutant HpPyc1 proteins. The
phenotypes were determined based on the appearance of colonies on solid media relative to Δpyc1 with
empty vector and Δpyc1 expressing HpPYC1 from pHIPX6-PYC (PYC1WT). Mut+ and Asp + strains grew
like PYC1 WT controls on media containing methanol/aspartate or glucose without aspartate, respectively




(checked after 2 days of incubation). Strains were classified Mut or Asp when no colonies had appeared
after 7 days of incubation on media containing methanol/aspartate or glucose without aspartate, respectively.
+/

Strains were scored as Asp

when on glucose media lacking aspartate no colonies were observed after 2

days of incubation, but had appeared after 4 days of incubation. Black boxes represent the domains of
HpPyc1p based on homology with related enzymes (source: NCBI Conserved Domain Search). The
numbers correspond to the strain numbers indicated in Fig. 2A.
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Analysis of strains PYC13, PYC114 , PYC115 and PYC116
Four transformants (strains PYC13, PYC114, PYC1 15 and PYC116; Fig. 2) showed an Asp
Mutphenotype, suggesting that the regions altered in the HpPyc1p’s in these strains are
essential to complement both the Asp  and Mut phenotype. Alternatively, the
pentapeptide insertions may have effects on HpPyc1p protein levels and/or result in
misfolding of the entire protein. We therefore determined the HpPyc1p levels by Western
blot analysis using anti-HpPyc1p antibodies. As shown in Figure 3, each of the PYC1
mutant strains that showed an AspMutphenotype displayed strongly reduced HpPyc1p
levels, when compared to a control strain producing wild type HpPyc1p. The lowest
levels of HpPyc1p were observed in strains PYC13 and PYC114. As expected from the
Mut phenotype, none of these four strains showed AO enzyme activities that were
significantly above the levels observed in Δpyc1 control cells (Fig. 3; [67]).

2.22

0.41

0.02

0.03

0.08 0.03

0.02

4.21 AO activity (U/mg protein)
3

14

Figure 3. HpPyc1p protein levels and AO enzyme activities in cells of strains PYC1 , PYC1 ,
15

16

WT

PYC1 and PYC1 . Cells of the mutant strains as well as Δpyc1 and PYC1 controls were grown for
17 hours on glycerol/methanol media supplemented with aspartate. Cell extracts were analysed by
Western blotting using antibodies against HpPyc1p. The HpPyc1p levels in the mutant strains were
compared with a strain producing artificially reduced levels of WT HpPyc1p (PAMO PYC1). P AMO PYC1
was grown for 6 hours on glycerol/methanol/aspartate media in the presence of ammonium sulphate to
represses PAMO. The artificially reduced levels of WT HpPyc1p still resulted in AO activation (0.41 U/
mg protein versus 2.22 U/mg protein observed in WT control cells grown at the same conditions). The
AO enzyme activities in cells of strains PYC13, PYC1 14, PYC1 15 and PYC1 16 were similar as observed in
the Δpyc1 control. For the Western blot equal amounts of proteins were loaded per lane. To visualize the
low HpPyc1p levels in cells of the mutant strains relatively long exposure times were used.

By placing the HpPYC1 gene under control of the inducible PAMO promoter (H.
polymorpha Δpyc1::P AMOPYC1), we previously showed that significantly reduced
HpPyc1p levels, compared to those present in H. polymorpha WT cells, are sufficient to
activate AO [67]. We used the same strain and cultivated the cells at conditions that
resulted in HpPyc1p levels in the same range as observed in the four Asp Mutstrains. At
these conditions AO activities of 0.41 U/mg protein were observed in Δpyc1::PAMOPYC1
cells. Because in PYC115 and PYC116 cells significantly higher levels of HpPyc1p were
detected compared to Δpyc1::PAMO PYC1, the defect in AO activation in these strains is
not due to limiting HpPyc1p levels. Therefore we cannot rule out that the regions of
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HpPyc1p that were altered in strains PYC115 and PYC1 16 are involved in both functions
of the protein.
PYC1 13 is specifically affected in AO sorting and assembly
The phenotype of mutant PYC113 (Asp+ Mut) was studied in more detail analyzing
growth in liquid media. As shown in Figure 4, PYC1 13 cells grew on glucose-containing
media that lacked aspartate at growth rates similar to those observed for the control strain
containing the WT HpPYC1 gene in plasmid pHIPX6 (designated PYC1WT). On the other
hand, PYC113 cells failed to grow on methanol, similar as H. polymorpha Δpyc1. Western
blot analysis revealed that HpPyc113 protein levels were slightly reduced compared to the
PYC1 WT control (Fig. 5A).

A

glucose - aspartate

OD 660

10

Δpyc1
13
PYC1
PYC1 WT

1

0.1

0

B

1

2

3

4

5
time(h)

6

7

8

9

16

18

20

10

methanol + aspartate

OD 660

10

Δpyc1
13
PYC1
WT
PYC1

1

0.1
0

2

4

6

8

10

12

14

22

time(h)

13

Figure 4. HpPyc1 p is enzymatically active but is unable to mediate AO assembly. Cells were
grown in mineral medium containing either glucose without aspartate (A) or methanol plus aspartate (B).
WT

Δpyc1, Δpyc1 cells containing the empty vector pHIPX6; PYC1 , Δpyc1 cells containing pHIPX6 with
the HpPYC1 gene; PYC1 13, Δpyc1 cells expressing mutant gene HpPYC113 from plasmid pHIPX6.
PYC1 13 cells normally grow on glucose media lacking aspartate indicating that HpPyc113p is
enzymatically active. However, PYC113 cells fail to grow in methanol media (Fig. 4B), which points to a
defect in AO assembly. Growth is expressed as change in optical density measured at 660 nm (OD660).
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Enzyme activity measurements demonstrated that the specific AO activities in cell free
extracts of PYC113 cells (0.06 U/mg protein) were similar to those observed in the PYC1
deletion strain (Δpyc1; Fig. 3), confirming the AO assembly defect in PYC113 cells.
Next, we analysed the oligomeric state of AO protein in PYC113. In Δpyc1 cells AO
monomers accumulate, whereas in WT cells bulk of the AO protein is octameric [67].
Western blot analysis of fractions obtained after sucrose density centrifugation (Fig. 5B)
showed that the majority of AO protein in PYC113 cells sedimented to fractions 2, 3 and 4,
which correspond to monomeric AO [107], whereas in PYC1WT AO was present in
fractions 7, 8 and 9, the position of AO octamers [107].

A
B

13

Figure 5. PYC1 cells contain monomeric AO protein. A: Western blot analysis of total cell extracts
13

using antibodies against HpPyc1p showed that the levels of HpPyc1 p, synthesized in PYC1

13

cells, are

WT

slightly lower as compared to PYC1 controls. Equal amounts of proteins were loaded per lane. B:
Analysis of the oligomeric state of AO in cell free extracts. In PYC113 cells, AO protein is predominantly
present in the monomeric form (fractions 2-4), whereas bulk of the AO protein in extracts of PYC1 WT
cells localizes to fractions 7-9, where AO octamers sediment. Cells were grown for 15 hours in liquid
media containing 0.1 % glycerol and 0.5 % methanol (A and B).

Immunocytochemical analysis revealed that in PYC1 13 cells, AO protein was mislocalized
to the cytosol, similar as observed for Δpyc1 cells (data not shown; [67]).
Taken together, these data demonstrate that the pentapeptide insertion that had occurred
in HpPyc113p abolished the function of the protein in AO sorting and assembly, but not
the enzyme activity of HpPyc1p.
HpPyc1 13p and AO physically interact
Previously, we have shown that HpPyc1p is able to physically interact with AO protein in
vitro [67]. We therefore asked, whether the pentapeptide insertion in HpPyc113p
influenced the affinity of the protein for AO. To this end, His6-tagged versions of both
Pyc1 proteins were produced in E. coli and affinity purified. The purified HpPyc1p and
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Figure 6. HpPyc1 13p has retained its capacity to physically interacts with AO protein.
Purified HpPyc1p and HpPyc113p (Input) were loaded onto columns containing immobilized AO or BSA
used as a control. The columns were washed with 20 column volumes wash buffer (F- flow through).
Bound proteins were eluted using a buffer containing 8 M urea (E-elution). Equal portions of Input, F
and E were subjected to the SDS-PAGE and blotted. Blots were decorated with anti-HpPyc1p antibodies.
Using WT HpPyc1p (left panel), a significant portion of the protein was recovered in fraction E, while no
HpPyc1p was found in the elution fractions (E) using BSA-containing control columns. Essentially the
13

same result was obtained using mutant HpPyc1 p (right panel) with the exception that less protein was
recovered in the E- and F- fractions, probably due to the protein instability.

HpPyc1 13p were loaded onto columns containing immobilized AO protein. Figure 6
presents Western blot analysis of the fractions collected in a typical binding assay.
The data indicate that – like HpPyc1p - HpPyc1 13p is capable to interact with AO protein,
as significant amounts of HpPyc113p protein are detectable in the elution fraction. No
HpPyc1 13p protein was detected in the elution fraction obtained from a BSA-containing
column that was used as a control. Strikingly, only part of the loaded HpPyc113p (Input)
was recovered in the flow through (F) and elution (E) fractions, which was not observed
in the control experiment using WT HpPyc1p, suggesting that purified HpPyc113p is
relatively instable in vitro.
Fluorescence and CD analysis
To analyse whether the mutation present in HpPyc113p caused major changes in the
protein conformation we used biophysical approaches, namely tryptophan (Trp)
fluorescence analysis and circular dichroism (CD).
The fluorescence of Trp residues is sensitive to local environmental changes that may be
caused by changes in the tertiary structure of a protein. These changes can result in a shift
of the spectral maximum of fluorescence emission, as well as in the Trp fluorescence
quantum yield [137]. HpPyc1p as well as HpPyc1 13p contain 8 Trp residues. Fluorescence
emission spectra were obtained from purified HpPyc1p and HpPyc1 13p using excitation at
295 nm (Fig. 7). The spectrum of HpPyc1p shows a fluorescence emission maximum at
327 nm, which indicates that most Trp residues are buried in the hydrophobic interior of
the protein. Purified HpPyc1 13p, however, shows a maximum at 333 nm in conjunction
with a decrease in fluorescence intensity of about 20 % relative to the spectrum of WT
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HpPyc1p. The shift of the fluorescence maximum and the drop in quantum yield indicate
that the environment of some of the Trp residues in HpPyc113 p became less hydrophobic.
Furthermore, the secondary and tertiary structure of both HpPyc1 proteins were analysed
by CD spectroscopy. Highly similar far-UV spectra were observed for both HpPyc1p and
HpPyc1 13p (data not shown) indicating that the mutation caused no major changes in the
secondary structure of the protein.
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Figure 7. The tertiary structure of HpPyc1 p is slightly changed by the pentapeptide insertion.
Fluorescence emission spectra of HpPyc1p (solid line) and HpPyc113 p (dashed line) excited at 295 nm.
The observed shift of the maximum of Trp fluorescence emission of HpPyc113 p towards the longer
wavelengths as well as lower fluorescence intensity of the mutant relative to WT HpPyc1p, indicate a
minor change in Trp environment. Spectra were normalized based on protein concentrations.

The near-UV spectra (not shown) indicated a slight difference between the two proteins
and confirmed the fluorescence results implying that Trp residues are re-positioned in the
mutant protein to a more polar environment.
Taking these data together, the mutation in HpPyc113p slightly affects the tertiary
structure but has no major effect on the secondary structure of the protein. Possibly the
mutant protein has a more open conformation, resulting in more polar environment of
some of the Trp residues.
The BC domain that contains the ATP-binding site is not required for the function
of HpPyc1p in AO assembly/ activation
In order to discriminate between the two proposed mechanisms involved in HpPyc1pmediated AO activation (affecting AO conformation or donation of FAD to AO monomers), we tested the importance of the BC domain that contains a possible FAD binding
site.
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First, we analysed the mutation in the HpPYC1 gene isolated from the original HpPYC1
mutant (designated ass3-110) that showed a defect in AO sorting and assembly [67].
Sequencing of this mutant HpPYC1 gene revealed a substitution of cytosine at position
1456 with thymine that leads to the introduction of a stop codon (Fig. 8A). Indeed,
Western blotting revealed the presence of a truncated HpPyc1p form of the expected
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Figure 8. The N-terminal BC domain of HpPyc1p is not essential for AO-activation.
A: Schematic representations of truncated versions of HpPyc1p. Conserved domains known to be involved
in HpPyc1p enzyme activity are indicated in black; BC, biotin carboxylation domain; TC,
transcarboxylation domain; BCC, biotin carboxyl carrier domain. The dotted line represents the position of
13

480-1175

the pentapeptide insertion in HpPyc1 p. PYC1

was engineered based on the results of Sueda et al.

[138] who produced an analogous, stable TC-BCC fragment of Pycp from Bacillus thermodenitrificans.
B: Western blot analysis of total cell extracts of H. polymorpha strains producing truncated forms of
HpPyc1p that are indicated in Figure 8A. The blot was decorated with anti-HpPyc1p antibodies.
PYC1512-175 and PYC1 561-1175 show strongly reduced HpPyc1p levels compared to PYC1WT, PYC1 480-1175
and PYC11 -485 (the original H. polymorpha ass3-110 mutant). The protein bands indicated with an asterisk
represent non-specific cross-reacting bands, which are very evident due to the very long exposure times.
The band observed in the blot prepared from PYC1512-1175 cells, indicated with arrowhead is most probably
a degradation product of HpPyc1512- 1175p as it is absent in cell extracts prepared from Δpyc1 cells. The
numbers below the blot represent specific AO enzyme activities; only PYC1480-1175 cells show AO activity
WT

levels similar to those present in PYC1

controls.
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molecular weight (approx. 53 kDa, corresponding to amino acids 1-485 of HpPyc1p; Fig.
8B). This N-terminal domain of HpPyc1p contains the complete BC domain but lacks the
region in which the pentapeptide is inserted in HpPyc113p (Fig. 8A). Hence Mut
phenotype of ass3-110 mutant strain suggests that the BC domain alone is not sufficient
for AO activation.
Most of insertions in the BC domain did not result in a Mut phenotype (Fig. 2),
suggesting that this domain is not important in AO sorting and assembly. Therefore we
engineered different strains synthesizing N-terminally truncated HpPyc1p versions that
lacked the BC domain and increasing portions of the linking region between the BC and
TC domains (Fig. 8A). Growth experiments showed that only the strain producing
HpPyc1 480-1175p was able to grow on methanol, while the other two strains that lacked
additional portions of the linking region between the BC and TC domains (PYC1 512-1175
and PYC1561-1175) were Mut. This phenotype was paralleled by a dramatic reduction in
HpPyc1p levels compared to the PYC1WT control strain producing full length HpPyc1p
(Fig. 8B). Precise quantification of these levels is difficult, as the polyclonal antibodies
used to detect HpPyc1p may not equally recognize the full-length protein and the
truncated versions.
Both AO enzyme activities and HpPyc1p protein levels in HpPYC1480-1175 were similar to
those present in PYC1 WT controls (Fig. 8B), which indicates that the BC domain is not
essential for AO activation.

DISCUSSION
In this study we identified a region in H. polymorpha pyruvate carboxylase (HpPyc1p)
that is required for the function of HpPyc1p in sorting and assembly of alcohol oxidase
(AO). We used a transposon mediated mutagenesis approach that was successfully used
before [139,140]. There are multiple advantages of this approach such as i) random
distribution of mutations, ii) one insertion per gene, iii) easy selection of mutated genes
and identification of the site of insertion, iv) more severe effects than obtained by
classical PCR based mutagenesis because of the insertion of a pentapeptide and v) no
introduction of frame shifts or stop codons. On the other hand, pentapeptide insertion may
cause too severe effects, resulting in misfolded and thus instable proteins.
The mutagenized HpPYC1 genes were transformed to H. polymorpha Δpyc1 cells that are
Asp Mut. Approximately half of the transformants showed a WT phenotype (Asp+
Mut+ ). Four transformants were AspMut, but also displayed severely reduced levels of
HpPyc1p, which hampered to draw firm conclusions on the positions of the pentapeptide
insertions. In three of the Asp  Mut strains (number 14, 15 and 16) insertions had
occurred in the central TC domain. These strains contain similar (14) or higher (15 and 16)
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HpPyc1p protein levels than known to be required to activate AO. Hence, the TC domain
may have a function in AO activation, in addition to the function in transfer of a carboxyl
group from biotin to pyruvate [135]. Two strains (PYC1 17 and PYC118) carrying
pentapeptide insertions in the C-terminal part of the TC domain are only disturbed in the
enzyme activity of HpPyc1p. Therefore the regions in TC involved in the enzyme activity
and AO activation are not identical, but may be overlapping.
Our results point to a dispensable role of the N-terminal biotin carboxylation (BC)
domain of HpPyc1p. Most insertions that occurred in this region had no affect on the
capacity of the cells to grow on methanol, as did deletion of the whole BC domain. This
result also implies that the AspMutphenotype of strain PYC13 containing an insertion
in the BC domain was most likely caused by the reduced levels of HpPyc1p.
The BC domain of Pycp’s contains an ATP-grasp fold [141]. Our finding that the BC
domain is not necessary for AO activation indicates that it is very unlikely that HpPyc1p
is directly involved in donating FAD to AO. Also, its function apparently does not require
ATP. This excludes a role of HpPyc1p as a classical chaperone protein like Hsp60 or
Hsp70 that are ATP-ases [142].
The role of the C-terminally located BCC domain of HpPyc1p in AC activation remained
unclear in our studies. However, both HpPyc1 proteins containing insertions that occurred
in this relatively small domain resulted in full complementation of the Δpyc1 cells. Also,
biotin-binding is not essential for the function of HpPyc1p in AO activation, as mutation
K1140L, which affects the covalent attachment of biotin, did not result in a Mut
phenotype (unpublished results).
The BC and TC domains in Pycp’s are linked by a region of 80 amino acids. A
pentapeptide insertion that occurred in this region (PYC113) had no effect on HpPyc1p
enzyme activity, but fully abolished its function in AO-assembly, suggesting an important
role for this region in AO activation. In line with this conclusion is the finding that the Nterminal truncated protein PYC1480-1175, that lacks the BC domain, but still contains the
linking region is capable to activate AO.
Alignment of this region (amino acids 480-560 in HpPyc1p) with Pycp’s from other
organisms (Fig. 9), revealed a highly conserved part (aa 480-512) followed by a less
conserved region (aa 512-560). The pentapeptide insertion that occurred in HpPyc1 13p is
present in the less conserved region (Fig 9). However, production of truncated HpPyc1p
that only contained the latter region (strain PYC1512-1175) did not result in
complementation of Mutphenotype of Δpyc1 cells. On the other hand, the level of the
truncated protein was drastically reduced compared to that in strain PYC1480-1175,
suggesting that the whole region linking domains BC and TC is required to obtain normal
protein levels. Similarly, strain PYC1561 -1175 showed a Mutphenotype and low HpPyc1p
levels.
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Figure 9. Alignment of the region linking the BC and TC domains in HpPyc1p (residues 480-560)
with the corresponding regions in Pyc proteins from other organisms. Arrows indicate the N-termini
of the truncated proteins HpPyc1480-1175p (black arrow) and HpPyc1512-1175p (grey arrow). Asterisk
indicates the site of the pentapeptide insertion in HpPyc113 p. 1, H. polymorpha (Hp); 2, Pichia pastoris
(Pp); 3, Kluyveromyces lactis (Kl); 4,5, Saccharomyces cerevisiae (Sc); 6, Yarrowia lipolytica (Yl); 7,
Schizosaccharomyces pombe (Sp); 8, Aspergillus niger (An); 9, Drosophila melanogaster (Dm); 10,
Homo sapiens (Hs). Black, dark grey and light grey shading indicate residues conserved in 100 %, 80 %
or 60 % of the aligned sequences, respectively.

Summarizing, our data suggest that at least the region comprising amino acids 480 to
approx. 900, containing the region that links the BC and TC domain as well as a fragment
of the TC domain, is important for the function of HpPyc1p in AO activation. However,
based on the analysis of the three dimensional structure of the HpPyc1p TC domainhomolog, 5S subunit of transcarboxylase from Propionibacterium shermani (Ps 5S TC)
[143], the domain of HpPyc1p involved in AO-assembly may be extended to the whole
TC domain. Ps 5S TC forms a TIM barrel that is characterized by the β8α8 core motif
composed of eight parallel β-strands forming a barrel surrounded by eight α-helices [144].
Most probably, all structural elements are required to form a stable domain.
The region consisting of residues 480-900 may interact with newly synthesized AO and
change or stabilize a conformation that allows FAD binding. Indeed, Boteva et al. [53]
showed that AO apoprotein is more loosely packed than holo-AO. Involvement of
HpPyc1p in such changes in the AO conformation requires multiple sites of interaction of
this domain of HpPyc1p with AO protein, all of which may be required for proper
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HpPyc1p functioning. This may explain why the insertion in HpPyc1 13p that inactivated
the function in AO activation did not abolish binding of the protein to AO.
To further analyse the role HpPyc1p in AO assembly, we are setting up in vitro
reconstitution experiments. So far the bottleneck for such experiments was the availability
of stable, soluble AO monomers. However, we recently succeeded in obtaining this form
of the protein, allowing to start in vitro AO assembly studies.
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