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Abstract

In the dolichol cycle which serves to assemble dolichol-linked oligosaccharide (DLO) in the eukaryotic

cell, human dolichol kinase (hDK) biosynthesizes dolichol-phosphate (Dol-P), which is in turn utilized by
human GIlcNAc-1-P transferase (hGPT), Dol-P-mannose synthase (DPMS) complex and Dol-P-glucose
synthase (DPGS) as a substrate. In the previous study, we analyzed the membrane topology and physical

interaction of hDK using the yeast split-ubiquitin system (YSUS) and revealed that it has at least ten

transmembrane domains (TMDs) with both termini oriented toward the cytoplasmic side of the rough ER (rER)

membrane and that it physically interacts with itself. In this study, we investigated the physical interactions of

hDK with four other human enzymes involved in the dolichol cycle using the YSUS. Our results demonstrated
that hDK physically interacted with at least three enzymes (hGPT, hDPM3 and hDPP). In addition, analyses
with truncated hDK baits successfully clarified hDK regions required for the interactions with these enzymes.

Keywords: Dolichol kinase, Physical interaction, Split-ubiquitin system

1. Introduction

In eukaryotes the dolichol cycle serves for biosynthesis
(DLOs), which
essential for the protein N-glycosylation on the rough

of dolichol-linked oligosaccharides is
endoplasmic reticulum (rER) membrane!). In the cycle, the
dolichol kinase (DK or DOLK) produces dolichyl-phosphate
(Dol-P), which directly serves as a scaffold for the assembly
the rER
membrane?¥. Namely Dol-P is utilized as an acceptor
substrate by GlcNAc-1-P transferase (GPT) that is the first
enzyme for assembly of DLO. Dol-P is also utilized as an

of an oligosaccharide portion of DLO on

acceptor substrate by dolichyl-phosphate mannose synthase
(DPMS) and dolichyl-phosphate glucose synthase (DPGS),
which  provides with
mannosyltransferases and glucosyltransferases in the cycle,

donor  substrates luminal
respectively?.

We have been investigating the physical interaction of
human enzymes involved in dolichol cycle using the yeast
split-ubiquitin system (YSUS)>*®, which has so far identified
the physical interaction of various membrane proteins with
other membrane proteins®!'¥. Our previous analyses
concerning human DK (hDK) by the YSUS revealed that it
physically interacted with human GPT (hGPT), hDPM2 and
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hDPM3 subunits of human DPMS (hDPMS), human DPGS
(hDPGS) and human dolichyl-pyrophosphate phosphatase
(hDPP) '3-1®), These results were obtained by using hDK as a
prey. On the other hand, we have recently carried out
a bait
demonstrated that it physically interacted with itself!?.

experiments using hDK as and successfully
Therefore, in order to verify these interactions between hDK
and the four dolichol-related enzymes, we set hDK as a bait
of the YSUS and again explored the interactions. Moreover,
by preparing novel bait constructs for expressing truncated
hDK baits, we tried to refine hDK regions that were required

for the interactions with these enzymes.
2. Experimental Methods

2.1 Construction of bait recombinant plasmids for the YSUS

To construct bait recombinant plasmids (bait constructs)
for expression of truncated hDK bait proteins, PCR using
primers listed in Table 1 was performed as previously
described??), and partial hDK gene was cloned into pBT-N or
pBT-C vector by standard cloning method?)-2?). Each
truncated hDK bait is illustrated in Fig. 1A. Two bait
constructs for expression of full-length hDK (pBT-N-hDK
and pBT-C-hDK) have been prepared for previous study.

2.2 Construction of prey recombinant plasmids for the YSUS
To construct prey recombinant plasmids (prey constructs)
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Table I The PCR primers used in this study. Additional sequences containing a Sfi I- cleavage site are shown in lowercase letters.

Primer name

Nucleotide sequence

Purpose

DKBPfw!?

5’-gtgtaatggccattacggccATGACCCGAGAGTGCCCATCTCCGG-3°

Cloning of C-terminally
truncated hDK

DKBPrv!?

5’-gectttggecgaggeggccGCCATCAGCAATATCAGGAGGTAGAG-3?

Cloning of N-terminally
truncated ZDK

DK(LR2)BPrv!?

5’-gectttggeegaggeggccGTTGCGTGGATGCTCAGCACCA-3?

Cloning of truncated 7DK
from N-terminus to LR2

DK (HR2)BPrv

5’-gectttggecgaggeggcCTTGTATTGGACGTAGAAGGCCTG-3”

Cloning of truncated A/DK
from N-terminus to HR2

DK(LR3)BPrv!?

5’-gectttggecgaggeggccctGTTTGCGGACATTCGGAACTGG-3’

Cloning of truncated 7DK
from N-terminus to LR3

DK(HR3)BPrv

5’-gectttggeegaggeggcCTGGCACCGCTCCTTCATGACTAGTCCAAG-3?

Cloning of truncated A/DK
from N-terminus to HR3

DK(LR4)BPrv!?

5’-gectttggecgaggeggccctCTCAAAGAACGGGTTCCCAGCAG-3°

Cloning of truncated 7DK
from N-terminus to LR4

DK(HR4)BPrv

5’-gectttggecgaggeggccAGCGCCAACACTGATGAGAAGAG-3’

Cloning of truncated 7DK
from N-terminus to HR4

DK(LR5)BPrv!?

5’-gectttggecgaggeggcCACTGGGCGAGTGATGCCGAG-3”

Cloning of truncated A/DK
from N-terminus to LR5

Cloning of truncated h/DK

DK( 4 N99)BPrv 5’-tgtaatggccattacggecatgCAGACTGCTGGGAACCCGTTC-3” from LR4 to C-terminus
DK(ANI09)BPrv | 5’-tgtaatggccattacggecatgTTTGGCATTGTGGTGGCAGCCAC-3 EL"m“iﬁiZfS“crﬁZﬁi Ii’sz
GBP_fw!? 5’_tgtaatggccattacggcc ATGTGGGCCTTCTCGGAATTG-3’ %’;;ﬂg of full-length
GBP_rv!? 5°-gectttggecgaggeggccCAGACATCATAGAAGAGTCGAACG-3’ ISIG";iTng of full-length
HsD2BP_fw!'® 5°-tgtaatggccattacggcc ATGGCCACGGGGACAGACCAGGTG-3’ %’12%5 of full-length
HsD2BP_rv!6) 5°-gectttggeegaggeggcCTGAGCCTTCTTGGTCACTCTCTTGG-3’ %’;j‘}zg of full-length
HsD3BP_fw'® 5°-tgtaatggccattacggecATGACGAAATTAGCGCAGTGGCTTTGG-3 %’;ﬁsg of full-length
HsD3BP_rv!6) 5°-geettiggecgaggeggecCAGAAGCGCAGCCCCCTGCGGGC-3 %’;j‘;sg of full-length
hASBPfw!'® 5’-tgtaatggccattacggeccATGGCTCCGCTTCTGTTGCAGCTGG-3’ %’;gf of full-length
hASBPrv'® 5°-gecetttggecgaggeggectt ATTCATTTTCCGAGTTTGCTCAAGCCTC-3 %’;‘gg of full-length
DPPBPfw 5°-tgtaatggccattacggccATGGCAGCGGACGGACAGTGCTCG-3 %’;‘;“g of full-length
DPPBPrv 5°-gecetttggeegaggeggcCTGCAGTTTCGTCCCCAGCTTGCG-3 %’;},ﬂg of full-length

for expression of prey proteins, PCR using gene-specific
primer pairs listed in Table 1 was conducted and full-length
hDPP gene was cloned into pPR-N and pPR-C vectors as
mentioned above. Prey constructs for other enzymes have
been prepared for previous studies. Each full-length prey of
hGPT, hDPM2, hDPM3, hDPGS and hDPP is also illustrated
in Fig. 1B.

2.3 Assays for the physical interaction
Each of the bait constructs for hDK, which was showed
in Fig. 1A, was combined with each of the prey constructs for
hGPT, hDPM2, hDPM3, hDPGS and hDPP, which was
1B, and then they were used for
of yeast NMYS51 After the
co-transformation, the co-transformants grown on SD-LW

showed in Fig.

co-transformation??) strain.
medium were subject to growth examination with SD-LWH
and SD-LWHA media, according to the same procedure as
previously described!®). Co-transformants of each bait construct

with the negative or positive control prey construct
(pDL-Alg5 or pAl-AlgS5, respectively) were always used on
growth examinations in this study.

3. Results and Discussion

3.1 The physical interaction of full-length hDK with the
three enzymes

Growth tests wusing the full-length hDK bait
(pBT-N-hDK) showed that hDK could interact with the
N-terminally tagged preys of hGPT, hDPM3 and hDPP (left
side in Fig. 2). In contrast, the same bait did not show
interaction with hDPM2 or hDPGS. Furthermore, no
interaction was detected between this hDK bait and the
C-terminally tagged preys of all enzymes tested. These
findings suggest that the N-terminus of hDK is positioned
close to the N-termini of the three interacting proteins (hGPT,
hDPM3 and hDPP), and distant from the C-termini of the

Proceedings of the School of Engineering
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A

PBT-N-hDK1
(Full) :

pBT-N-hDK1
LRS :
PBT-N-hDK1
HR4 :
PBT-N-hDK1
LR4 :
pBT-N-hDK1
HR3 :

pBT- N-hDK1

pBT-N‘hDKI
HR2:

PBT-N-hDK1
LR2:

«-P toua |
pBT-C-hDK1 (Full) ‘m o B o o o i 2 i il 1
[!
pBT-C-hDK14A N 99: LR a0 o st 2 s sl m
pBT-C-hDK14N109 : HR4 w~mw:~>—mww-4
B N (o]
PPR-N-NGPT (Full) (e ]

pPR-STE-hGPT (Full) :

pPR-N-hDPM2 (Full) : (HesahililZ1)
pPR-C-hDPM2 (Full) :
pPA-N-hDPM3 (Full) :
pPR-C-hDPM3 (Full) :
pPR-N-hDPGS (Full) :
pPR-C-hDPGS (Full) :

pPR-N-hDPP (Full) :

pPR-C-hDPP (Full) :

Fig. 1 Plasmid constructs and expressed proteins in this
study. Bars and boxes of proteins indicate loop regions
(LRs) and hydrophobic regions (HRs), respectively. A; bait
constructs for full-length and truncated hDKs. B; prey
constructs for full-length hGPT, hDPM2, hDPM3, hDPGS
and hDPP. Red stretch indicates STE sequence added for
protein stabilization.

/ Baits \
pBT-N -hDK1 pBT-C-hDK1

Preys

pDL2-Alg5
pPR-N-hGPT
pPR-STE-hGPT
pPR-N-hDPM2
pPR-C-hDPM2
pPR-N-hDPM3
pPR-C-hDPM3
pPR-N-hDPGS
pPR-C-hDPGS
pPR-N-hDPP

pPR-C-hDPP
\ pAl-Alg5

LWHA

LWHA

Fig. 2 Growth examination of co-transformants using two
full-length hDK baits. After the selection of colonies derived
their

from the co-transformants on the SD-LW medium,
suspensions were diluted with sterilized water and adjusted to
the OD,,, values of 1.0, 0.1 and 0.01 (from left to right).

These diluents were orderly spotted on the SD-LWH and
SD-LWHA media for reporter detection, and SD-LW media

for growth control, and then incubated at 30 °C for 2~4 days.
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Baits

pBT-N-hDK1LR3
LWHA

pBT-N-hDK1HR2

Preys

LWHA LWH Lw

LWH Lw

pDL2-Alg5

pPR-N-hGPT

\.

Fig. 3 Growth examination of co-transformants using
truncated hDK baits and full-length hGPT prey. The
experiments were carried out according to the same
procedure as described in the legend of Fig. 2, except reverse
order of spotting.

pAl-Alg5

[ A

Baits
Preys pBT-N-hDK1LR4 pBT-N-hDK1HR4 pBT-N-hDK1LR5
LWHA LWH LW LWHA LWH Lw LWHA LWH LW
pDL2-Alg5
pPR-N-hDPM3

\ pAl-Alg5

Fig. 4 Growth examination of co-transformants using
truncated hDK baits and full-length hDPM3 prey. The

experiments were carried out according to the same
procedure as described in the legend of Fig. 3.
/1 A Baits )

pBT-C-hDK14N99

LWHA

pBT-C-hDK1A4N109
LWH

LWH

w

Preys LWHA

pDL2-Alg5
pPR-N-hDPP

\ pAI-Alg5
(B

pBT-N-hDK1HR3 pBT-N-hDK1LR4

LWHA LWH w LWHA LWH Lw
pPR-N-hDPP

LI
‘e o
Al-Alg5
h 2/

Fig. 5 Growth examination of co-transformants using
truncated hDK baits and full-length hDPP prey. The
experiments were carried out according to the same
procedure as described in the legend of Fig. 3.

Preys

pDL2-Alg5

tested proteins.

Similar results were obtained using the C-terminally
tagged hDK bait (pBT-C-hDK), except for a difference with
the N-terminally tagged hDPM3 prey (right side in Fig. 2).
Because of this, we selected the N-terminally tagged hDK for
further analyses of interactions with hGPT, hDPM3 and
hDPP.

3.2 The physical interaction of truncated hDK with hGPT
To identify the region of hDK responsible for binding to
hGPT, we tested seven newly prepared truncated hDK baits
(Fig. 1A, upper). Growth assays revealed that co-transformants
with pBT-N-hDK/LRS, pBT-N-hDK/HR4, pBT-N-hDK/LR4
and pBT-N-hDK/HR3 showed growth on selective media,
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similar to the full-length construct. The pBT-N-hDK/LR3
bait also supported growth, indicating that truncations up to
LR3 still maintained interaction with hGPT (Fig. 3, red
frame). However, the pBT-N-hDK/HR2 construct, which
lacks LR3, failed to support growth (Fig. 3, green frame).
These observations clearly show that the LR3 region of hDK
is critical for its interaction with hGPT, while the region from
HR3 to the C-terminus is not essential.

3.3 The physical interaction of truncated hDK with hDPM3

When truncated hDK baits were tested for interaction
with hDPM3, the pBT-N-hDK/LRS5 construct supported
growth on selective media, similar to the full-length hDK bait
(Fig. 4, red frame). However, the pBT-N-hDK/HR4 construct,
which lacks LRS5, showed reduced growth (Fig. 4, blue
frame). Furthermore, the pBT-N-hDK/LR4 construct, which
lacks both LR5 and HR4, showed no growth at all (Fig. 4,
green frame). These results suggest that both HR4 and LRS
regions of hDK are necessary for stable interaction with
hDPM3.

3.4 The physical interaction of truncated hDK with hDPP

Growth tests of truncated hDK baits with hDPP showed
that the LR4 region is essential for this interaction. The
pBT-N-hDK/LR4 construct retained normal growth, similar
to the full-length bait (Fig. 5B, red frame). However, the
pBT-N-hDK/HR3 construct, which lacks LR4, showed no
growth (Fig. 5B, green frame). These results indicate that
LR4 is required for hDK-hDPP binding.

We further tested N-terminally truncated hDK constructs
(Fig. 1A, lower). The pBT-C-hDKAN99 construct, which
lacks the region from the N-terminus to HR3, still interacted
with hDPP (Fig. S5A, red frame). In contrast, the
pBT-C-hDKANI09 construct, which lacks the region from
the N-terminus to LR4, showed no interaction (Fig. 5B, green
These additional strongly support the
conclusion that LR4 is essential for the interaction between
hDK and hDPP.

frame). results

4. Conclusion

In our previous work, we used hGPT, two subunits of
hDPMS (hDPM2 and hDPM3), hDPGS and hDPP as baits
and detected their physical interactions with hDK prey 319,
In order to confirm and extend these findings, in this study
we tested hDK as bait and examined its interactions with the
same four Dol-P-related enzymes in the dolichol cycle using
the yeast split-ubiquitin system. Through this analysis, we
were able to reconfirm three interactions of hDK: with hGPT,
hDPM3, and hDPP. However, no interactions were detected
with hDPM2 or hDPGS, and the reason for this remains
unknown.

To explore the binding regions of hDK, we prepared
several truncated hDK baits and examined their interactions.
Our results revealed that LR3 of hDK is required for
interaction with hGPT, while LR4 is required for interaction
with hDPP. In addition, both HR4 and LR5 were shown to
contribute to the interaction with hDPM3. Taken together,
these results demonstrate that hDK interacts with different

Putative CTP-binding
or Catalytic Site
____J

- .
vs. hGPT vs. hDPP

Fig. 6 Summary of interacting regions of hDK. A red frame
indicates a region that are critical of self-interaction of
hDK'?. Refinement of hDK regions for the physical
interactions with hGPT, hDPM3 and hDPP is based on the
results of Fig. 3, Fig. 4 and Fig. 5, respectively.

enzymes through distinct regions. Interestingly, these regions
are all located in the N-terminal half of hDK, whereas the
catalytic site of hDK is known to be close to the C-terminus.
This suggests that the N-terminal regions of hDK, including
LR3, LR4, HR4, and LRS5, may have a regulatory role,
possibly controlling the enzymatic activity of hDK through
allosteric effects.

In our recent work, we also identified another important
region, HR5-LR7, that is essential for hDK self-interaction.
Thus, it appears that multiple functional regions in the
N-terminal half of hDK mediate interactions not only with
other enzymes but also with hDK itself. Considering the
overall structural arrangement, it is likely that hDK activity
and stability are controlled by a complex network of
protein-protein interactions. With rapid advances in structural
biology, predictions of membrane protein conformations have
become increasingly accurate. It is expected that in the near
future, the detailed structures of protein complexes on
membranes, such as those involving hDK, will be predicted
or experimentally determined. Our results from the YSUS
analysis will provide important information for future studies
aiming to elucidate the quaternary structure and
stoichiometry of hDK.

It is also important to note that mutations or deficiencies
in hDK cause severe congenital disorders of glycosylation,
known as CDG-Im, DK1-CDG, or DOLK-CDG?*31. Even
when hDK retains normal enzymatic activity, abnormality in
its physical interactions may lead to defects in DLO assembly
and consequently impair N-glycosylation. Therefore, our
findings on the physical interactions of hDK are significant,
as they may help to evaluate the functional effectiveness of
hDK in both normal and disease states.
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Abstract

In the dolichol cycle for

assembling dolichol-linked oligosaccharide (DLO),

yeast dolichyl-

phosphate-glucose synthase (DPGS), Alg5p, produces dolichyl-phosphate-glucose (DPG). Previously we
investigated the physical interaction of AlgS5p and demonstrated that it physically interacts with Dpmlp,
Sec59p, Cwh8p and Alg7p, all of which are involved in the dolichol cycle. In this study, we further
investigated the physical interactions of Alg5p with Dpmlp, Sec59p and Cwh8p in detail and successfully
refined regions essential for each interaction on AlgSp. Our results strongly suggest that the physical
interactions of Alg5p might occur on both N- and C-terminal portions. Namely, it was considered that the
N-terminal portion of Alg5 is crucial for the interaction with Dpmlp, while the C-terminal portion is critical

for the interaction with Sec59p and Cwh8p in addition to Alg7p and AlgSp itself.

Keywords: Dolichyl-phosphate-glucose synthase, Physical interaction, Split-ubiquitin system

1. Introduction

The assembly of dolichol-linked oligosaccharides
(DLOs) on the rough endoplasmic reticulum (rER) membrane
is conducted by a biosynthetic pathway known as dolichol
cycle, which is essential for the protein N-glycosylation in
yeast!”. In the cycle, dolichyl-phosphate-glucose (DPG) is
required for three luminal glucosyltransferases (Alg6p, Alg8p
and AlglOp) as a donor substrate, and provided by DPG
synthase (DPGS)®. Yeast Alg5p protein is the DPGS that was
firstly identified and characterized in eukaryotes”?®).

The yeast split-ubiquitin system (YSUS) is a technique
which was specially devised for detection of physical
interaction between two membrane proteins®'?. By using the
YSUS, many interactions of membrane proteins have been
successfully uncovered so far!*?D. By using it, we have
previously investigated the membrane topology of Alg5p and
demonstrated that it had two transmembrane domains with
both termini oriented toward the cytoplasmic side of the rER
membrane??-?3), We also investigated the physical interaction
of Alg5p and detected its interaction with itself and four
dolichyl-phosphate (Dol-P)-related enzymes (Dpm1p, Sec59p,
Cwh8p and Alg7p) in the dolichol cycle???). Dpmlyp is
(DPM) (DPMS),
which shares Dol-P with Alg5p as an acceptor substrate?2%).

Alg7p is GIcNAc-1-P transferase (GPT), which also utilizes
26

dolichyl-phosphate-mannose synthase

Dol-P as an acceptor substrate?®). Sec59p is dolichol kinase
(DK), which de novo produces Dol-P?”). Cwh8p is dolichyl-

*1 Graduate Student, Course of Applied Science and Chemistry
*2 Undergraduate Student, Department of Bioengineering
*3 Associate Professor, Department of Bioengineering
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pyrophosphate phosphatase (DPP), which also produces
Dol-P?®:29, In addition, we refined the regions which are
required for the self-interaction of Alg5p and interaction with
Alg7p by using several truncated Alg5p baits in the previous
reserach??-23).  Therefore, using novel truncated baits
additionally, we also tried to refine regions on Alg5p, which
are important for the interactions with Dpmlp, Sec59p and
Cwh8p.

2. Experimental Methods

2.1 Construction of recombinant plasmids for expression of
truncated Alg5p baits

In our previous study, we prepared five bait recombinant
plasmids (bait constructs) for expression of truncated
Alg5p?¥. One of them, pPBT-C-ALG5HR2 was again used in
this study (Fig. 1). In addition, six novel bait constructs were
prepared as follows. PCRs were performed using forward
primer AG5_fw and each of reverse primers (AG5HRI1 rv,
AGS5LR2 rv, AG5HR2 rv and AGS5LR3 rv) by standard
method®” and then amplified DNA fragments were cloned
into the pBT-N wvector to generate pBT-N-ALGS5HRI,
pBT-N-ALG5LR2, pPBT-N-ALG5HR2 and pBT-N-ALGS5LR2,
respectively (Fig. 1). In addition, PCRs were performed using
forward primer (AGS54ANI0_BPfw or AG54NI10_BPf) and
reverse primer AGS5 rv by standard method®® and then
amplified DNA fragments were cloned into the pBT-C vector
to generate pBT-C-ALG54NI10 and pBT-C-ALG54N33 bait
constructs, respectively (Fig. 1). PCR primers are listed in
Table 1 and DNA cloning was conducted according to the
same procedure as previously described3"32),
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Table I The PCR primers used in this study. Additional sequences containing a Sfi I- cleavage site are shown in lowercase letters.

Primer name Nucleotide sequence Purpose
R , Cloning of C-terminally
22) - -
AGS5 fw 5’-tgtaatggccattacggcc ATGAGAGCGTTGAGATTCCTGATTG-3 truncated ALGS
, , Cloning of N-terminally
22) . -
AGS5 rv 5’-gectttggeccgaggcggccCATTTCTTATTATCTCTATATATCCCTAA-3 truncated ALGS

AGSHRI v

5’-gectttggecgaggcggcCGAAAATAAATAGACCAATAAATACAGTG-3

Cloning of ALGS5 from
N-terminus to HR1

AGSLR2_rv2¥

5’-gectttggeegaggeggeccgaGTTTCTTATCATTGATCTCTTTATGACG-3’

Cloning of ALGS5 from
N-terminus to LR2

AGS5HR2 rv?¥

5’-gectttggecgaggeggecgaTGTGTCTTTGATAGACCTGATGCCG-3”

Cloning of ALGS5 from
N-terminus to HR2

AG5LR3 rv?®

5’-gectttggeccgaggecggccGCCATCTTAGAGCCATCAACCTC-3

Cloning of ALGS5 from
N-terminus to LR3

AG54N10_BPfw

5’-tgtaatggccattacggccatgAGAAACACTGTCTTTTTTACGCTCTTAG-3’

Cloning of ALGS from HR1
to C-terminus

AGS54N33_BPfw

5’-tgtaatggccattacggccatgTCGCATACACCAAGGCCGCCATATC-3°

Cloning of ALGS5 from LR2
to C-terminus

pBT-N-ALGS5

pBT-C-ALGS

pBT-C-ALG5HR3 ﬁl— ﬁi

:

LexA , |

pBT-N-ALG5LR3 i
1

VNE

LexA
pBT-N-ALG5LR2

pBT-N-ALG5HR1

[ — .
'ﬂl— =

pBT—N—ALGSHRZ

pBT-C-ALGS5

pBT-C-ALG5

Fig. 1 Bait constructs used in previous and present studies. In
structure of expressed Alg5p, bars and boxes indicate loop
regions (LRs) and hydrophobic regions (HRs), respectively.
Transcription factor VP16/LexA and Cub (C-terminal half of
ubiquitin) are added at either N- or C- terminus of Alg5p.

2.2 Assays for the physical interaction of Alg5p

In our previous study, three prey recombinant plasmids
(prey constructs), pPR-N-DPM1, pPR-N-SEC59 and pPR-N-
CWHS, were prepared for expression of full-length Dpmlp,
Sec59p and Cwh8p, respectively??.

Each of the six novel bait constructs mentioned above
was combined with each of the three prey constructs, then
they were used for co-transformation of yeast NMYS5I
strain®. After the co-transformation, the co-transformants
grown on the synthetic dextrose (SD) medium lacking leucine
and tryptophan (SD-LW) were subject to growth examination
on the SD medium lacking leucine, tryptophan and histidine

(SD-LWH) and SD medium lacking leucine, tryptophan,
histidine and adenine (SD-LWHA) according to the manual
supplied by Dualsystems Biotech (www. dualsystems.com).

3. Results and Discussion

3.1 The physical interaction of truncated Alg5p with Sec59p
and Cwh8p

First, we examined growth of co-transformants with
pBT-N-ALGSLR3 bait construct (Fig. 1), which would
express N-terminally tagged Alg5/LR3p lacking the third
hydrophobic region (HR3) and the fourth loop region (LR4).
In our previous analysis, it has been demonstrated that
C-terminally tagged AlgS5/LR3p could physically interact
with Dpm1p, Sec59p and Cwh8p preys?®. As shown in Fig.
2A, co-transformants and Cwh8p
normally grew on two selective media (two red frames), but

expressing Dpmlp

those expressing Sec59p displayed reduced growth on two
selective media (a green frame). This result indicated that
HR3 of AlgSp was at least partially related to the physical
interaction with Sec59p.

Next, we examined growth of co-transformants with
pBT-C-ALG5HR2 bait construct (Fig. 1), which would
express C-terminally tagged Alg5/HR2p lacking the third
loop region (LR3), HR3 and LR4. As shown by a red frame in
Fig. 2B, co-transformants expressing Dpmlp were able to
grow on two selective media (a red frame), but those
expressing Sec59p or Cwh8p were not (a blue frame).
Subsequently we examined growth of co-transformants with
pBT-N-ALG5HR2 bait construct (Fig. 1), which would
N-terminally tagged Alg5/HR2p. As
co-transformants expressing Dpmlp or Cwhplp were able to

express a result,
grow on two selective media (two red frames in Fig. 2C),
while those expressing Sec59p were not (a blue frame in Fig.
2C). These observations clearly indicated that LR3 of Alg5p
was critical for the interaction with Sec59p and partially
contributed to the interaction with Cwh8p.

Co-transformants expressing Cwh8p with N-terminally
tagged AlgSHR2p survived on the selective media (a lower
red frame in Fig. 2C), but those with N-terminally tagged
AlgSLR2p lacking HR2 seldom survived (a blue frame in Fig.

Proceedings of the School of Engineering
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pAl
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Fig. 2 Growth examination of co-transformants using
pBT-N-ALGSLR3 (A), pBT-C-ALGSHR2 (B), pBT-N-
ALG5HR2 (C) and pBT-N-ALGS5LR2 (D) bait constructs.
After the selection of colonies derived from the
co-transformants on the SD-LW medium, their suspensions
were diluted with sterilized water and adjusted to the
ODy,, values of 1.0, 0.1 and 0.01 (from left to right). These
diluents were orderly spotted on the SD-LWH and
SD-LWHA media for reporter detection, and SD-LW media
for growth control, and then incubated at 30 °C for 2~4 days.

AlgS5LR2p lacking HR2 seldom survived (a blue frame in
Fig.2D). This result means that HR2 of Alg5p would be also
required for the interaction with Cwh8p, in addition to LR3.
In contrast, LR3 should make no contribution to the
interaction with Dpm1p (Fig. 2A and 2B).

3.2 The physical interaction of truncated Dpmlp
In order to further refine a region interacting with Dpm1p,

Vol. L, 2025

Bai
/ A ait \
pBT-N-ALG5LR2
Preys LWH
LWHA +2mM 3-AT LW
pPR-N-DPM1
. )
Bait
/B I
pBT-N-ALG5HR1
Preys LWH
LWHA +10mM 3-AT Lw
pDL
pPR-N-DPM1
\ pAl
/C Bait
pBT-C-ALG5 AN10
Preys LWHA LWH
+80mM 3-AT +120mM 3-AT LW
pDL
pPR-N-DPM1
\ o= j
/ D Bait \
pBT-C-ALG5 AN33
Preys LWH
LWHA +2mM 3-AT LW
pDL
pPR-N-DPM1
pAl

-

Fig. 3 Growth examination of co-transformants using
pBT-N-ALGSLR2  (A),  pBT-N-ALG5HR1  (B),
pBT-C-ALG5AN10 (C) and pBT-C-ALG5AN33 (D). The
experiments were carried out according to the same
procedure as described in the legend of Fig. 2.

N

we examined growth of co-transformants with novel bait
constructs (pBT-N-ALGS5LR2 and pBT-N-ALGSHR1) which
would express the more truncated AlgSp. For analyzing the
membrane topology of Alg5p, we have previously prepared
pBT-C-ALGSLR2 and pBT-C-ALGSHRI1 bait constructs
which would express C-terminally tagged AlgS/LR2p ranging
from N-terminus to the second loop region (LR2) and
C-terminally tagged AlgS/HR1p ranging from N-terminus to
the first hydrophobic region (HR1), respectively??). However,
as it was demonstrated that LexA/VP16-Cub tag in these
truncated AlgSp proteins was localized within the rER
lumen?®), these bait constructs were proved to be unavailable
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vs. Cwhép
[
vs. Sec59p

Fig. 4 Summary of interacting regions of Alg5p. A red frame
indicates a region that are critical of self-interaction of
Alg5p. The interacting regions with Alg5p itself and Alg7p
are based on the results of Ref. 23.

for analysis of the physical interaction. Therefore, we newly
prepared and used pBT-N-ALGS5LR2 and pBT-N-ALGSHR1
bait constructs (Fig. 1) which would express N-terminally
tagged Alg5/LR2p and N-terminally tagged Alg5/HRl1p,
where LexA/VP16-Cub tags are oriented toward the cytosolic
side, respectively. These co-transformants expressing Dpm1p
were still able to grow on two selective media (red frames in
Fig. 3A and 3B), suggesting that AlgSp should physically
interact with Dpm1p via an N-terminal portion.

Hence, we tried two additional bait constructs
(pBT-C-ALGS5 4 N10 and pBT-C-ALG5 4 N33) which would
express N-terminally truncated AlgSp lacking the first 10 and
33 amino acids, respectively (Fig. 1). Because the first loop
region (LR1) consists of the first 10 amino acids, and HR1
comprises the following 23 amino acids. As a result of
growth examination, co-transformants with pBT-C-ALGS5 4
N10 could still grow on two selective media (a red frame in
Fig. 3C), but those with pBT-C-ALGS5 4 N33 could not (a
blue frame in Fig. 3D). These findings obviously mean that
LR1 of Alg5p is not required for the interaction and that HR1
is necessary and sufficient.

4. Conclusion

In previous study, we detected the physical interactions
of Alg5p with Alg5p itself, Dpmlp, Sec59p, Cwh8p.
Moreover, we refined Alg5p regions interacting with AlgSp
and Alg7p, but unsuccessfully refined those with Sec59p,
Cwh8p and Dpmlp. Here, we could achieve the refinement of
regions interacting with these three enzymes. Our data
obtained from previous and present studies are summarized
in Fig. 4.

In the late stages of DLO assembly, both DPM and DPG,
which are provided by Dpmlp and Alg5p respectively, are
essential. For efficient progression of DLO assembly, these
two enzymes might physically interact with each other, and
share the common substrate Dol-P in a balanced fashion. Our
result that AlgSp interacts with Dpmlp via HR1 (Fig. 4)
well agrees with this purpose. By our previous topological
analysis, it was revealed that HR1 of AlgSp serves as a
transmembrane domain?®. Therefore it is estimated that the
interaction between Alg5p and Dpmlp would be rigider than

that via non-transmembrane region.

On the other hand, in order to effectively obtain Dol-P
from two providing enzymes (Sec59p and CwhS8p), AlgSp
might need to simultaneously interact with them via a
different region other than HRI1. Interestingly, our data
strongly suggest that Alg5p interacts with both via
overlapping LR3, which is distal to HR1 (Fig. 4). Perhaps the
interactions of LR3 on Alg5p with them would occur in a
reciprocal manner. In contrast, the interacting region of
Alg5p with Alg7p is another LR4%%, which would not
interfere with Dpm1p and Sec59p/Cwh8p (Fig. 4).

More interestingly, a self-interacting region of Alg5p
from LR3 to LR4, which
interacting region with Sec59p, Cwh8p and Alg7p (Fig. 4).

extends also overlaps with
This fact raises a possibility that complex formation would be
competing among Alg5p, Sec59p, Cwh8p and Alg7p, on the
rER membrane. It is estimated that Alg5p/AlgSp complex
preferentially forms rather than other complexes, because the
interacting region with itself is longer than others. To prove
out the possibility, stoichiometric analysis of Alg5p-
containing complexes would be required.

We are now progressing analysis of physical interactions
between Alg5p and the four enzymes by using prey
constructs which would express truncated Dpml, Sec59p,
Cwh8p or Alg7p, to refine regions on them, which are critical
for interacting with Alg5p bait. Together with those results,
our research should be very significant for elucidation of
multiple complexes centering AlgSp on the rER membrane.
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Abstract

In the assembly of dolichol-linked oligosaccharide (DLO), human chitobiosyldiphosphodolichol
beta-1,4-mannosyltransferase (hMT-I, EC 2.4.1.142) catalyzes the transfer of mannose (Man) from GDP-Man
to chitobiosyldiphosphodolichol (GlcNAc2-PP-dolichol) to generate ManiGlcNAc2-PP-dolichol. We have
already cloned the HMT-1 gene, which encodes this enzyme, and conducted mutational analysis. Here, by
applying the gene to the yeast split-ubiquitin system (YSUS), we investigated the membrane topology of hMT-I.
Our results strongly suggested that this enzyme has a single transmembrane domain with the N-terminus and
C-terminus oriented toward the lumen and cytosol, respectively.

Keywords: Beta-1,4 mannosyltransferase, Membrane topology, Split-ubiquitin system

1. Introduction

The biosynthesis of dolichol-linked oligosaccharides
(DLOs) on the rough endoplasmic reticulum (rER) membrane
is a process that critical for the protein N-glycosylation in
eukaryotes, and therefore evolutionally well conserved from
yeast to mammals including human'-Y). In the early stage of
assembly of DLO, the intermediate DLO, MansGlcNAc2-PP-
dolichol, which is half-sized DLO,
glycosyltransferase (Fig. 1). Of them, chitobiosyldiphospho-
dolichol beta-1,4-mannosyltransferase (MT-I, EC 2.4.1.142)
plays a role in the first mannosylation of DLO. We previously
cloned the HMT-1 gene which encodes human MT-I (hMT-I),
as a guide to complementing activity of yeast alg/ mutation®.

are formed by five

Moreover, concerning the HMT-1 gene and hMT-I, we have
conducted mutational analysis of HMT-1 to explore the
functional motifs of hMT-I7, investigated upstream regions
and elements of HMT-1 gene, which are critical for its
transcriptional regulation®, and investigated the physical
interactions of hMT-I among the five glycosyltransferases
involved in the early stage of DLO assembly? using the yeast
split-ubiquitin system (YSUS)'%'¥. The YSUS is a technique
which can detect not only the physical interaction between
two membrane proteins but the membrane topology of a bait
membrane protein'>-24. In this study, we tried to clarify the
membrane topology of hMT-I by using deletional mutants of
HMT-1 for the YSUS.

*1 Associate Professor, Department of Bioengineering
*2 Undergraduate Student, Department of Applied Biochemistry
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Fig. 1 Early stage of human dolichol-linked oligo-
saccharide (DLO) biosynthesis. The upper names and
lower italic names above arrows mean human enzymes

and genes, respectively.
2. Experimental Methods

2.1 Computational prediction of the membrane topology of
hMT-1

In order to predict the membrane topology of the hMT-I
protein, three WWW algorithms servers, Phobius
(https://phobius.sbc.su.se/cgi-bin/predict.pl)?>), TMAP (https:
//lembossgui.sourceforge.net/demo/manual/tmap.html)26-27)
and PRED-TMR (http://athina.biol.uoa.gr/PRED-TMR/)*®
were used. On its WEB site, the amino acid sequence of the
hMT-I protein consisting of 464 residues was registered and
surveyed for its potential transmembrane domain (TMD) and
membrane topology.
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Table I The PCR primers used in this study. Additional sequences containing a Sfi I- cleavage site are shown in lowercase letters.

Primer name Nucleotide sequence Purpose

A1BP-F 5'-tgtaatggccattacggcc ATGGCGGCCTCATGCTTGGTC-3' sce‘;?:;r““i"“ of pBT-STE-Aldx
A1d1BP-R S'-gecetttggecgaggeggcCGCGTGGTACTGCATACGGGGG-3! Construction of pBT-STE-A1dl
Al d2BP-R S'-gecetttggccgaggecggccGAGTTGCAGAACCCCAGGAGG-3' Construction of pPBT-STE-A1d2
Al d3BP-R S'-gecetttggecgaggecggcCTCCCTCCACATCAACTTCCAC-3! Construction of pBT-STE-A1d3
Al d4BP-R S'-gecetttggccgaggecggecc GGCAGACCTGGGGGGTTCTGG-3! Construction of pBT-STE-A1d4
Al d5BP-R 5'-gectttggecgaggcggcc ACGAGCTTGCTTCCACAAAGG-3! Construction of pBT-STE-A1d5
Al d6BP-R S'-gecetttggccgaggcggcCATGATGGAGTAGCCATAGTTG-3' Construction of pPBT-STE-A1d6

2.2 Construction of recombinant plasmids for expression of
truncated hMT-I baits

In our previous study, we prepared two bait recombinant
plasmids (bait constructs), pBT-N-A1 and pBT-STE-A1, for
expression of full-length hMT-1 which were tagged at N- and
C- terminus, respectively®, via a PCR using A1BP-F and
A1BP-R primers listed in Table 1. In this study, we prepared
six bait constructs (pBT-STE-Aldl, pBT-STE-A1d2,
pBT-STE-A1d3, pBT-STE-A1d4 pBT-STE-A1d5 and
pBT-STE-A1d6) which would express C-terminally truncated
hMT-I (Fig. 5). For cloning, PCRs were performed using
forward primer A1BP-F and each of reverse primers
(A1d1BP-R to A1d6BP-R) by standard method?” and then
amplified DNA fragments were cloned into the pBT-STE
vector. PCR primers are listed in Table 1, and DNA cloning
was conducted according to the same procedure as previously
described39:3D,

2.3 Assays for the membrane topology of hMT-1

Six pBT-STE-Aldx series and two pBT-N-dxAl series,
which were prepared as described in section 2.1, were used
for co-transformation of the Saccharomyces cerevisiae
NMYS51 strain, together with the positive or negative control
prey construct, pAl-AlgS or pDL-Alg5. The transformation
of the yeast cells was carried out by the standard method™”.
The co-transformants obtained on the synthetic dextrose (SD)
medium lacking leucine and tryptophan (SD-LW) were then
subject to the growth examination on the SD medium lacking
leucine, tryptophan and histidine (SD-LWH) and SD medium
lacking leucine, tryptophan, histidine
(SD-LWHA) according to the manual
Dualsystems Biotech (www.dualsystems.com).

and adenine

supplied by

3. Results and Discussion

3.1 Prediction of the membrane topology of hMT-1

hMT-I protein is composed of 464 amino acid residues.
We started from predicting the membrane topology of hMT-I
protein using three algorithms servers which are freely
available on WEB sites. As shown in Fig. 2, Phobius
predicted three hydrophobic regions (violet peaks), which are
potential TMDs, in N-terminal half of hMT-I protein. It also
predicted that N- and C- termini of hMT-I would be oriented
towards lumen and cytoplasm, respectively. TMAP predicted

Posterior label probability

Phobius posterior probabilities for UNMAMED

1 T T T T T T

90 100 150 200 250 300 350 400 450
transmenbrane = cytoplasnic === non cytoplasnic signal peptide ==

Fig. 2 Results from Phobius prediction of the membrane
topology and TMDs in hMT-1.

three TMDs, too. However, the first TMD predicted by
TMAP was different from that by Phobius (Fig. 3). Moreover,
PRED-TMR also predicted three TMDs, but represented
TMD-predicted pattern different from both Phobius and
TMAP (Fig. 4). Results of these predictions are summarized
in Fi. 5. Consequently, we detected four TMD candidates in
hMT-I and designated them as hydrophobic regions (HRs) 1
to 4 (Fig. 5). Based on these predictions, we chose six
positions, to which Cub-LexA/VP16 tag were added, in
hMT-I, and newly prepared six bait constructs
(pBT-STE-Aldx ; x is any number from 1 to 6) that would
express C-terminally truncated hMT-I proteins (Fig. 5). The
C-terminally truncated hMT-Is expressed by pBT-STE-A1d1,
pBT-STE-A1d2 and pBT-STE-A1d3 would just contain HR1,
HR1/HR2 and HR1/HR2/HR3, respectively. hMT-I expressed
by pBT-STE-A1d4 would contain the second conserved motif
II, an addition to HR1/HR2/HR3. hMT-I expressed by
pBT-STE-A1dS would contain HR1/HR2/HR3/HR4, and that
by pBT-STE-A1d6 would contain the third conserved motif
III in addition to HRI1/HR2/HR3/HR4 (Fig. 5). To
experimentally determine TMD in hMT-I, these bait constructs
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Results from TMAP prediction:

Numbers give: a) number of transmembrane segment
b) start of T segment (alignment position / residue number)
c) end of TM segment (alignment position / residue number)
d) length of TM segment within parentheses

PREDICTED TOPOLOGY: Nout (contributions: 1 in 4 out )
'in' corresponds to 'cytosolic'; 'out' corresponds to 'non-cyteselic'

PREDICTED TRANSMEMBRANE SEGMENTS FOR SEQUENCE /var/www/html/temp/1156496127.10602.msf
™ 1: 4 - 28 (25.0)
™ 2: 98 - 121 (24.0)
™ 3: 131 - 159 (29.0)
PREDICTED TRANSMEMBRANE SEGMENTS FOR PROTEIN
™ 1: 4 - 28 (25)

™ 2: 98 - 121 (24)
™ 3: 131 - 159 (29)

Fig. 3 Results from TMAP prediction of TMDs in hMT-I.

PRED-TMR: Prediction of Transmembrane regions in
proteins

Sequence: hs

1 2 3 4 5 6
123456789012345678901234567890123456783012345678901234567890
. I

0000 MAASCLVLLALCLLLPLLLL VAV 0} 4 SLAMHG
0060 FSVTLLGFCNSKPHDELLONNRIQIVGLTELQSLAVGPRVFQYGVKVVLQAMYLLWKLMW
0120 REPGAYIFLQONPPGLPSIAVCWFVGCLCGSKLVIDWENYGYSIMGLVHGPNHPLVLLAKW
0180 YEKFFGRLSHLNLCVTNAMREDLADNWHIRAVTVYDKPASFFKETPLDLOHRLFMEKLGSM
/TRLRERPALLVSSTSWTEDEDFSILLAALE

0240 HSPFRARSEPEDPVTERSAFT
0300 KFEQLTLDGHNLPSLVCVITGKGPLREYYSRLIHQKHFQHIQVCTPWLEAEDYPLLLGSA
0360 DLGVCLHTSSSGLDLPMKVVDMFGCCLPVCAVNFKCLHELVKHEENGLVFEDSEELAAQL
0420 QMLFSNFPDPAGKLNQFRKNLRESQQLRWDESWVQTVLPLVMDT

(predicted transmembrane regions are indicated in blue)

Detail of predicted transmembrane segments:

Number of predicted transmembrane segments: 3

#TM begin end
1 6 23
2 51 69
3 134 154

Fig. 4 Results from PRED-TMR prediction of TMDs in
hMT-I.

were then subject to analysis of membrane topology by the
YSUS.

3.2 Analysis of the membrane topology of hMT-1

We examined the growth of co-transformants with
pBT-STE-Aldx series which would express C-terminally
truncated hMT-I on the two selective media. It is necessary to
orient Cub-LexA/VP16 tag fused with hMT-I expressed in
yeast cells towards the cytosol for growth on two selective
media (SD-LWH and SD-LWHA)''Y, We have previously
conducted growth examination of the co-transformants using
pBT-N-A1 and pBT-STE-Al, which would express
full-length hMT-1 N- and C-terminally tagged with Cub/LexA,
respectively. When combined with positive control prey
construct pAI-Alg5, co-transformants of pBT-N-A1l did not
grow on the selective media, while those of pBT-STE-Al
grew (Ref. 9 and Fig. 6). These results obviously indicated
that N-terminus of hMT-I was oriented towards the lumen and
C-terminus was oriented towards the cytoplasm. Therefore, a
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pBT-STE-A1d2:
pBT-STE-A1 d3:
PBT-STE-AT di:
PBT-STE-A1G5 : |
pBT-STE-A1d6 :

PBT-N-A1 :

P16)
LexA

Fig. 5 Bait constructs and expressed truncated hMT-1. Based
on the predictions of TMDs by Phobius, TMAP and
PRED-TMR (a blue frame), grey boxes with number indicate
hydrophobic regions (HRs) in hMT-I expressed by each bait
construct. Transcription factor VP16/LexA and Cub
(C-terminal half of ubiquitin) are added at either N- or C-
terminus of hMT-I. Four conserved motifs (I to IV) are
indicated by red bars. A green region indicates a catalytic
domain.

-

LWHA+20mMAT LWH+40mMAT Lw \
pDL2-Alg5 pAl-Alg5  pDL2-Alg5 pAl-Alg5 pDL2-Alg5 pAl-Alg5

Baits
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\ pBT-STE-A1 N\

y,

Fig. 6 Growth examination of cB-transformants using
pBT-STE-Aldx series. After the selection of colonies
derived from the co-transformants on the SD-LW medium,
their suspensions were diluted with sterilized water and
adjusted to the OD(,, values of 1.0 and 0.1 (from right to
left). These diluents were orderly spotted on the SD-LWH
and SD-LWHA media for reporter detection, and SD-LW
media for growth control, and then incubated at 30 °C for
2~4 days.

positional prediction of termini of hMT-I by Phobius well
matched our results. Co-transformants with pBT-STE-A1d1
and pAI-Alg5 grew on the media as well as those with
pBT-STE-A1 and pAI-Alg5 (two red frames in Fig. 6),
indicating that the position after HR1 and before HR2 was
located in the cytosol. Co-transformants with pBT-STE-A1d2
and pAI-Alg5 similarly grew on the media (two red frames in
Fig. 6), indicating that the position after HR2 and before HR3
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hMT-I
di  d2 d3d4 d5d6

J J U 1/ Cytoplasm
- 3 'r;
,;T rER Lumen
B
hMT-1

di d2 d3d4d5d6

} Cytoplasm

|

—

rER Lumen

Fig. 7 Models of the membrane topology of hMT-I. Arrows
indicate positions at which Cub-LexA/VP16 tag was added
in truncated hMT-I which expressed by six bait constructs.
Three red bars indicate positions of the conserved motifs I to
III. A blue region indicates a catalytic domain.

was in the cytosol. Hence, HR2 would not function as a TMD.

As well, HR3 and HR4 were estimated to be non-TMDs,
because co-transformants from pBT-STE-A1d3 to pBT-STE-
A1d6 also grew on the media when combined with pAI-Alg5
(two red frames in Fig. 6). These observations indicated that
the positions after HR3, before HR4, and after HR4 were
located in the cytosol. Therefore, our results suggested that
hMT-I had only one TMD and that it should be HR1.

4. Conclusion

In the previous study, we estimated that hMT-I has three
TMDs consisting of HR1, HR3 and HR47. However, here,
we analyzed the membrane topology of hMT-I and concluded
that it possessed one TMD, corresponding to HR1, with N-
and C- termini localized in the rER lumen and cytoplasm,
respectively. Based on our data obtained from present study,
we propose two models represented in Fig. 7. Both models
support that hMT-I is substantially an ER integral membrane
protein with type I topology3?. It is also possible that either
of HR2, HR3 and HR4 would contact with the membrane or
dip in the membrane. In any case, three conserved motifs I to
11 were demonstrated to be located in the cytosol.

In previous study, we identified hALG2, hALGl11, and
hALGI13 as enzymes that physically interacted with hMT-I?,
In model A of Fig. 7, HR2, HR3 and HR4 would be located
near the rTER membrane or weakly associated with surface of
the membrane. If these HRs transiently participate in the
physical interactions of itself or other enzymes, their
positioning might have a great advantage in flexibility. On
the other hand, they might be dipped in the outer leaf of
bilayer of the rER membrane in model B. In this case, these

HRs might contribute to tightly interacting with the enzymes.
We are now investigating whether these HRs and motifs are
important for the interactions with hALG2, hALGI1 and
hALGI13.

A number of reports have demonstrated that the defect
of HMT-1 gene causes congenital disorder of glycosylation
type Ik (CDG-Ik or CDG-ALG1)*49, In some cases, mutated
sites were identified out of catalytic domains. Hence, our data
concerning the membrane topology and physical interaction
would be expected for contribution to elucidating the
mechanism of deficiency of hMT-I function.
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Abstract
For the assembly of dolichol-linked oligosaccharide (DLO) in the eukaryotic cell, dolichyl phosphate
(Dol-P) is required and it is de novo provided by dolichol kinase (DK). In this study, we cloned the SEC59 gene,
which encodes yeast DK, Sec59p, and analyzed the membrane topology and physical interaction of Sec59p,
using the yeast split-ubiquitin system (YSUS). Our research revealed that Sec59p has at least twelve
transmembrane domains (TMDs) with both termini oriented toward the cytoplasmic side of the rough ER (rER)
membrane. In addition, it was revealed that Sec59p physically interacts with itself, suggesting that it might

function in the form of a homodimer.

Keywords: Dolichol kinase, Membrane topology, Physical interaction, Split-ubiquitin system

1. Introduction

In eukaryotes the dolichol cycle serves for biosynthesis
of dolichol-linked oligosaccharides (DLOs), which is
essential for the protein N-glycosylation on the rough
endoplasmic reticulum (rER) membrane!). In the cycle, the
dolichol kinase (DK or DOLK) produces dolichyl-phosphate
(Dol-P), which directly serves as a scaffold for the assembly
of an oligosaccharide portion of DLO on the rER
membrane®®. Namely Dol-P is utilized as an acceptor
substrate by GIcNAc-1-P transferase (GPT) that is the first
enzyme for assembly of DLO. Dol-P is also utilized as an

acceptor substrate by dolichyl-phosphate mannose synthase

(DPMS) and dolichyl-phosphate glucose synthase (DPGS),
which provides donor substrates with luminal mannosyl-
transferases and glucosyltransferases in the cycle,
respectively!.

The gene encoding DK was firstly isolated from
Saccharomyces cerevisiae as SEC59 gene?-?). Later, a human
orthologous gene of SEC59 was identified as ADKI?. Yeast
Sec59p encoded by SEC59 gene consists of 519 amino acids?
and shows significant homology to human DK (hDK). The
overexpression of the ZDKI cDNA in yeast sec59 mutant
cells could complement the deficiency of yeast DK,
demonstrating that enzymatic function is also conserved
between yeast and human®).

We have been investigating the physical interaction of
human enzymes involved in dolichol cycle using the yeast
split-ubiquitin system (YSUS)>-®), which has so far identified
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the physical interaction of various membrane proteins with
other membrane proteins®!®. Recently, we have reported
characterization of the membrane topology and physical
interaction of hDK'?. Here, we investigated those of Sec59p.

2. Experimental Methods

2.1 Prediction of the membrane topology of Sec59p

In order to predict the membrane topology of Sec59p, a
WWW algorithm server, TOPCONS2? (https://topcons.
cbr.su.se) was used. On its WEB site, the amino acid
sequence of Sec59p consisting of 519 residues was registered
and surveyed regarding its potential transmembrane domains
(TMDs) and membrane topology.

2.2 Construction of recombinant plasmids for the YSUS

The coding region of SEC59 gene was amplified from
genomic DNA derived from Saccharomyces cerevisiae
NMYS51 strain by standard PCR method?! using SC59BPfw
and SC59BPrv primers listed in Table 1. A PCR product was
then digested with Sfi I, purified and ligated to the pBT-N or
pBT-C plasmid vector for expression of Sec59p bait protein
which has Cub (C-terminal half of ubiquitin protein) tag
prepared in the YSUS, at the N- or C- terminus, respectively.
Subsequently, the ligation mix was used for transformation of
Escherichia coli IM109 strain prepared by SEM method??.
Preparation of each recombinant plasmid from the
transformants was conducted by standard cloning method?®,
generating pBT-N-SC59 and pBT-C-SC59 bait constructs
(Fig. 2).

In order to analyze membrane topology of Sec59p,
thirteen pBT-C-based constructs (pBT-C-SC59/LR2 to pBT-
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Table I The PCR primers used in this study. Additional sequences containing a Sfi I- cleavage site are shown in lowercase letters.

Primer name Nucleotide sequence Purpose

SC59BPfw 5’-tgtaatggecattacggeccATGGTCGCTATAATACCTCATGCTTCC-3’ gﬁi‘;ﬁ dogg‘g;ength and
SC59BPrv 5- gectitggeegageegeccAGAGTAATTAATTTTTCACAAATCATCATAAAT-3’ g;?;gg of full-length
SC59(LR2)BPrv | 5°- geetttggecgaggeggec TTATAAGATATATCAGCGGTAACAATG-3’ gi)omni]‘i,‘igrfnt;ﬁzafg‘ii?5 ?
SC59(LR3)BPrv | 5°- gectttggecgaggeggccGTATCGAACTTGGGTAGGCTTTTG-3 gi)omni]‘i,‘igrfnﬁ?fsatt(‘;"i%C5 ?
SC59(LR4)BPrv | 5°- geetttggecgaggeggeCCATCTATATGAATTTAATACCGAAAG-3’ Eg’mni]‘iftgrfrﬁﬁcsatt(f‘ii?5 9
SC59(LR5)BPrv | 5’-geetttggeegaggeggec TTCAATTGCCCAATATACTTCAAAATTA-3’ Ei}"mn‘]‘i,gtgrfntfl‘;ﬁ‘;afg‘ii?5 ?
SC59(LR6)BPrv | 5°-gectttggeegaggeggec ACTGTGCCAGCCTCTGAAACGTA-3 gi)omni]‘i,‘igrfrﬁﬁcsafscii?5 ?
SC59(LR7)BPrv | 5°-gectttggeegaggeggcc TTAAAGTGCATTACCTTTTTGAGCAC-3 gh"mn‘]‘t,gtgrfri‘;?l‘;attf‘if{?5 9
SC59(LR8)BPrv | 5°-gectttggecgaggeggec TGACGAATAGTAGACTCTAAGATATAT-3 gg’mni]“vfj’tgfnﬂizatfiigw ?
SC59(LR9)BPrv | 5’-gectttggccgageeggcc TTTCGGGAGGTGTTCAACGATAGA-3’ gt"mni;*‘f’tgfrgi‘rﬁzafﬁi?5 g
SC59(LR10)BPrv | 5°-geetttggeegaggeggcCAATGCAATTTTCACAAAGTTTGAATC-3 gh";l"]‘t,gtgrfrgﬁzafji%g5 ?
SC59(LR11)BPrv | 5’-gectttggecgagecggcCCCGCTGTGGTCCCTATCATCA-3’ gg’;‘]‘lvgtgrfntlﬁiza:(f‘iiﬁ? ?
SC59(LR12)BPrv | 5°-gectttggcegaggeggcCATTGGAGAGTTATTCATTAATAAAGG-3’ gg’mm]“vgtgfnﬂizatfi%? ?
SC59(LR13)BPrv | 5’-gectttggccgageeggcCTCTAAAGTTTTTTGTGTACCTTTCC-3 gh";l"]‘t,gtgrfrfﬁ?‘zafji%g5 9
SC59(LR14)BPrv | 5'-gectttggecgaggeggccAGGTGGTTAAAAATTGCAGCTTTATC-3’ gg’;‘]‘lvgtgrfntlﬁiza:(f‘iiﬁf5 ?

C-SC59/LR14) for expression of the C-terminally truncated
Sec69p bait proteins in yeast were prepared via PCR cloning
described above (Fig. 2).

In order to analyze the physical interaction of
Sec59p, the prey constructs (pPR-N-SC59 and pPR-C-SC59)
that would express Sec59p prey protein having Nub G
(N-terminal half of 113G mutational ubiquitin protein) tag at
the N- or C- terminus, were also prepared by the same
procedure, except usage of the pPR-N and pPR-C plasmid
vectors instead of the pBT-N and pBT-C vectors, respectively

(Fig. 2).

2.3 Assays for the membrane topology of Sec59p

The bait constructs (the pPBT-N-SC59, pBT-C-SC59 and
thirteen pBT-C-hSC59/LR
transformation of yeast NMYS51 strain, together with the

series) were used for co-
negative control prey construct (pDL-Alg5) or positive
control prey construct (pAl-Alg5). The transformation of the
yeast cells was carried out by the standard method?®.

The co-transformants obtained on the synthetic dextrose
(SD) medium lacking leucine and tryptophan (SD-LW) were
then subject to the growth examination on the SD medium
lacking leucine, tryptophan and histidine (SD-LWH) and SD
medium lacking leucine, tryptophan, histidine and adenine
(SD-LWHA) the
Dualsystems Biotech (www.dualsystems.com).

according to manual supplied by

2.4 Assays for the physical interaction of hDK

The bait construct, pPBT-N-SC59 or pBT-C-SC59, was
combined with the prey construct, pPR-N-SC59 or
pPR-C-SC59, and then they were used for co-transformation
of yeast NMYS51 strain. After the co-transformation, the
co-transformants grown on SD-LW medium were subject to
growth examination with SD-LWH and SD-LWHA media,
according to the same procedure as described above.

3. Results and Discussion

3.1 The membrane topology of Sec59p

The Sec59p protein is composed of 519 amino acid
residues?. First, we started from predicting the membrane
topology of Sec59p with TOPCONS algorithm??, a server
freely available on WEB sites. It consists of five independent
algorithms (SCAMPI-seq, SCAMPI-msa, PRODIV, PRO and
OCTOPUS in Fig. 1) that predict TMDs and membrane
topology of a protein. Based on five predictions derived from
their TOPCONS
prediction. As shown in Fig. 1, TOPCONS consequently

algorithms, concludes one consensus
predicted fifteen loop regions (LRs 1 to 15) and fourteen
hydrophobic regions (HRs 1 to 14) corresponding to potential
TMDs in Sec59p. It also predicted that both N- and C-
termini would be orientated toward cytoplasmic sides of the

rER membrane.
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Fig. 1 Prediction of the membrane topology of Sec59p by
TOPCONS algorithm server (http://topcons.cbr.su.se/). The
fourteen hydrophobic regions (HR1 to HR14) are indicated
with boxes, as candidates of transmembrane domains
(TMDs), and the fifteen loop regions (LR1 to LR15) are
indicated with red or blue lines, as cytoplasmic or luminal
loops, respectively.

In order to examine this prediction, we applied the
YSUS to our analysis of Sec59p. The YSUS prepares two
prey constructs (pDL-Alg5 and pAI-Alg5) as negative and
positive control, respectively. pAI-Alg5 is designed to
express Nub I (N-terminal half of ubiquitin protein) tag
C-terminally fused to AlgSp protein on the cytoplasmic side
of the rER, and readily available to judge whether the
terminal Cub tag fused to the bait protein expressed on the
rER membrane is located in the cytoplasm or lumen'3-19),
Firstly, we prepared the two bait constructs, pPBT-N-SC59 and
pBT-C-SC59, which express a full-length Sec59p protein
with N- and C-terminal Cub tags, respectively (Fig. 2). Each
bait construct was combined with the pDL-Alg5 or pAI-Alg5
control prey, and then they were used for co-transformation
of yeast NMYS51 cells. As shown in Fig. 3, co-transformants
of pDL-Alg5 or pAl-AlgS with pDL-Alg5 did not grow on
the two selective media (SD-LWH and SD-WWHA), but
those with pAI-Alg5 grew on them (top red frame and bottom
red frame). These results indicated that both termini of
Sec59p were located in the cytosol (Fig. 5). Next, we
prepared thirteen additional bait constructs, pBT-C-SC59/
LR2 to pBT-C-SC59/LR14, each of which would express
truncated Sec59p protein, which has Cub tag at C-terminus
(Fig. 2) and conducted similar growth examination. As a
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Fig. 2 Plasmid constructs and expressed proteins in this
study. Bars and boxes of proteins indicate loop regions
(LRs) and hydrophobic regions (HRs), respectively.
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Fig. 3 Growth examination of co-transformants using two
full-length Sec59p baits and thirteen truncated Sec59p baits.
After the selection of colonies derived from the
co-transformants on the SD-LW medium, their suspensions
were diluted with sterilized water and adjusted to the ODyy,
values of 1.0, 0.1 and 0.01 (from left to right). These diluents
were orderly spotted on the SD-LWH and SD-LWHA media
for reporter detection, and SD-LW media for growth control,
and then incubated at 30 °C for 2~4 days. 3-amino-triazole
(AT) was added to SD-LWH and SD-LWHA media at
concentration of 10 and 5 mM respectively, for preventing
background growth due to leaky HIS3 gene expression.
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result, co-transformants of pBT-C-SC59/LR3, pBT-C-SC59/
LR5, pBT-C-SC59/LR7, pBT-C-SC59/LR9, pBT-C-SC59/
LR11, pBT-C-SC59/LR12 and pBT-C-SC59/LR13 with pAl-
Alg5 displayed viability on two selective media (red frames
in Fig. 3). These observations suggested that the LR3, LRS,
LR7, LR9, LRI11, LR12 and LR13 of Sec59p might be
located in the cytoplasmic side of the rER membrane (Fig. 5).
In contrast, co-transformants of pBT-C-SC59/LR2, pBT-C-
SC59/LR4, pBT-C-SC59/LR6, pBT-C-SC59/LR8, pBT-C-
SC59/LR10 and pBT-C-SC59/LR14 did not grow on two
selective media (Fig. 3). These observations suggested that
the LR2, LR4, LR6, LR8, LR10 and LR14 of Sec59p might
be located in the luminal side of the rER membrane (Fig. 5).

Taken together, our membrane topological analysis of
Sec59p demonstrated that it has at least twelve TMDs with N-
and C- termini oriented towards cytosol, as a topological
model proposed in Fig. 5. This model differs from that
predicted in Fig. 2, with regard to the number of TMD.
Although the possibility that the HR11 and HR12 of Sec59p
would be potential membrane-embedded domains cannot be
excluded, our model is so far the only one which were
exhibited based on the experimental evidence.

Sec59p possesses a KTXxEG motif, which might bind
CTP or be a putative catalytic domain®, around the LR13 (a
violet frame in Fig. 5). Therefore, the LR13 must be located
within the cytoplasm, because CTP is biosynthesized in the
cytoplasm. Hence, our model is suitable for this fact.

3.2 The self-interaction of Sec59p

In order to test whether Sec59p physically interacts with
itself, each of the two bait constructs pBT-N-SC59 and
pBT-C-SC59, was combined with each of the two prey
constructs, pPR-N-SC59 and pPR-C-SC59, and then
transformation of the NMYS51 cells were conducted. In
growth examination shown in Fig. 4A, co-transformants of
pBT-N-SC59 and pPR-N-SC59 could grow on SD-LWH and
SD-LWHA media (an upper red frame in Fig. 4A), but those
of pBT-N-SC59 and pPR-C-SC59 could not. These results
indicate that N-terminus of Sec59p bait would be proximal to
N-terminus of Sec59p prey, but distal to C-terminus of
Sec59p prey probably due to conformational reason.

On the other hand, co-transformants with pBT-C-SC59
and pPR-N-SC59/pPR-C-SC59 could grow on the selective
media (a red frame in Fig. 4B), suggesting that C-terminus of
Sec59p bait would be accessible to both termini of Sec59p
prey. Interestingly, co-transformants of pBT-C-SC59 and
pPR-C-SC59 apparently grew on the selective media better
than those of pBT-C-SC59 and pPR-N-SC59 (a red frame in
Fig. 4B), indicating that C-terminus of Sec59p prey, rather
than N-terminus of Sec59p prey, preferentially interacts with
C-terminus of Sec59p bait. This fact might reflect the
three-dimensional arrangement of two Sec59p proteins in
homodimer formed on the rER membrane.

4. Conclusion
In order to determine the membrane topology of yeast

Sec59p which de novo produces the Dol-P required for the
assembly of DLOs, the YSUS was utilized. Results obtained
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e AN
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pAl-Alg5

[ B Bait: pBT-C-SC59 \
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\ pAl-Alg5

)

Fig. 4 (A) Growth examination of co-transformants of
pBT-N-SC59 with pPR-N-SC59 or pPR-C-SC59. (B)
Growth examination of co-transformants of pBT-C-SC59
with pPR-N-SC59 or pPR-C-SC59. The experiments were
carried out according to the same procedure as described in
the legend of Fig. 3, except usage of LWH medium
containing 20 mM AT in (A) and LWHA medium containing
2 mM AT in (B).

Putative
Cytosol Sec59p CTP-binding Site
N HR1Z Y
= o < Q 1] S b -
ERELE |ElciELE (6 1e f—s
rER Lumen

Fig. 5 The model of membrane topology of Sec59p based
on the YSUS analyses indicated in Fig. 3. Putative catalytic
site is indicated by a violet frame.

from analyses by the YSUS demonstrated that Sec59p protein
contains at least twelve TMDs, with both N- and C-termini
located in the cytoplasmic side of the rER membrane (Fig. 3
and Fig. 5).

With respect to the physical interactions of Sec59p, we
obtained a novel information strongly suggesting that it
might homodimerize on the rER membrane (Fig. 4). It is
possible to identify a region required for this self-interaction,
by using a series of bait constructs for expression of
truncated Sec59p baits, which we prepared in this study. In
addition. we are now preparing a series of prey constructs for
expression of truncated Sec59p preys in order to explore the
interacting region.
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The physical interaction between two membrane

enzymes could play a role in positively or negatively altering

their enzymatic activities. In this study, we found out that

Sec59p forms at least homo-dimeric complex on the rER

membrane. This fact raises the possibility that DK activity

might be regulated by the status of homo-oligomerization of

Sec59p at protein level. On the other hand, we recently

demonstrated that Alg5p bait,

which is yeast DPGS,

physically interacts with Sec59p prey in another YSUS

analysis'¥. This observation means that Sec59p might also

form hetero-dimeric complex on the rER membrane. Hence,

we are now investigating the physical interactions of Sec59p

bait with preys of other enzymes involved in DLO assembly.
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