cta
Binchimica
Pulnnica

Vol. 41 No. 3/1994

QUARTERLY

Modulation of mannosylphosphodolichol synthase and dolichol

kinase activity in Trichoderma, related to protein secretion
Joanna Kruszewska?, Christian P. Kubicek” and Grazyna Palamarczyk®

Institute of Biochemistry and Biophysics, Polish Academy of Sciences,

A. Pawiriskiego 5a, 02— 106 Warsaw, Poland
PTechnishe Universitat Wien, Institut fiir Biochemishe Technologie Microbiologie,
Getreidemarkt 9, A-1060 Wien, Austria

Key words: mannosylphosphedalichol synthase, dolichol kinase, Trichoderma, protein secretion

It has been postulated that exoprotein secretion in Trichoderma is related to their

O-glycosylation.

In the present paper the involvement of phosphodolichol in this process is described
and the key role of mannosylphosphodolichol (MPD) synthase in protein O-man-

nosylation is discussed.

The effect of water soluble phospholipid precursors such as choline and Tween 80,

known also to increase secretion of cellulases when added to the medium, on
MPD-synthase activity is presented. This effect is positive in the Trichoderma reesei
QM 9414 (a low producing strain) but has no influence on the enzyme activity from
the RUT C-30 strain selected to overproduce secretion of exoproteins and known to
contain an increased cellular amount of endoplasmic reticulum,

The positive effect of addition of choline and Tween to the medium on the level of
dolichol kinase activity is also demonstrated.

The influence of cultivation temperature on the activity of the various enzymes
involved in dolichol-dependent protein glycosylation i.e. MPD-synthase, dolichyl
kinase and MPD/ Protein mannosyl transferase was tested. For all enzymes cultivation
at 35°C led to the elevated activity, which was most striking for dolichol kinase,
whereas for MPD-synthase and MPD/Protein mannosyl transferase the difference was
only apparent in the assay when endogenous phosphodolichol was used as a substrate.
Furthermore, lipid extract from the membranes cultivated at elevated temperature,
when added to the enzyme obtained from Trichoderma grown at 25°C, enhanced the
dolichol kinase activity measured in the absence of exogenous dolichol. All these
results suggest that the amount of endogenous dolichol as well as phosphodolichol in
Trichoderma might be increased upon cultivation of the fungus at elevated
temperature.

Cellulolyti tem of Tri ]
ellulolytic system of Trichoderma reesei stucanid lucohydrolase, BG

cluding endocellulase (e hdo%lur:anase; 1,4 B-D-
;EC32.14)and

Selected mutants of the filamentous fungus  exocellulase (cellobiohydrolases: CBH I and
Trichoderma reesei are potent producers of ex-  CBH II; EC 3.2.1.91) and B-glucosidase, (cello-

tracellular enzymes, mainly cellulases [1], in-  biase; EC 3.2.1.21).

1 Abbreviations: CBH, cellobiohydrolase; DolK, dolichol kinase; GDPMan, guanosine diphospho mannose;
Gle, glucose; Gle NacP, N-acetylglucosaminyl phosphate; GlcNacP /PD, N-acetylglucosaminyldiphospho-
dolichol; EG, endoglucanase; ER, endoplasmic reticulum; MPD, mannosylphosphodolichol; MPDS, man-
nosylphosphodalichol synthase; M-PT, mannosyl/protein transferase; PD, phosphodolichol.
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The end product of cellulose hydrolysis, glu-
cose, inhibits further enzyme synthesis. In an
analogy to the similar observation on bacteria
this phenomenon has been termed “carbon
catabolite repression”. However, in Trichoderma
there is no evidence avaliable for control by
carbon catabolite repression of cellulase forma-
tion. Although addition of glucose or com-
pounds related to its metabolism arrests
cellulase formation, glucose exhaustion does
not stimulate its formation [1].

The primary structure of several of the cellu-
lases is presently known, i.e., CBH I has the
structure homologous in 45% to EG protein, on
the other hand CBH I and CBH II show no
apparent homology in their amino-acid se-
quence except for the conserved region present
at their Cand N-termini (Ala, Asp, Gly, Gly, Val,
Lys, Tyr) [2, 3]. Limited action of papain on the
native forms of cellobiohydrolases from Tri-
choderma reesei (CBH 1, 65 kDa and CBH 11 58
kDa) results in isolation of core fragments (56
kDa and 45 kDa, respectively) which are fully
active towards small soluble substrates, but
have reduced activity on microcrystalline cel-
lulose. The papain cleavage site has been as-
signed to the C-terminus of CBH I and
N-terminus of CBH II. The cleaved peptide
(approx. 10 kDa) has been shown to be glyco-
sylated [4].

The specific activities of the intact enzymes
and their core fragments towards two forms of
insoluble cellulose (crystaline, amorphous) dif-
ferentiate the CBH | and CBH Il in terms of
adsorption and catalytic properties. In intact
CBH Il the N-terminal region contributes to the
binding to both cellulose types; the homolo-
gous C-terminal peptide in CBH I, however,
only affects the interaction with microcrys-
taline cellulose [4].

Analysis of enzymes and their genes clearly
established that all cellulases so far charac-
terized (CBH I, CBH Iand EG) contain both IN-
and O-linked carbohydrates [1].

The primary structure of CBH 1 reveals the
presence of four potential N-glycosylation
sites, three of thein beeing glycosylated. Occur-
rence of O-glycosidically linked mannose
residues close to the C-terminus of CBH [ pro-
tein was also demonstrated [5].

All of the hyper secretory strains of Trichoder-
ma used today have been obtained from the
ancestor T. reesei QM6a by a series of short gun

mutations [6), and little is known about the
biochemical alterations leading to “hypersecre-
tion”. One exception is the hyperproductive
mutant RUTC-30 which appears to develop a
proliferating endoplasmic reticulum (ER) dur-
ing growth on cellulose [7, 8].

It has been postulated that exoprotein secre-
tion by Trichoderma is related to their O-glyco-
sylation, whereas addition of N-glycosidically
linked oligosaccharide chains adds to the
proteolytic stability of the proteins [9]. Kubicek
et al. [10] have demonstrated that secretion of
EG under conditions of induction of its syn-
thesis precedes accumulation of core proteins
followed by their O-mannosylation prior to se-
cretion.

0-Glycosylation by membrane fraction of Tri-
choderma reesei QM 9414

The pathway of O-glycosylation in yeast and
some filamentous fungi is unique among euca-
ryotes in that itinvolves phosphodolichol (PD).
It becomes initiated at the endoplasmic reticu-
lum, and is completed at the “Golgi-like” struc-
ture [11]. However, only a few filamentous
fungi have been investigated in this respect.

In order to investigate O-glycosylation of pro-
teins in the fungus Trichoderma reesei QM 9414,
amembrane preparation was isolated and used
to measure glycosylation in vitro of endngenuus
proteins. In the presence of GDP[ C]mannase
the incorporation of 1%C-labeled mannose into
endogenous lipid, into added phosphodolichol
and into membraneous protein was measured.
The kinetics of mannosylation together with
“pulse chase” experiments with cold GDPMan
revealed that lipid was labeled prior to protein
labeling. The mannosylated lipid was identi-
fied as mannosylphosphodolichol (MPD) [12].
Mannosyl units transferred to the endogenous
protein could be released by fi-elimination and
were shown to consist mainly of tetra-, di- and
monomannosyl residues.

The reaction required manganese ions. Upon
addition of magnesium the transfer of only cne
mannosyl unit to protein was observed.

When MPD replaced GDPMan as a sugar
donor the transfer of a single mannosyl unit to
protein was demonstrated also in the presence
of Mn?*. Thus elon gation of the mannosyl units
requires presence of GDPMan in the media. It
can be concluded therefore, that O-mannosyl-
ation occurs by transfer of the first mannosyl
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residue from MPD followed by addition of the
sugar residues transfered from GDPMan (Fig.
1).

In order to support the conclusion that T. reesei
cellulases, which carry O-glycosidically linked
mannose chains, are located in the studied
membrane fraction, membrane proteins were
subjected to SDS-PAGE and the major cellobio-
hydrolase (CBH I) was detected with a mono-
clonal antibedy. Immunostaining revealed a
band at 60-70 kDa which corresponded to the
size reported for glycosylated CBH I [12].

Mannosylation of endogenous proteins by
membranes isolated from the cells grown on
glycerol (repressive carbon source) occured at
a lower rate as compared to the cells grown on
a slowly fermenting sugar thus a derepressive
carbon source (lactose). This effect could be
overcome by addition of cold GDPMan, sug-
gesting a limitation of the amount of endogen-
ous GDPMan in glycerol-grown (i.e., cata-
bolite-repressed) cells.

Qur results implied a mechanism of O-glyco-
sylation analogous to that described by Tanner
& Lehle in S. cerevisiae [13] in which MPD do-
nates the first O-linked mannose unit. How-
ever, more recently the same group have cloned
the PMT 1 gene coding for the enzyme which
transfers mannose residue from MFPD to spe-
cific serine/threonine residues of proteins en-
tering the secretory pathway [14]. Gene
disruption led to a complete loss of in vilro

Oligo,,

Man

mannosyl transferase activity. In vivo, however
protein O-mannosylation in the strain carrying
disrupted PMTI gene, had decreased only to
about 40-50% indicating the existence of an
additional transferase which had not been
measured by the enzyme assay in vitro [14]. It
remains to be established whether a similar
mechanism occurs also in Trichoderma cells.
MNevertheless, we have demonstrated direct
transfer of mannose from MFPD to endogenous
membrane protein [12]. This reaction was also
subjected to carbon catabolite repression and
could be enhanced by addition of exogenous
GDPMan. Formation of MPD was also signifi-
cantly higher in the cells grown on a dere-
pressive carbon source and was highly
dependent on the addition of exogenous doli-
chyl phosphate, thus suggesting that the latter
might be a rate limiting factor for MPD forma-
tion in Trichoderma cells.

Mannosylphosphodolichol synthase
and dolichol kinase from Trichoderma

The results presented above pointed to the
key role in the O-glycosylation pathway of
MPD-synthase [EC 2.4.1.8.3]. This enzyme cata-
lyses synthesis of MPD from GDFMan and PD.
In all eucaryotic cells MPD participates also in
N-glycosylation of proteins by donating the
last four mannosyl residues during assembly of
the lipid-linked precursor oligosaccharide i.e.,
dolichylpyrophosphate GlcNacaMangGlea.

start
Oligo, l

Mn++

AMM’_ Mg++

Fig. 1, Thin-layer chromatography of saccharides obtained by B-elimination (mild alkaline hydrolysis) of
O-glycosylated proteins of Trichoderma reesei QM 9414. Radioactivity was measured by TLC scanmer.

Transfer of mannose to the endogenous proteins was performed in the presence of Mgz or Mn?

* cations.
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In yeast participation of MPD in the biosyn-
thesis of glycosyl phosphatidyl inositol (GPI)
anchor of many membrane proteins was also
demonstrated [15].

The gene coding for MPD-synthase in yeast
has been cloned and the deduced amino-acid
sequence revealed the presence of a potential
phosphorylation site for cAMP-dependent
protein kinase at serine-141 [16]. Moreover the
mammalian enzyme has been shown to be sus-
ceptible to activation by cAMP-dependent
phosphorylation [17].

In our experiments [18] preincubation of
microsomes from Trichoderma reesei QM 9414
with the catalytic subunit of cAMP-dependent
protein kinase from bovine heart resulted in a
consistent, 4-5 fold, increase of MPD-synthase
activity. This effect decreased upon subsequent
treatment of the microsomes with alkaline
phosphatase. MPD-synthase activity assayed
at various times of growth correlated with the
rise and fall of the cAMP pool in T. reesei. On
the other hand, addition of extracellular dibu-
tyryl-cAMP and theophyllin did not elevate the
internal cAMP pool in the fungus and did not
affect of MPD-synthase activity. Thus, although
we were able o demonstrate the up-regulation
of the enzyme activity in vitro by cAMP-de-
pendent protein phosphorylation, apart from
the correlation between the internal level of
cAMP and MPDS activity no further data were
obtained to support the physiological relev-
ance of this mechanism in vivo. Although addi-
tion of exogenous cAMP has been used before
to study physiological properties of fungi [18]
only in one case it was demonstrated to affect
the level of intracellular cAMP. Cloning of the
gene coding for MPDS in Trichoderma, which is
now in progress, should allow to obtain a tool
for studying the relevance of phosphorylation
of MPD-synthase to the physiology of the fun-
gus.

Subsequently we have focused on modula-
tion in vive activity of the enzyme. Exoprotein
secretion by microorganisms is known to be
stimulated by addition of non-ionic surfactants
or phospholipids precursors [1]. In view of the
obligatory role of O-mannosylation in protein
secretion by Trichoderma the effect in vivo of
choline and Tween 80 on the activity of the
enzymes involved in this pathway was studied.
This effect was examined in two Trichoderma
strains i.e., T. reesei QM 9414 and in the hyper-

secretory strain RUT C-30. Significant differen-
ces were observed with respect to the activity
of MPD-synthase only. Strain QM 9414, grown
on media supplemented with choline or Tween
80 exhibited a two to treefold higher activity of
MPD-synthase compared to the control lacking
these supplements. This stimulatory effect was
observed during growth under both carbon
catabolite-repressed and -derepressed condi-
tions. In contrast, the hypersecretory strain
RUT C-30 exhibited decreased activities of
MPD-synthase when grown in media sup-
plemented with choline. It should be stressed
that choline had no effect on the activity of
MPD-synthase in vifro whereas Tween 80 de-
creased the activity of the enzyme [19].

The effect in vivo of choline and Tween 80 as
well as carbon catabolite repression of MPD-
synthase activity coincides well with the effect
on secretion of exoproteins by Trichoderma cells
pregrown in the presence of choline or Tween
80.

It has been demonstrated [20] that mycelia of
Trichoderma grown on choline reveal an in-
creased content of mitochondria and endoplas-
mic reticulum, and postulated that choline may
stimulate exoprotein synthesis by increasing
the content of endoplasmic reticulum. It seems
that this prediction can be fulfilled, as we have
demonstrated that the positive effect of choline
and Tween on exoprotein synthesis, as well as
on MPD-synthase activity, can be observed
only for Trichederma reesei QM 9414 (a low pro-
ducing strain) but not for the RUT C-30 [19]
selected to overproduce secretion of exopro-
teins and known to contain an increased cellu-
lar amount of endoplasmic reticulum [7].

Since the activity of MPD-synthase in Tri-
choderma is strongly dependent on the addition
of exogenous phosphodolichol, we have con-
sidered the possibility that the amount of en-
dogenous PD might be one of the factors
limiting the level of glycosylation. Therefore
we tried to modulate the activity of dolichol
kinase (DolK), one of the enzymes believed to
be responsible for the level of endogenous doli-
chyl phosphate in the membranes, by growing
the fungus in the presence of choline and
Tween 80.

We have found that the activity of dolichol
kinase unlike that of MPD-synthase is not sub-
jected to carbon catabolite repression, it is how-
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ever enhanced by the presence of choline or
Tween in mycelia growth medium (Table 1).

Table 1
Activity of dolichol kinase in membrane fractions
from Trichoderma reesei QM 9414 cultivated in

different media.
Trichoderma reesei QM 9414 was cultivated in Mendels
Andreotti medium containing either glycerol or lactose
as carbon source and a precursor of phospholipids

{choline) or fatty acids (Tween 80).

Mediun {c.p.m./ mgif‘:lilf:pcr 20 min)
Glycerol 37870

+ choline 53600

+ Tween 80 48960
Laclose 23500

+ choline 76880

+ Tween 80 39950

At least two explanations of this result can be
offered. One is the possibility that phos-
pholipid precursors might stimulate formation
of the endoplasmic reticulum and in turn in-
crease the total amount of the enzymic protein
in the endoplasmic reticulum. This explanation
is supported by the finding that the hyperse-

A 100

ook /my probin Emin

cretory mutant RUT C-30 containing an in-
creased amount of cellular content of ER ex-
hibited no stimulation of exoprotein synthesis
by choline either the activity of MPD-synthase.
In addition, this mutant already contains an
elevated activity of MPD-synthase as com-
pared to the low secretory strain. However, one
cannot exclude a different phospholipid meta-
bolism in this mutant, therefore the lack of ef-
fect of choline could be due to various reasons.
On the other hand in our low producing strain
the activity of another ER enzyme,
GleNacP/PD synthase was not affected by the
presence of choline (in the media), thus not all
ER enzymes are stimulated in response to the
presence of choline during the fungus growth.

An alternative explanation could be that ad-
dition of exogenous phospholipids and fatty
acids precursors during cultivation of the fun-
gus selectively enriches the membranes with
phosphatidyl choline or oleic acids and enhan-
ces the activity of MPD-synthase and/or DolK
activity.

Subsequently, the effect of membrane pertur-
bation by growth temperature (25° and 35°C)
on the protein secretion and lipid content as
well as on the activity of MPD-synthase, DolK
and M-PT was tested. The temperature had
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Fig. 2. Influence of cultivation temperature on the activity of MPD-synthase and mannosyl-protein
transferase (M-PT), and the effect of exogenous phosphodolichol (PD).

Two strains of Trichoderna reesei (QM 9414 and Rut C-230) were cultivated at 25°C or 35°C in Mendels Andreotti medium.
Activity of the enzymes was measured in membrane fractions: A, with no PD added to the reaction mixture; B, with 5
ng of PD added per assay. All results are mean values from five independent experiments.
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Fig. 3. Influence of cultivation temperature on the
activity of dolichyl kinase.

Trichoderma reesei QM 9414 and Rut C-30 were cultivated
at 25°C or 35°C and DolK activity was measured in mem-
brane fraction obtained from these two strains. 5 ng of
dolichol was added to the reaction mixture,

practically no effect on the protein secretion by
the low producing strain, whereas the amount
of exoprotein secreted was decreased with the
increased temperature of cultivation (20-35°C).

The effect of cultivation temperature on the
activity of the studied was different
but comparable for both strains (Fig. 2).

Cultivation at 35°C led to a small decrease of
theactivity of MPD-synthase and M-PTactivity
when the reaction was measured in the
presence of exogenous PD. In the assay when
the fungus utilized only endogenous FD, the
activity of the enzymes was slightly but consist-
ently increased upon cultivation at 35°C (Fig. 3
and Fig. 4).

The effect of temperature of cultivation on
DolK activity was striking. Furthermore, the
lipid extract from the membranes cultivated at
elevated temperature, when added to the
enzyme obtained from Trichoderma grown at
25°C, enhanced the DolK activity measured in
the absence of exogenous dolichol.

All these results suggest that the amount of
endogenous dolichyl phosphate and dolichol
in Trichoderma might be increased upon cultiva-
tion of the fungus at elevated temperature or
the temperature induced changes in the mem-
brane fluidity affect the activity of the enzymes
tested. On the other hand the changes observed
are not correlated with the secretion of cellu-
lases or with variations in the ER phospholipid

1994

Thousanda
120
ML el rin
160 -
-,

Z

_
oo

,ﬁ
40+ é

-
il B .
| .
I oo EZZ pal+ LF 38
3 withost Dol B Wirhout Dol « LF 38

Fig. 4. Effect of addition of lipid fraction from Tri-
choderma cultivated at 357C to the assay of dolichyl

kinase from Trichoderma Rut C-30.

5 ng of dolichol and 200 pggf total lipids fraction from
Trichoderma cultivated in 35°C were added. All results are
mean values from five independent experiments.

or fatty acids composition. Thus it seems rea-
sonable to conclude that described earlier [19]
effect of choline and Tween 80 on MPDS activ-
ity might be due rather to stimulation of endo-
plasmic reticulum membranes formation [20]
than to stimulation of enzyme activity by
changes in its lipid environment.

Recent advance in molecular biology of Tri-
choderma should allow us to probe nuclear
DNA with cloned genes of the respective
enzymes and with time, elucidate this problem.
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