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The dolichol pathway serves in the synthesis of the dolichol-
linked oligosaccharide precursor for protein iV-glycosylation.
Recently, we reported that mRNAs of genes that function at
the early steps in the dolichol pathway in yeast, ALG7,
ALG1 and ALG2, were co-ordinately induced following
growth stimulation of Go-arrested cells in a manner similar
to that of the transcripts of the early growth response genes
(Kukuruzinska,M.A. and Lennon,K. Glycobiology, 4,
437-443, 1994). To determine whether the entire dolichol
pathway was co-ordinately regulated with growth, we exam-
ined the expression of genes functioning late in the pathway,
including two genes encoding oligosaccharyltransferase
subunits, at two critical control points in the G( phase of
cell cycle: Go/G, and START. We show that early in G,, at
the G(/G, transition point, the late ALG genes and the two
oligosaccharyltransferase-encoding genes examined were
regulated co-ordinately with the early ALG genes: they were
downregulated upon exit from the mitotic cell cycle into Go,
and they were induced following growth stimulation in the
absence of de novo protein synthesis. All the dolichol path-
way genes produced transcripts with short, half-lives that
were rapidly stabilized in the presence of cycloheximide. In
contrast, cell division arrest late in G], at START, was accom-
panied by a selective downregulation of only the first
dolichol pathway gene, ALG7, and not of the genes func-
tioning later in the pathway. These results indicate that,
depending on their position in Gl5 cells either co-ordinately
or differentially regulate the dolichol pathway genes.
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Introduction

The dolichol pathway of protein N-glycosylation comprises a
number of genes (ALG genes) that function sequentially in a
stepwise addition of monosaccharides to the dolichol carrier to
produce the 14-sugar oligosaccharide precursor (Figure 1). The
oligosaccharide is then transferred as a unit to the asparagine
residues of polypeptides, within an Asn-X-Ser/Thr consensus
sequence, in a reaction catalysed by the oligosaccharyl-
transferase (Komfeld and Kornfeld, 1985; Kukuruzinska et al,
1987; Herscovics and Orlean, 1993). The significance of the
dolichol pathway is documented by the fact that the obligatory
nature of protein A'-glycosylation resides in its initial steps

(Kukuruzinska et al, 1987). Of the initial glycosyltransferase
genes cloned to date, those acting at the first (ALG7)
(Kukuruzinska and Robbins, 1987), third (ALG1) (Albright
and Robbins, 1990) and fifth (ALG2) (Jackson et al, 1993)
steps in the pathway in yeast have been shown to be essential
for viability. Although the precise function(s) and downstream
genetic targets of A'-glycosylation have not been established,
cumulative data indicate that the dolichol pathway plays a role
in growth and proliferation. Specifically, deregulated expres-
sion of the first gene in the dolichol pathway, ALG7, has been
shown to result in phenotypes reflecting defects in Gj/S transi-
tion (Arnold and Tanner, 1982; Kukuruzinska and Lennon,
1995) and in an abnormal exit from the mitotic cycle into Go

upon quiescence (Kukuruzinska and Lennon, 1995). In addi-
tion, mutations in either ALG1 or ALG2 genes cause cell cycle
arrest in the G, phase (Klebl et al, 1984; Jackson et al, 1993).
These data have suggested that A'-glycosylation affects the
proliferative capacity of yeast cells.

In an effort to further define the role of the dolichol pathway
in cellular growth and proliferation, we have focused on charac-
terizing the expression of its component genes in the G, phase
of the cell cycle, a period during which control of proliferation
takes place. Recently, we have shown that the early ALG genes
are regulated at the G(/G| transition point in a manner resem-
bling that of mammalian early growth response genes (Hof-
bauer and Denhardt, 1991; Kukuruzinska and Lennon, 1994).
Withdrawal of glucose from actively proliferating yeast cul-
tures is accompanied by downregulation of early ALG gene
expression at the mRNA level. The early ALG gene mRNAs
are rapidly induced in quiescent cells upon stimulation to proli-
ferate in the absence of de novo protein synthesis, suggesting
that they play some role in mediating the transition from quies-
cence to proliferation. Consistent with the characteristics of the
early growth response genes, mRNAs of the early ALG genes
have very short half-lives, and they are rapidly stabilized by
cycloheximide (Kukuruzinska and Lennon, 1994).

Transit through G] involves progression through a series of
subphases, starting either from Go or from the previous cell
cycle, and requires the co-ordinate action of G] regulators that
integrate different mitogenic and antiproliferative signals to the
cell cycle machinery (Pardee, 1989). Two major control points
have been defined as determinants of the rate of cell prolifera-
tion: early in G, at the G^G, transition point, and in late G|, at
START (restriction point in animal cells). In this study, we
wanted to determine whether the late genes in the dolichol
pathway, as well as the genes encoding two oligosaccharyl-
transferase subunits, were co-ordinately regulated with the
early ALG genes at the Go/G| transition point. In addition, we
were interested to examine whether the dolichol pathway genes
were regulated at the second point controlling the proliferative
potential of cells, in late G|, at START. Utilizing recently isolated
clones of genes that function late in the dolichol pathway, as
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Fig. 1. Schematic representation of the dolichol pathway with genes investigated in this study. Synthesis of the oligosaccharide precursor for protein
A'-glycosylation begins in the endoplasmic reticulum on the lipid carrier, dolichol. Through the sequential action of the dolichol pathway genes, monosaccharides
are assembled on the dolichol carrier to produce the 14-sugar oligosaccharide precursor. The oligosaccharide is then transferred as a unit to the appropriate
asparagine residues of polypeptides via the action of the oligosaccharyltransferase subunits. The steps at which specific genes function are shown. Arrows
indicate the direction of synthesis of the oligosaccharide precursor.

Table I. Features of the dolichol pathway genes

Pathway
step no.

1

3

5
12

13
aux1

transfer*

"ALG5 acts in an auxiliary manner outside the dolichol pathway.
'Oligosaccharyltransferase subunits.

Gene

ALG7

ALG1

ALG2
ALG6

ALG8
ALG5

WBP1

SWP1

Essentiality
(+/-)

+

+

+
_

-
-

+

+

Open reading
frame (kb)

1.34

1.35

1.6
1.5

1.8
1

1.3

0.9

Transcript Transcript size
no. (kb)

2

2

1
2

i :
2

2

1

.4

.0

.8

.95

.7

.6

.8
>.l
.1

••y

.£.

A
.5
.0

well as two essential genes encoding oligosaccharyltransferase
subunits (te Heesen et al., 1992, 1993; Kelleher and Gilmore,
1994), we show that all the dolichol pathway genes encode
transcripts with short half-lives that are co-ordinately regulated
at the Gn/Gi transition point. In contrast, growth arrest in late
Gi, at START, results in a selective downregulation of only the
first gene in the pathway, ALG7, indicating that the dolichol
pathway genes are differentially regulated at two distinct
substages in the G| phase of the cell cycle.

Results
Features of the late ALG and two oligosaccharyltransferase
subunit genes

In an effort to initiate elucidation of the regulatory mech-
anism(s) governing gene expression in the dolichol pathway,
we examined transcript complexities of its component genes. In
the case of ALG7, the first gene in the dolichol pathway, the

production of multiple transcripts allows for additional control
levels (Kukuruzinska and Lennon, 1995). The sizes and tran-
script complexities of the genes acting late in the dolichol path-
way, including two essential oligosaccharyltransferase subunit
genes, WBP1 and SWP1, were determined by high-resolution
RNA blotting assays (data not shown). Transcript sizes were
estimated from semi-log plots of the distances mRNAs mi-
grated in the gels versus their molecular weights and compared
with mRNAs of the early ALG genes (Table I). Although all the
genes examined produced mRNAs of similar size, ranging
from 1 to 2 kb, there was no correlation between transcript
complexity and either essentiality or position at which a parti-
cular gene functioned in the pathway. For instance, the essen-
tial genes that act at the initial steps in the dolichol pathway,
ALG7 and ALG1, belong to a category of complex transcrip-
tional units (Kukuruzinska and Robbins, 1987; Albright and
Robbins, 1990); similarly, WBP1, an essential oligosaccharyl-
transferase subunit gene, gave rise to two major transcripts
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Table II. Decay rates of dolichol pathway gene transcripts

Step
no.

Gene Transcript
size
(kb)

hn'
(min)

Type of
decay

Stabilized by
cycloheximide

1

3

5
12

13
aux*

transfer6

ALG7

ALG1

ALG2
ALG6

ALG8
ALG5

WBP1

SWP1

1.4 &
1.6
1.8 &
1.95
1.7
1.6 &
1.8
2.1
1.1 &
1.2
1.4 &
1.5
1.0

2
3
2.5
3
3.5
3.2

2
3

21
15
6

complex
complex
complex
complex
complex
simple

simple
simple

simple
simple
simple

'For the complex kinetics, values are given for the fast decaying components.
bALG5 acts in an auxiliary manner outside the dolichol pathway.
'Oligosaccharyltransferase subunits.

(Table I). Nonetheless, a non-essential gene acting late in the
pathway, ALG6, also produced two transcripts. Likewise,
ALG5, a non-essential gene acting in an auxiliary manner to
the dolichol pathway, gave rise to two mRNAs. That essenti-
ality did not correlate with transcript complexity was further
supported by the fact that another essential oligosaccharide
subunit gene, SWP1, was transcribed only into a single mRNA;
one of the early essential dolichol pathway genes, ALG2, also
gives rise to one transcript (Jackson et al, 1993). Since com-
plex transcriptional patterns correlate with multiple regulatory
controls, typical of genes whose products perform critical
functions, the rationale for transcript complexity of the select
dolichol pathway genes remains obscure at this stage.

Stabilities of the late ALG, WBP1 and SWP1 gene mRNAs

Our previous studies have shown that the early ALG genes give
rise to highly unstable transcripts that display complex decay
kinetics (Kukuruzinska and Lennon, 1994). To assess the
stabilities of the late ALG and two oligosaccharyltransferase
subunit gene mRNAs, transcript decay rates were determined
in temperature-sensitive RNA polymerase II mutants after the
shift to the non-permissive temperature (Nonet et al, 1987;
Herrick et al, 1990; Kukuruzinska and Lennon, 1994). Based
on sequential hybridizations of RNA blots, mRNA decay rates
were calculated from the plots of the percentage of steady-state
mRNA levels versus time after temperature shift (data not
shown). The half-lives (tm) of the transcripts of the dolichol
pathway genes are summarized in Table II. All of the ALG
gene mRNAs displayed similar, rapid decay rates, with tm

values of 2-3 min. SWP1, one of the oligosaccharyltransferase
subunit genes, produced a transcript that also decayed rapidly,
with a tm of 6 min, while another oligosaccharyltransferase
subunit gene, WBP1, gave rise to mRNAs with significantly
longer t\n values of 21 and 15 min for the 1.4 and 1.5 kb
species, respectively (Table II).

Sequence analyses revealed AU-rich instability elements
(Peltz and Jacobson, 1992; Beelman and Parker, 1995) in the
coding and 3' untranslated regions (3' UTRs) of all the tran-
scripts examined in this study (Figure 2), although no se-
quences responsible for conferring instability to MATal
transcript were found in any of these mRNAs (Caponigro et al,
1993). The longer half-lives of WBP1 transcripts compared to

the ALG and SWP1 mRNAs may reflect the participation of as
yet uncharacterized stabilizing sequences in WBP1 mRNAs.
Interestingly, the genes acting at the beginning of the dolichol
pathway, ALG7, ALG1 and ALG2, gave rise to mRNAs that
displayed complex decay kinetics, whereas those functioning
later on in the pathway, and at the transfer of the mature oligo-
saccharide precursor to protein, gave rise to transcripts that
exhibited single-component decay patterns.

Characteristic of growth response genes (Hofbauer and
Denhardt, 1991; Peltz et al, 1991), the early ALG gene tran-
scripts were shown to be rapidly stabilized after treatment of
cells with cycloheximide (Kukuruzinska and Lennon, 1994). In
a similar fashion, cycloheximide abrogated degradation of
all the dolichol pathway and oligosaccharyltransferase gene
transcripts (Table II). In fact, no degradation of any of the tran-
scripts was apparent, even minutes after the temperature shift
(data not shown).

Expression of the late ALG and two oligosaccharyltransferase
subunit genes at the G(/G) transition point

In order to determine whether the late dolichol pathway and
two oligosaccharyltransferase subunit genes exhibited co-
ordinate growth-dependent induction with the early ALG genes
(Kukuruzinska and Lennon, 1994), we examined their steady-
state transcript levels following release from growth arrest
(Figure 3). After 4 h of glucose deprivation (/0), mRNAs were
virtually undetectable for all genes examined, indicating down-
regulation of their transcripts upon exit into Go- Within 15 min
of glucose addition (G15), however, and similar to the early
ALG gene mRNAs, transcript abundances of the late ALG and
two oligosaccharyltransferase subunit genes increased signifi-
cantly. After 120 min of glucose stimulation (G,2o), WBP1 and
SWP1 transcript levels began to decline, like the early ALG
gene mRNAs, suggesting periodic regulation of their abund-
ance. In contrast, accumulation of the late ALG genes' mRNAs
continued to increase even 120 min following addition of
glucose. The differences in the relative mRNA levels following
growth stimulation may reflect differential regulation of these
genes during the cell cycle.

All the dolichol pathway and the two oligosaccharyl-
transferase subunit genes were superinduced by cycloheximide
following stimulation to proliferate [(G + C)i5, (G + C),2oJ,
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ALG7

ALG1

ALG2

234 CAGrjTJUAUUUATJUUGUAAUG 253
238 rjUAUUUAljrjUQUAAUGUUCA 257
4 3 5 CnGAUaAUTTUAUrjUGArjrjUA 454
439 UGAUOTJAUUrjqAUUUACGrjP 45 8
9 6 0 AAU U U UAUUUATJUCAUGOCC 9 79
1349 KAGAUUAUaUA UUGGAUGUU 1368
1406 AUAAVUADUUAaUUAUCGAU 1425

469 CTJAAUUAtroaAUUGGCACAA 488
620 GGAAaUAUTJUAAUUCAAAGC 639
1244 AUGCTJqAPUPAPACCAAAAA 1263
139 6 ACtrCTJUuUTJTJAPACAGrjUAC 1415

225 PCGUUTJuUUUAPPGUUUUCG 244
257 AGCUSnAJUZBAaSUATJUCAA 27 6
2 6 1 PPACTPPAgUPACTrjCAAPTJGA 280
265 UUAGTJUArjTJcAArjPGAPCCD 284
750 UAAGUJIftgniZAJErUGCGGUG 7 69

1636 AUAAUUuUUUAUUACUCACU 1655
1686 CAAUUaAUUUAUACUGCCA U 1705

effect of glucose and cycloheximide [(G + C)15, (G + C)120]
indicates that this co-ordinate regulation occurs at more than one
level (Kukuruzinska and Lennon, 1994).

To prove that the observed growth induction of the dolichol
pathway and oligosaccharyltransferase subunit genes occurred
early in G h we examined these genes' mRNA levels after
glucose stimulation in the presence of a-factor that arrests cells
in late G,, at START (Throm and Duntze, 1970; Thorner, 1980).
Transcripts of all the dolichol pathway and oligosaccharyl-
transferase subunit genes became visible within 3 min of
glucose addition to G0-arrested cells, and their levels increased
progressively over 20 min; this increase in mRNA abundance
occurred even in the presence of a-factor, indicating that it took
place prior to the performance of START (Figure 4). As
expected, mRNA levels of the a-factor inducible gene, FUS1
(McCaffrey et al, 1987), were rapidly upregulated following
glucose addition in the presence of the pheromone, reaching
peak values at 6 min (Figure 4). It should be emphasized that
the bar graph values represent the relative intensities of tran-
scripts for each gene examined, and not the absolute level of
expression. Taken together, these data indicate that growth-
related induction of the dolichol pathway genes occurs in an
early substage of G,, and that it represents the primary genomic
response to growth stimulation.

ALG6

ALG8

ALG5

WPB1

SWP1

1570

1450
1698
1776
1803

74
86

962
1007
1106

122
865

1314
1361

243

AAGAPUAPPUcAACtrCTTUAA 1 5 8 9

PGPAPaAUTjPAPTJTJPGCCGC 1 4 6 9
GPGQUUAUaUAAUUUUGACG 1 7 1 7
AAAAUUAUUVAUAUAUGAAU 1795
AGAAa UAUUUAUUGUACAUU 1822

CACPqrjAPUTJAPPGGPCTJAP 93
PGGPcPAPPPAUUUUCGCAP 1 0 5
PGGC cPAPTJUAPTJAGGGArjA 9 8 1
GUAAUUAUUUuUAUGUUAUU 1026
UUGCUUAUUUuUUUUUGAAA 1125

CAGPcPAUUTJAAAAGAPCUA 1 4 1

AAAGPTJAPTJCTAPPCPGUAGG 9 8 4

AUAAUUcmJUAUAAAUGGCU 1333
GUGUUUAUUUAUAUUUUUUG 1380

CACCTJTJAPPoAPAGGCPPAC 262

Fig. 2. Location of instability elements in the coding and 3' UTRs of the
dolichol pathway and oligosaccharyltransferase gene transcripts. AU-rich
instability sequences are underlined; italics indicate sequences occurring in
the 3' UTRs; lower-case letters show mismatches from the consensus
sequence. Numbers reflect nucleotide position from the AUG codon.

indicating that their mRNAs increased in abundance in the
absence of de novo protein synthesis. These data and the rapid
kinetics of induction of these genes suggest that the dolichol
pathway and two oligosaccharyltransferase subunit genes are
co-ordinately regulated with growth. The observed synergistic

Effect of cell cycle arrest at START on the expression of
the dolichol pathway and two oligosaccharyltransferase
subunit genes

To determine the effect of cell cycle arrest in late G,, at START,
on the expression of the dolichol pathway genes, exponentially
growing asynchronous wild-type cells were treated with
a-factor, and levels of ALG and oligosaccharyltransferase gene
transcripts were assessed with RNA blotting assays. A decrease
in ALG7 mRNA levels was already detected within 1 h of
a-factor addition; after one generation time (2.5 h), a period
necessary for a-factor-specific cell cycle arrest and morpho-
logical changes, ALG7 transcript abundance declined to less
than half of its initial steady-state level (Figure 5). Analyses of
the genes acting downstream from ALG7 in the dolichol path-
way, including two oligosaccharyltransferase subunit genes,
showed that ALG7 was the only dolichol pathway gene that
was downregulated in response to START arrest. Specifically,
ALG1, WBP1 and SWP1 showed some induction upon treat-
ment with a-factor, while transcripts of ALG2, ALG6, ALG8
and ALG5 were unaffected in their abundance in response to
the pheromone. As expected, levels of the a-factor-inducible
FUS1 mRNA increased dramatically during the first hour of
pheromone treatment (Figure 5).

On a molecular level, a-factor response in a cells is medi-
ated by the pheromone response element (PRE), TGAAACA,
with two copies of the PRE box, in either orientation, being
required for response (Kronstad et al, 1987; Sengupta and
Cochran, 1990). Sequence analyses of the 5' non-coding
regions of ALG7, ALG2, ALG6, ALG5, WBP1 and SWP1
genes revealed that they contained multiple copies of the
PRE box (Figure 6). In contrast, the available sequence data
for ALG1 and ALG8 genes disclosed only single copies of
the PRE box in their 5' non-coding regions. Additional
sequence information will be necessary to ascertain the
presence of other a-factor response elements in the 5' non-
coding regions of all of these genes. The significance of PRE
boxes in the 5' non-coding regions of the dolichol pathway and
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Fig. 3. Growth induction of the late ALG and oligosaccharyltransferase genes at the G</G| transition point. Wild-type, S288C cells were glucose-starved for 4 h
(r0) and then stimulated to proliferate by the addition of glucose to 2% (G,5, GiS>), cycloheximide to 25 Hg/ml (C,3, Cim). or both [(G + C),3, (G + C)i2o]- Cells
were then incubated at 30°C for 15 and 120 min, 15 ml aliquots were removed and total RNAs were isolated. Equal amounts (8 |ig) of total RNAs were
subjected to electrophoresis on 2% agarose-6% formaldehyde gels, transferred to GeneScreen™ membranes, and then sequentially hybridized with 32P-labelled
probes for the late ALG and two oligosaccharyltransferase subunit genes (insets). Membranes were exposed to X-ray film, with intensifying screens, at -70°C.
Band intensities were quantified using the LKB laser densitometer and GelScan software (Pharmacia); multiple exposures of membranes were used to determine
accurate relative intensities. Data were corrected for variations in gel loading and plotted as arbitrary absorbance units (AU*mm) versus time. Each data point
represents an average of three determinations; the SEM is indicated. The values displayed were adjusted to the same scale and represent the relative abundances
of transcripts for each gene, but do not reflect the absolute level of expression for each gene.

oligosaccharyltransferase subunit genes is not clear, however,
since not all of these genes responded to a-factor treatment
(Figure 5). All the dolichol pathway and two oligosaccharyl-
transferase subunit genes contained multiple TATA elements in
their promoter regions. Since constitutively expressed yeast
genes frequently contain TATA-less promoters, the presence of
TATA boxes in the ALG genes may reflect regulated expression
on the level of transcript initiation. Sequence analyses also
revealed the presence of cell cycle regulatory boxes, GCGAAA
(Osley et ai, 1986), in the 5' non-coding regions of ALG7 and
ALG5 genes.

Discussion

The data presented here show that the genes that function in
the synthesis of the oligosaccharide precursor for protein
/V-glycosylation in yeast are differentially regulated in re-
sponse to growth arrest at two distinct control points in the
G| phase of cell cycle: early in Gi, when cells exit into Go, and
late in G,, at START. Both growth arrests, consequences of
the integration of anti-proliferative signals with the cell

cycle machinery, prevent cell division under unfavourable
conditions.

Our results indicate that the late ALG genes examined to
date, and the oligosaccharyltransferase subunit genes, are
downregulated upon exit of the cells into Go following glucose
withdrawal (Figure 3). Although the kinetics of their down-
regulation may differ, most of the transcripts of the dolichol
pathway genes were undetectable within 1 h following nutrient
removal (data not shown). Likewise, growth stimulation of
Go-arrested yeast cultures led to a rapid induction of the doli-
chol pathway genes, whose transcripts already became detect-
able 3 min following addition of glucose (Figure 4). For all the
ALG genes, this induction occurred in the absence of de novo
protein synthesis, indicating that the dolichol pathway genes
are a primary component of the genetic programme for growth.

Because all the ALG gene mRNAs were superinduced in the
presence of cycloheximide, they are likely to be regulated at
more than one level. Similar to the early ALG genes (Kukuru-
zinska and Lennon, 1994), the genes functioning at the later
steps in the dolichol pathway gave rise to rapidly degraded
transcripts, whose common feature was that they were
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Fig. 4. Effect of a-factor on growth induction of the dolichol pathway and oligosaccharyltransferase genes. Asynchronous wild-type GR2 cells were grown to
mid-exponential phase (A660= 1.2), glucose deprived for 4 h and divided into two flasks. To one-half, glucose was added to 2%; to the second half, glucose and
a-factor were added to 2% and 10 uM, respectively. Cells were then incubated at 30°C; at the indicated times, 50 ml aliquots were removed and used for RNA
isolations and analyses as described in Figure 3. The blot was sequentially hybridized with radiolabelled probes of dolichol pathway genes, ALG7, ALGl,
ALG2, ALG6, ALG8 and ALG5; two oligosaccharyltransferase subunit genes, WBP1 and SWPl; and the ot-factor-inducible FUS1 gene (insets). Membranes
were exposed to X-ray film, with intensifying screens, at -70°C. Relative intensities of transcript bands were measured using an LKB laser densitometer with
GelScan™ software (Pharmacia) for multiple exposures of the membranes. Values obtained were normalized for loading variations, and arbitrary absorbance
units (AU*mm) were plotted versus time. Each data point represents one of three independent determinations; the SEM is indicated. For ALG7 results, the solid
bars represent the 1.4 kb mRNAs and the open bars depict 1.6 kb transcript levels. For ALGl results, the solid bars depict the 1.8 kb transcripts, while the open
bars indicate the 1.95 kb mRNAs. The bar graph values were adjusted to the same scale and indicate the relative abundances of mRNAs at each time point, not
the absolute levels of gene expression.
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Fig. 5. Expression of the dolichol pathway genes, two oligosaccharyltransferase subunit genes and FUSl following a-factor-induced arrest at START.
Asynchronous, wild-type GR2 cells were grown in SD media to /466n= 1.2; a-factor was then added to a final concentration of 10 nM. At the indicated times,
50 ml aliquots were removed, total RNAs were isolated, and RNA blotting assays were performed as described in Figure 3. Blots were sequentially hybridized
with the 32P-labelled probes of the following genes: ALG7, ALGI, ALG2, ALG6, ALG8, ALG5, WBPl, SWPl and FUSI. Membranes were exposed to X-ray
film and intensifying screens at -70°C. Routinely, several exposures were used to obtain accurate assessment of each gene's expression. Values were corrected
for differences in gel loading and arbitrary absorbance units (AU*mm) versus time were plotted. Each data point represents four independent determinations,
with the SEM indicated. For ALG7 results, the solid, black bars represent the 1.4 kb transcripts, whereas the lighter bars indicate the 1.6 kb transcript; for
ALGI results, the solid, black bars show the 1.8 kb transcript and the lighter bars depict the 1.95 kb mRNA. The bar graph values were adjusted to the same
scale and represent the relative intensities of mRNAs at each time point, but do not reflect the absolute level of expression for each gene.
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Fig. 6. Analysis of functional sequence elements in the 5' UTRs of the
dolichol pathway and oligosaccharyltransferase subunit genes. Pheromone
response elements, PRE boxes (Kronstad et al., 1987; Sengupta and Cochran,
1990), in forward (underlined) and reverse (double underlined) orientations
are indicated. One mismatch was permitted except for the A in position 5
(Kronstad et al., 1987); lower-case letters depict mismatches in the consensus
sequence. Overlapping PRE boxes are italicized. Numbers reflect nucleotide
position in the 5' non-coding region, with A of the ATG codon designated
as 1.

stabilized in the presence of a protein synthesis inhibitor. It is
possible that degradation of the transcripts of the dolichol
pathway genes is coupled to translation, although it may re-
flect a requirement for an unstable nuclease(s). Interestingly,
WBP1 mRNAs had significantly longer decay times compar-
ed to the other genes examined; based on the stability pheno-
types of mRNAs in yeast, the WBP1 transcripts can be placed
in the category of moderately stable mRNAs (Herrick et al,
1990).

The majority of the dolichol pathway genes, therefore,
display characteristics of early growth response genes. That the
entire dolichol pathway is turned on once cells receive a signal

to proliferate may reflect the requirement for the synthesis of
membranous structures necessary for growth, or for the modifi-
cation of critical transcription factors, or both. Accordingly, the
decision to downregulate the ALG genes in Go may be
indicative of the overall low requirement for TV-glycosylation in
quiescent cells. The co-ordinate down- and upregulation of the
ALG genes at the GQ/G, transition point may involve common
c/s-elements and/or trans-acting factors. Searches for shared
motifs in the 5' UTRs of the ALG genes have revealed the
presence of possible a-factor response elements (Kronstad
et al., 1987; Sengupta and Cochran, 1990); regions homo-
logous to elements that confer periodic transcription (Osley
et al., 1986) were also present in the promoter regions of ALG7
and ALG5, although their significance remains unclear. At this
time, little is known about the existence of trans-acimg factors
that may be involved in selective repression or activation of the
ALG genes.

Interestingly, our data also show that the arrest of cell
division later in Gj, at START, has diverse effects on the mRNA
levels of the dolichol pathway genes. Arrest at START led to a
downregulation of only ALG7 mRNA abundance; the tran-
scripts of the ALG 1 gene were somewhat upregulated, while
the abundance of mRNAs of genes functioning further down-
stream in the dolichol pathway, ALG2, ALG6 and ALG8, did
not seem to be affected to a significant extent. Similar to
ALG1, mRNAs of the oligosaccharyltransferase subunit genes,
WBP1 and SWP1, were also upregulated. Differential response
to START arrest suggests that, in addition to sharing sequences
and possibly trans-acting factors that govern co-operative
response to growth stimulation, other regulatory mechanism(s)
must be involved in the specific suppression of ALG7 and
upregulation of ALG 1, WBP1 and SWP1 genes.

Downregulation of ALG7 at START is significant and
necessary for cell cycle arrest in late G,. Our recent studies
indicate that alg7 mutants with deregulated ALG7 expression
(Kukuruzinska and Lennon, 1995) do not arrest at START as
effectively as wild-type cells. Accordingly, induction of the
a-factor-specific FUS1 transcript follows an aberrant time
course in the alg7 mutants, suggesting that ALG7 plays a role
in the pheromone response pathway leading to START arrest
(Pretel et al., 1995). Taken together, these data indicate that
growth arrest in late G, requires downregulation of ALG7
expression, and not of the remaining dolichol pathway genes.
That ALG7, the gene functioning at the first committed step in
the N-glycosylation pathway, is selectively regulated supports
our previous work showing that partial inhibition of ALG7
expression results in lower A'-glycosylation and secretion
of proteins in Xenopus oocytes (Kukuruzinska et al., 1994), and
deregulation of ALG7 expression in yeast gives rise to a plethora
of phenotypes displaying defects in cell cycle progression and
Go arrest (Kukuruzinska and Lennon, 1995). This argues that,
at least in some cases, ALG7 may regulate the flux through the
dolichol pathway, or function like a 'pacemaker' for the genes
located downstream from it in the pathway.

It should be emphasized that our studies focus on the regu-
lation of the dolichol pathway genes at two critical checkpoints
in G, that determine the proliferative capacity of cells. Similar
to the mammalian c-myc gene (Hofbauer and Denhardt, 1991),
but unlike the majority of immediate early growth response
genes, the peak expression of the early ALG genes occurs soon
after growth stimulation, and their mRNAs are continuously
present at appreciable levels throughout the cell cycle. Under
conditions supportive of continued cycling, the levels of the

640



Regulation of the dolichol pathway genes in yeast

mRNAs of the early dolichol pathway genes reach peak values
soon after entry into the S phase (B.Benton and F.Cross,
personal communication; M.A.Kukuruzinska and A.Bird,
unpublished data).

Previously, we suggested that the growth response charac-
teristics of the early ALG genes reflected a generalized require-
ment for A'-glycosylation to modulate various transcriptional
and metabolic processes that, in turn, affect the rate of mass
accumulation (Kukuruzinska and Lennon, 1994). Somewhat
more specific insight has recently been obtained regarding the
role of A'-glycosylation in the progression through START:
inviable algl clnl cln2 mutants can be rescued by overexpres-
sion of either CLN1 or CLN2, although their A'-glycosylation
defect persists. This suggests that a certain level of
A'-glycosylation is required for driving cells through START,
and overexpression of cyclins allows cells to pass through this
checkpoint with lower A'-glycosylation (B.Benton and F.Cross,
personal communication). Alternatively, the requirement for
correct A'-glycosylation of a key target may be relaxed under
conditions of cyclin overexpression.

From a pragmatic perspective, understanding of the control
mechanisms that regulate expression of the dolichol path-
way genes in response to physiological and environmental
changes may prove important in predicting a priori the extent
of A'-glycosylation. Current dogma is that, depending on the
environmental and physiological state, cells regulate the ac-
tivity of A'-glycoproteins by modulating the pools of their
A'-glycoforms (Rademacher et al., 1988). Variations in a given
A'-glycoprotein's A'-glycoforms arise as a consequence of
changes in either the nature of carbohydrate moieties or the
occupancy of glycosylation sequons, or both. On a molecular
level, elaboration of N-linked oligosaccharide structures has
been shown to be dependent on the expression of the Golgi-
localized glycosyltransferases and glycosidases (Paulson and
Colley, 1989; Lowe, 1991; Moremen et al., 1994). Modulation
of the number of A'-glycosylation sequons in response to
physiological and environmental cues is likely to be determined
earlier in the synthesis of A'-glycoproteins, at the level of the
dolichol pathway. Determination of the molecular basis for the
regulation of the dolichol pathway under distinct conditions of
growth and differentiation, therefore, may prove useful in
gaining knowledge of the molecular basis of A'-glycoprotein
microheterogeneity.

Our studies document that the dolichol pathway plays a role
in the primary genomic response to growth stimulation, and
that it may function in the integration of mitogenic and anti-
proliferative signals. Further studies of the downstream genetic
targets of A'-glycosylation that are critical for proliferation will
increase understanding of the precise role(s) this pathway plays
in diverse processes involving signal transduction, differentia-
tion, senescence, apoptosis and malignant transformation.

Materials and methods
Strains, plasmids, media

Yeast strains used in this study included GR2 (MATa ural hisl), provided
by Gerald Johnston (Dalhousie University), and S288C (MATa mat gal2).
For mRNA stability studies, strain Y260 (MATa ura3-52 rpbl-l), containing
a temperature-sensitive (ts) mutation in RNA polymerase U, was used as
described before (Kukuruzinska and Lennon, 1994).

For studies of the expression of the late dolichol pathway ALG genes, clones
of ALG5, ALG6 and ALG8 genes in YEp352 plasmids were used (te Heesen
elal., 1994;Stagljare<a/., 1994). Expression of oligosaccharyltransferase sub-
unit genes was assessed using clones of WBP1 and SWP1 in pBluescript KS+

plasmids (te Heesen et al., 1991, 1992). The FUS1-containing plasmid,
pSL589, was a gift from Benjamin Benton and Frederick Cross (Rockefeller
University).

The minimal medium (SD) was yeast nitrogen base (without amino acids),
supplemented with 2% glucose and 0.01 % of the appropriate amino acids. For
studies using a-factor, the phcromone was added to SD to a final concentration
of 10 nM; cycloheximide was added to a final concentration of 25 |ig/ml.

Culture conditions

In order to determine the transcriptional patterns of the late ALG and oligo-
saccharyltransferase subunit genes, asynchronous wild-type GR2 cells were
grown in SD with 2% glucose and 0.01% uracil and histidine at 30°C to Aw =
1.1. At this time, 50 ml of cells were removed and used for RNA isolations.
Both mRNA stability and glucose/cycloheximide induction studies were
conducted as described previously (Kukuruzinska and Lennon, 1994).

For studies of growth induction at the Go/G| transition point, asynchronous
GR2 cultures were grown in minimal media containing 2% glucose to mid-
expontial phase (Am = 1.2) and then growth arrested by glucose deprivation for
4 h. Cultures were then split: to one-half, glucose was added to 2% final con-
centration; to the other half, glucose and a-factor were added to final concen-
trations of 2% and 10 nM, respectively. At the indicated times, 50 ml aliquots
were removed and used for RNA isolations and analyses.

To examine the effect of cell cycle arrest in late G|, at START, on the
dolichol pathway and oligosaccharyltransferase subunit gene mRNAs, the
mating pheromone a-factor was used. Asynchronous wild-type GR2 cells were
grown to A660 = 1.0 in minimal media containing 2% glucose, and a-factor was
added to a final concentration of 10 nM. At the indicated times, aliquots of
50 ml were removed and used for RNA isolations and analyses.

RNA extractions and analyses

Total RNAs were isolated as described previously (Kukuruzinska and Robbins,
1987). The integrity of the RNAs was assessed by size separation on 1%
agarose-6% formaldehyde gels. For RNA blotting and analyses, RNAs were
fractionated on 2% agarose-6% formaldehyde denaturing gels and transferred
to Genescreen (DuPont/NEN) membranes. mRNAs were detected by sequen-
tial hybridization of membranes with 32P-labelled, gene-specific, random
primer-generated probes (Promega): an 800 bp Clal fragment for ALG7
(Kukuruzinska and Robbins, 1987), an 800 bp fcoRV restriction fragment for
ALG1 (Albright and Robbins, 1990), a 500 bp Acc\ restriction fragment
for ALG2 (Jackson et al, 1993), a 1500 bp Spel-Mscl fragment for ALG6, an
800 bp Smal-Kpnl fragment for ALG8 (Stagljar et al., 1994), a 900 bp
Sad-//indIII fragment for ALG5 (te Heesen et al., 1994), a 650 bp BgR\-Xmn\
fragment for SWP1 (te Heesen et al, 1993), an 800 bp Bo/TiHI-Bg/II fragment
for WBPI (te Heesen et al, 1991) and a 1400 bp Wmdlll-fcoRI fragment
for FUSI (McCaffrey et al, 1987). Hybridizations were at high stringency.
Autoradiography was performed at -70°C with Reflections film and intensi-
fying screens (NEN/DuPont).

Quantification of mRNA levels

The relative intensities of mRNA bands on autoradiographs were quantified
using an LKB Ultrascan densitometer and Gelscan™ software (Pharmacia).
Multiple exposures of each membrane from individual hybridizations were
necessary to ensure linearity of signal and to obtain comparable numerical
values. Adjustments for loading variations were made according to differences
in band intensities of rRNAs stained with ethidium bromide (0.5 ng/ml).
Arbitrary absorbance unit (AU*mm) values were plotted versus time using
Harvard Graphics software, and the SEM was calculated for each time point.
To allow cross-comparisons among different transcripts, relative values from
autoradiographs were adjusted to the same scale; the bar graphs, therefore, do
not reflect the absolute levels of the individual transcripts.

Sequence analyses

Searches for regulatory sequences were carried out using PCGene software
(Intelligenetics).
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