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ABSTRACT A 13-amino acid peptide was identified in
three glycosyltransferases of the yeast endoplasmic reticulum.
These enzymes, the products of the ALG1, ALG7, and DPM1
genes, catalyze the transfer of sugars from nucleotide sugars to
dolichol phosphate derivatives. The consensus sequence for the
conserved peptide was Leu-Phe-Val-Xaa-Phe-Xaa-Xaa-
Ile-Pro-Phe-Xaa-Phe-Tyr. A sequence resembling the con-
served peptide was also found in the predicted SEC59 protein,
which is suspected to participate in assembly of the lipid-linked
precursor oligosaccharide, although its specific function is
unknown. All of the identified sequences contain an isoleucine
at position 8 and phenylalanine or tyrosine at positions 2, 5, and
12. We believe this peptide may be involved in dolichol
recognition for the following reasons. ({) The conserved se-
quence occurs in potential membrane-spanning regions. (ii)
The ALG7 and DPM1 proteins are known to recognize the
isoprenoid region of dolichol phosphate specifically; this rec-
ognition presumably occurs in the membrane since dolichol is
very hydrophobic. (iii) The consensus sequence is similar to a
region of two halobacterial proteins implicated in binding of the
isoprenoid region of retinal. (iv) If the consensus sequence is
represented as an a-helix, the conserved residues lie on one face
of the helix. An a-helical structure is likely since the conserved
regions are in potential membrane-spanning domains.

N-glycosylation begins with the transfer of a preassembled
lipid-linked precursor oligosaccharide (Dol-PP-GlcNAc,-
MangGlcs, where Dol is dolichol) to protein in the lumen of
the endoplasmic reticulum (ER) (1, 2). The assembly of the
precursor oligosaccharide occurs by an ordered process in
which sugars are transferred from nucleotide sugars or doli-
chol-linked sugars to the growing chain. The biochemistry
and genetics of the known enzymes catalyzing this process
suggest that the addition of each of the 14 sugars may require
a unique enzyme.

To understand better the assembly of the lipid-linked
precursor oligosaccharide we are studying this process in
Saccharomyces cerevisiae, where three glycosyltransferases
have been cloned and sequenced. The ALG7 protein cata-
lyzes the formation of Dol-PP-GIcNAc from Dol-P and
UDP-GIcNAc, and this reaction is inhibited by the antibiotic
tunicamycin (3, 4). The ALG1 protein catalyzes the forma-
tion of Dol-PP-GIlcNAc,Man from Dol-PP-GIcNAc, and
GDP-Man (5). The DPM1 protein catalyzes the formation of
Dol-P-Man from GDP-Man and Dol-P (6). Dol-P-Man serves
as the mannosyl donor for the last five mannose residues of
the lipid-linked precursor as well as mannose donor in other
glycosylation processes (7-9). Antisera to the ALG1 and
DPM1 proteins have been used to show that both proteins are
integral membrane proteins that are oriented toward the
cytoplasmic face of the ER membrane (C.F.A. and P.O.,
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unpublished data). In addition to these proteins, the pheno-
type of the yeast sec59 mutant suggests a role for the SEC59
protein in biosynthesis of the lipid-linked oligosaccharide
precursor, although its specific function is unclear (10).
The availability of these sequences led us to look for
common structural features. We report here the identification
of a small region of protein sequence shared by the ALG7,
ALG1, DPM1, and SECS59 proteins. The location of this
homologous sequence in a membrane-spanning domain, the
possible structure of this sequence, and the need for these
enzymes to recognize dolichol derivatives suggest this con-
served region may be involved in dolichol recognition.

MATERIALS AND RESULTS

A comparison of the deduced amino acid sequences for the
ALG7, ALG1, and DPM1 proteins revealed a small region of
conserved amino acids; this homology was particularly strik-
ing since these proteins have very little primary sequence
homology. Table 1 shows this conserved region as well as
adjoining amino acids that were predicted to form a mem-
brane-spanning domain. All of the sequences contained iso-
leucine at position 8. In addition, phenylalanine and tyrosine
at positions 2, 5, 10, 12, and 13 were highly conserved. The
ALG?7 fragment contains aromatic amino acids at all five
positions, whereas the ALG1 and DPM1 fragments contain
aromatic residues in four of these positions.

We first evaluated the statistical significance of these
findings by searching the protein sequence data base using
the consensus sequence we derived as a probe (Table 1). The
similarity scores and z-values were determined for the ALG7,
ALG]1, and DPM1 regions and compared to the values for the
protein data base (Table 1). The similarity score is a measure
of the relatedness of two sequences based on empirically
determined values for the probability that a given amino acid
will be replaced by another amino acid in the course of
evolution (11). The ALG7, ALG1, and DPM1 sequences had
similarity scores of 67, 47, and 44, respectively. The maxi-
mum possible similarity score was 67. Two other protein
fragments in the data base scored 45 and no other fragments
scored above this value. The z-value is a measure of the
number of standard deviations from the mean score; z-values
greater than 6 in pairwise comparisons are conservatively
viewed as probably significant (12). The ALG7, ALG1, and
DPM1 regions had z-values of 8.3, 6.2, and 5.9, respectively.
The high z-values and the scarcity of related sequences
suggested that the occurrence of a region conserved between
the ALG7, ALG1, and DPM1 proteins is statistically signif-
icant.

We also searched the SEC59 protein sequence with the
consensus sequence since the protein has been implicated in
biosynthesis of the lipid-linked precursor oligosaccharide.
The SEC59 protein encodes a 519-amino acid protein whose
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Table 1. Comparison of protein fragments from ALG7, ALG1, DPM1, and SEC59 proteins
Similarity

Protein Residues Fragment sequence score z-value
ALG7 70-92 T-I-G-A-I-P-A-A-V-Y-L-F-V-M-F-I-Y-I-P-F-I-F-Y 67 8.3
ALG1 8-34 w-L-L-A-L-I-I-L-Y-L-S-I-P-L-Y-V-Y-Y-V-I-P-Y-L-F-Y-G-N 44 5.9
DPM1 239-260 F-G-A-N-N-L-I-L-F-I-T-F-W-S-]I-L-F-F-Y-V-C-Y 45 6.0
Consensus* ~V-X-F-X-X-I-P-F-X-F-Y

3 5 7 9 11 13

SEC59 331-346 L-W-H-F-I-L-F-L-L-]-I-P-S-F-Q-M 28 4.3

Fragment sequences are presented in the single-letter amino acid code. Similarity scores were calculated relative to the consensus sequence
by using the mutation data matrix. The z-value is (similarity score — average similarity score)/(standard deviation of similarity scores). Version
15.0 of the National Biomedical Research Foundation protein data base was searched using the SEARCH program with the consensus sequence
as a probe. The average similarity value for the data base was —13.7 and the standard deviation was 9.7.

*A residue was added to the consensus sequence whenever it was contained by two of the three sequences (ALG7, ALG1, and DPM1).

sequence is unusual in that it contains hydrophobic regions
12-20 amino acids long that are punctuated by clusters of
charged residues (10). This search revealed a homologous
region with a similarity score of 28 and a z-value of 4.3 (Table
1). This fragment contained the conserved isoleucine at
position 8 and three of the five conserved aromatic residues.
We also noticed that many of the sequences with high
similarity scores were involved in electron transport; 13% of
the top 500 similarity scores were from proteins that comprise
the NADH-ubiquinone oxidoreductase complex although
these proteins comprised only about 1% of the sequences in
the data base. The high similarity scores were at least
partially due to the hydrophobic nature of these proteins.

DISCUSSION

The statistical significance of a conserved peptide in three
glycosyltransferases of the ER suggests a functional role for
this region. Potential functions for this sequence could in-
clude a catalytic function, such as substrate recognition, or
an ER-specific function, such as localization. The absence of
this sequence from other known ER proteins, its location in
membrane-spanning domains, and the need for these en-
zymes to recognize dolichol derivatives all suggest that the
conserved region may be involved in dolichol recognition.

Dolichol phosphate

Retinal

FiG. 1.

There is biochemical evidence that the ALG7 and DPM1
enzymes recognize the isoprenoid region of Dol-P. The
structure of Dol-P is illustrated in Fig. 1. Palamarczyk et al.
(15) have studied the ability of various isoprenoid compounds
to function as acceptors in transfer reactions catalyzed by
solubilized yeast enzymes. For the ALG7 protein they found
the K, for Dol-P was 31 uM. The K, increased to 117 uM as
the isoprenoid chain length was decreased from 100 to 55
carbons and an isoprenoid derivative with only 35 carbons
give rise to very low activity in their assay. Changing the
isoprene units from a cis configuration to a trans configura-
tion and changing the a-isoprene unit to an unsaturated unit
also greatly reduced transfer activity. For the DPM1 protein,
they found the K, for Dol-P was about 1 uM. Decreasing the
isoprenoid length to 35 carbons decreased the reaction ve-
locity by 10-fold and changing the a-isoprene unit to an
unsaturated unit increased the K, for Dol-P about 10-fold. It
is not surprising that the ALG7 and DPM1 enzymes specif-
ically recognize the isoprenoid region of Dol-P since the
membrane has many potential phosphate acceptors; if the
isoprenoid region were not recognized, other phosphate
esters might compete for the transfer reactions and possibly
interfere with glycosylation.

There is genetic evidence that isoprenoid structure affects
glycosylation in mammalian cells. A Chinese hamster ovary
cell mutant F2A8 primarily synthesizes a dolichol derivative
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Structures of Dol-P and retinal. The structure of the carbon backbone of Dol-P is shown in the upper diagram. Dol-P is a

polyisoprenoid that typically contains 17-20 isoprene units (for review, see ref. 13). The a-isoprene unit, which is adjacent to the phosphate
residue, is saturated and the remaining isoprene units are unsaturated. The three w-isoprene units are in the trans configuration and the remaining
isoprene units are in the cis configuration. This figure is adapted from ref. 14. The structure of retinal is shown in the lower diagram. The linear
isoprenoid region is completely unsaturated and in the trans configuration.
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with an a-unsaturated isoprene unit, probably due to the loss
of polyprenol reductase activity (16). This mutation results in
a 7-fold reduction in the incorporation of mannose into
lipid-linked oligosaccharides and protein, suggesting that
several mammalian enzymes recognize the isoprenoid chain
in vivo (17).

The similarity of the conserved sequence to an amino acid
sequence implicated in retinal binding is also consistent with
a role in dolichol recognition. The sequence Trp-Xaa-
Xaa-Tyr-Pro-Xaa-Xaa-Trp is found in two halobacterial pro-
teins that catalyze light-driven ion transport using retinal as
a chromophore (for review, see ref. 18). This sequence
occurs in a membrane-spanning domain as an a-helix and
seems to form part of the binding pocket for retinal (18). If the
retinal-binding sequence is aligned with the possible dolichol-
binding sequence using the proline residue as a reference
point, then the dolichol-binding sequence contains phenyl-
alanine residues instead of tryptophan residues and an iso-
leucine instead of tyrosine. These differences could reflect
the structural differences between retinal and dolichol; al-
though retinal contains an isoprenoid chain, it has a higher
degree of unsaturation than dolichol (Fig. 1). Even if this
alignment is incorrect, it is still interesting that a potential
retinal-binding sequence and a potential dolichol-binding
sequence are rich in aromatic residues and contain a proline
residue.

Since the conserved regions occur within membrane-
spanning domains, it seems likely that they form a-helices
(19). In this conformation, the conserved residues lie on one
face of the helix; this is consistent with a role in dolichol
recognition (Fig. 2). The location of the isoleucine at position
8 and the aromatic residues at positions 2, 5, and 12 are
particularly interesting since these residues are conserved in
all four proteins. In addition, the presence of a proline at
residue 9 or 10 is unusual since prolines are significantly
underrepresented in membrane-spanning domains (20). In
particular, prolines are rarely found in membrane-spanning
regions of nontransport proteins whereas membrane-
spanning regions of transport proteins nearly all contain
proline residues (21). On the basis of this criterion, the ALG1,
ALG7, DPM1, and SECS59 proteins could be classified as
transport proteins, which is interesting given the topography
of glycosylation in the ER. In particular, the DPM1 protein
is reported to catalyze the translocation of Dol-P-Man across
the membrane (22, 23) and products downstream from the
ALG1- and ALG7-catalyzed reactions are believed to be
translocated across the membrane (for review, see ref 24).

A B

8-11 1-Leu 12-Phe

3-Val
10-Phe

1-Leu

FiG. 2. Representation of consensus sequence as an a-helix. A
helical wheel (4) and a helical net (B) of the consensus sequence are
illustrated. Conserved residues are indicated by residue number and
amino acid name. Residues that are conserved in all four proteins are
underlined.
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Although the function of the SEC59 protein is unknown, it
seems likely that it is involved in biosynthesis of the lipid-
linking precursor oligosaccharide. In particular, loss of
SECS9 function results in changes in the pool of lipid-linked
precursor oligosaccharides (25) (K. Runge, Ph.D. Thesis,
M.I.T.) and the transfer of a reduced number of full-length
oligosaccharide chains to proteins (26, 27). Partial restoration
of glycosylation was obtained by supplementing membranes
containing mutant protein with mannose or GDP-mannose,
but not with other sugar nucleotides (10). These results
suggest a role for the SEC59 protein in the glycosylation
pathway and, hence, the possibility that the SEC59 protein
may recognize one or more dolichol derivatives. The lack of
total agreement between the SECS59 segment and the glyco-
syltransferase consensus sequence could reflect a decreased
need for the SEC59 protein to recognize the isoprenoid region
of dolichol. As the lipid-linked oligosaccharide chain grows,
the enzymes may rely more on the oligosaccharide and less
on the isoprenoid chain for recognition.

Since ubiquinone contains a polyisoprenoid chain, it would
not be surprising if proteins in the NADH-ubiquinone oxi-
doreductase complex contained sequences related to the
glycosyltransferase consensus sequence. However, identifi-
cation of such a specific region on the basis of sequence
comparisons could prove difficult. Many of these proteins are
very hydrophobic and, therefore, contain a high background
of similar, but probably nonfunctional, sequences. Further-
more, the need to recognize the isoprenoid region of ubig-
uinone may be minimal since the ubiquinone headgroup could
provide a high degree of binding specificity; this is certainly
the case with the photosystem II complex that contains two
ubiquinone-binding sites (28, 29). This hypothesis is also
supported by the finding that long- and short-chain ubiqui-
nones function in electron transport, suggesting that recog-
nition of the isoprenoid chain of ubiquinone is not needed for
efficient catalysis (30).

The functional importance of the conserved peptide could
be tested by creating mutations in the conserved sequence of
ALG7 or DPM1; the kinetic properties of the resulting
proteins could be studied in vitro and the phenotype con-
ferred by the mutant genes could be studied in vivo. In
biophysical study of peptides and polyprenols, model mem-
brane systems will be informative. For instance, studies with
artificial membranes showed that Dol-P induces the forma-
tion of nonbilayer structures (31-33). These lipid structures
have been shown to promote vesicle fusion in vitro (for
review, see ref. 34) as well as increase the activity of the
mammalian Dol-P-Man synthase in vitro (for review, see ref.
33). Perhaps, a peptide containing the conserved sequence
will partition into nonbilayer regions. Alternatively, the pep-
tide might inhibit the induction of nonbilayer structures by
dolichol derivatives. Nonbilayer structures could be delete-
rious in vivo and the possibility has been raised that the
widespread induction of nonbilayer organization by dolichols
might be prevented by proteins (32).
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