Research

Genome-wide Analyses of Carboxyl-terminal

Sequences*

Jean-Ju Chungt§, Hongmei Yangt, and Min Lif]

Sequence motifs at the protein carboxyl termini in linear
polypeptides are uniquely positioned and functionally ca-
pable of serving as recognition signatures for a variety of
cellular and biochemical processes. At the proteome
level, it is unknown whether and what carboxyl-terminal
sequences might be particularly conserved, which may be
directly related to specific biological functions shared
among certain groups of proteins. To investigate this
question, we analyzed the terminal sequences of reported
yeast open reading frames, which presumably constitute
the predicted, entire proteome of Saccharomyces cerevi-
siae. The results show that there are both known and
novel terminal sequences. They are conserved at a fre-
quency similar to that of functionally important, experi-
mentally confirmed signals such as the HDEL sequence
that mediates the endoplasmic reticulum retention and/or
retrieval. The findings support the notion that there may
be additional carboxyl-terminal signals, and the con-
served motifs could be experimentally tested for currently
unknown biological functions. Similar analyses were also
applied to the limited proteome databases of other organ-
isms with overall consistent findings. Therefore, indexing
a proteome according to its carboxyl-terminal sequences
may provide a means for functional classification and
determination of proteins. Molecular & Cellular Pro-
teomics 2:173-181, 2003.

Each protein has one single terminal a-carboxyl group that
links directly to the adjacent, last peptide bond. This position,
referred to here as a carboxyl terminus, combined with pre-
ceding residues often serves as a signature recognition motif
capable of conferring a variety of biochemical reactions that
are restricted to this position of protein and of essential phys-
iological functions. Some of the known functions include pro-
tein trafficking, subcellular anchoring of proteins, targeted
protein degradation, and the static and dynamic formation of
macromolecular complexes (for a review, see Ref. 1).

In an increasing number of systems, protein carboxyl-ter-
minal sequences are found to be highly conserved among
homologues of different species. Structural studies have iden-
tified a large number of protein domains that specifically
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recognize protein carboxyl termini (2, 3). Using random pep-
tide selection, these protein domains were shown to display
high specificity for binding to carboxyl-terminal sequences (4,
5). For example, cystic fibrosis transmembrane conductance
regulator (CFTR)" proteins, whose malfunction causes cystic
fibrosis, have an identical carboxyl-terminal sequence (TRL) in
species from Xenopus to human (5). This sequence is neces-
sary for appropriate subcellular expression of the CFTR chan-
nel in heterologous systems such as polarized Madin-Darby
canine kidney cells (6). In addition, the motif is responsible for
binding to CAP70 (CFTR-associated protein, 70 kDa), a pro-
tein that contains four protein interaction PDZ domains. The
multivalent binding of CAP70 to two or more CFTR molecules
potentiates the chloride channel activity (7). Similarly, within a
given species, conserved carboxyl-terminal motifs have also
been found among structurally and/or functionally distinct
proteins. These conserved motifs often code specific biolog-
ical activities, such as HDEL, which is a recognition signal for
ER retention and/or retrieval (8), and CAAX, which serves as a
substrate site for lipidation (9). Due to an increasing number of
genomes that have been sequenced and their corresponding
proteome information becoming available, it is now becoming
feasible to investigate questions such as whether and to what
extent the protein carboxyl-terminal motifs are conserved
within a given proteome. If so, do those motifs indeed confer
certain conserved functionality that has been determined ex-
perimentally? In addition, the conserved sequences with un-
known function may be topics of further experimental studies.

To determine whether and what carboxyl sequence motifs
are conserved in yeast, we compiled terminal sequences of
6,213 predicted yeast proteins that are longer than 50 amino
acid residues. The analyses of frequency of contiguous car-
boxyl-terminal sequence suggest that conserved motifs are
directly correlated to certain shared functions including but
not limited to protein targeting. The function of the identified
motifs may be investigated experimentally.

MATERIALS AND METHODS

Database for Protein Sequences—The protein sequences of 6,213
proteins from Saccharomyces cerevisiae longer than 50 residues
were extracted from the National Center for Biotechnology Informa-
tion (NCBI) database (ftp.ncbi.nih.gov). Other genome sequences to
run the program were downloaded from NCBI at ftp.ncbi.nih.gov, and
the reference history can be tracked from www.ncbi.nim.nih.gov/

" The abbreviations used are: CFTR, cystic fibrosis transmembrane
conductance regulator; ER, endoplasmic reticulum.
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TABLE |
Carboxyl-terminal sequence distribition frequency of yeast proteins

X,-COOH X5-COOH X,-COOH X5-COOH Xs-COOH X,-COOH Xg-COOH
KK 152 SKK 21 EVGE 16 REVGE 16 SREVGE 16 SSREVGE 16 DSSREVGE 16
SK 83 KKK 20 KWH 16 NKWH 16 TNKWH 16 LTNKWH 16  LLTNKWH 16
KL 70 AKK 17 TIAN 14  YTIAN 14 IYTIAN 14 GYTIAN 14 DGEYTIAN 13
LL 68 VGE 17 HDEL 11 RPETY 5 GFGLFD 5  1YTAI PK 5  LHLRPETY 5
LK 59  WH 16  KSKK 7 GUYGG 5  LRPETY 5  MGFGLFD 5  DMGFGLFD 5
RK 54  IAN 15  ALLL 6 FGLFD 5  YTAIPK 5  HLRPETY 5  LHLRPGTY 5
ss 52 DEL 15 EEVD 6  TAIPK 5  LRPGTY 5  HLRPGTY 5 G YTAIPK 5
SL 50 SKL 13  PGTY 5  RPGTY 5  AAAMLL 4 KRLALPA 4 RVLGWYC 4
KI 50 EKK 12 VYGG 5  AAMLL 5 LGWYC 4 PTVEEVD 4 FKRLALPA 4
EL 47 LLL 12 KKNN 5 GWYC 4  TVEEVD 4  GRIYISE 4 GPTVEEVD 4
KN 46 LSK 12  G.FD 5 LALPA 4 SGVYGG 4 VLGWYC 4 VFSGVYGG 4
KE 45  LKK 12 AMLL 5  VEEVD 4  RIYISE 4 FSGVYGG 4  EGRIYISE 4
EK 44 LLK 11 AIPK 5 1YISE 4 RLALPA 4 PLAKKKE 3  SCSEESLA 3
AN 44  KKE 11 PETY 5 NALYS 3 WDTSK 3 AAAAMLL 3 AGAAALLL 3
RR 43 KK 10 LLKQ 4 FNNNT 3 MYGCHT 3  CSEESLA 3 RYWDTSK 3
LS 42 DSK 9 ALPA 4 KRLHN 3 EKRLHN 3 HWGCHT 3 FHWGCHT 3
EE 41 FPWC 9  ALVA 4 GKKFK 3 LLLAII 3 GAAALLL 3 ASLLLAII 3
RL M1 X 9  KKEK 4 SEIGW 3  FGKKFK 3 AATNAKQ 3 RFHDGNKL 3
KQ 41 LS| 9 KKFK 4 VCCPS 3  SEESLA 3 RLSEIGN 3  EPLAKKKE 3
L 40 ML 9  DYFL 4 AALLL 3 LKYFGR 3 SLLLAII 3 TAATNAKQ 3
NK 39  DEE 9  WYC 4 SLENL 3 ATNAKQ 3 NDTLLKQ 3 SYEKRLHN 3
LI 39  RRK 9  STFY 4 KKSKK 3 LAKKKE 3 YWDTSK 3 RAINALYS 3
TL 38  SSS 9  SSKL 4 AKKKE 3 HDG\KL 3 YEKRLHN 3  YNDTLLKQ 3
TK 38 KKN 8  YISE 4 LLAII 3 INALYS 3 FHDG\KL 3  SDLFSEVE 2
Sl 37  EWD 8  KLLK 4 YGCHT 3 DTLLKQ 3 AINALYS 3 HWSSSLL 2
a 37  LDL 8  KVSK 3 LHDEL 3 AAALLL 3 ELKYFGR 3 EWNGEKQ 2
ST 36  TKK 8  LSKK 3 VKKEK 3 LSEIGN 3  TKAMSSR 2 | VDGKVLK 2
SE 36  LLV 8  YFGR 3 FNFTK 3 PFSTFY 2 VEHVAKA 2 QTSSITS 2
FL 36  KEK 8 EIGW 3 TNAKQ 3  ARRNAD 2 LFTHAPV 2 DFYDAFYN 2
DL 35  KKD 8 GKQ 3 EESLA 3 ARSEDK 2 VLKNYSK 2 RTVHRSLD 2

locuslink/refseq.html. Information regarding yeast protein expression,
localization, and functional properties were taken from the following
websites unless specifically cited: genome-www.stanford.edu/Sac-
charomyces/, genome-www4.stanford.edu/cgi-bin/SGD, www.pro-
teome.com/, and www.ncbi.nlm.nih.gov/locuslink/refseq.html.

Statistical Analysis—The programs used in database downloading,
parsing, and subsequent statistical analysis were written in Perl5.6
and run on a PC Pentium 700 computer. The data were output in
Microsoft Excel format. Protein sequence alignment was performed
using McAlign of DNAStar™.

RESULTS

Certain carboxyl tri- or tetra-amino acid sequences, such as
SKL for peroxisome targeting (10) and HDEL (or KDEL, de-
pending on the species) for ER retention and/or retrieval (8),
are recognition sequences for trafficking proteins to appropri-
ate subcellular compartments or microdomains. To investi-
gate specific common sequence motifs that are shared by a
group of otherwise different proteins, we have compiled an
abundance of carboxyl peptide sequences from several spe-
cies including S. cerevisiae, Caenorhabditis elegans, Dro-
sophila melanogaster, and Homo sapiens. Because the amino
acid usage bias is found primarily at the last 8 residues (11,
12), our calculation was performed for dimers and trimers
through octamers. The yeast genome has been sequenced

with very limited numbers of gene duplication, which are more
suitable for this analysis. The top 30 hits of each are shown in
Table I. The complete lists of hits are available from our
website (www.molecularinteraction.org/listofpublication.htm).

Of 6,213 yeast proteins that are longer than 50 amino acids,
we analyzed the frequency of tripeptide and tetrapeptide se-
quences (Fig. 1). Fig. 1A shows that 31% of (or 1,917) proteins
have unique tripeptide terminal sequences; 25% of (or 1,536
(768 X 2)) proteins have terminal sequences that are found
only twice (Fig. 1A). When the same analysis was applied to
the tetrapeptidic sequences, about 83% of (or 5,151) proteins
have distinct carboxyl tetrapeptide terminal sequences, and
~12% of (or 766 (383 X 2)) proteins have their terminal
sequences found only in one other protein (Fig. 1B). Of the
remaining 297 proteins (~5%) their terminal sequences are
identical to three or more proteins. Analyses of the highest 30
hits identify several conserved motifs. The most abundant
three hits of tetrapeptides are EVGE (16 hits), KWIH (16 hits),
and TIAN (14 hits). The EVGE is found in YRF1-like helicases
in multiple alleles. KWIH is a motif found in an open reading
frame of Ty transposons, which are presumably present in
multiple locations of yeast genome. TIAN is the terminus
shared by multiple, nearly identical seripauperin proteins.
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Fic. 1. Frequency distribution of S. cerevisiae proteins according to the sequence of the last 3 (4) and 4 residues (B). In the bar graphs,
the y axis indicates the number of protein groups that have unique carboxyl-terminal ends, and the x axis represents how many proteins belong
to each group and the corresponding percentage in the genome. Therefore, 2xy = 6,213. Numbers inside the pie chart represent the
percentage of total proteins comprising each group. The percentage value of each group is also identified in parentheses below each group.
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TasLE I
Summary of yeast proteins ending with HDEL

Genes Localization Microenvironment Cellular role
PDI1 Endoplasmic Soluble Protein disulfide isomerase: roles in protein folding,
reticulum/microsomal fraction protein modification, protein degradation
SED4 Endoplasmic reticulum Integral membrane  Vesicular transport
YDR057W  Endoplasmic reticulum Unknown Unknown
CYP5 Endoplasmic reticulum Soluble Isomerase/chaperones: roles in protein folding and
vesicular transport
SEC20 Other vesicles of the secretory/ Integral membrane  Vesicular transport
endocytic pathways
EUGT Endoplasmic reticulum Soluble Isomerase/chaperones: roles in protein folding, protein
modification, protein degradation, cell stress
KAR2 Endoplasmic reticulum Soluble Heat shock protein/hydrolase/ATPase, chaperones: roles
in protein folding/protein translocation
LHS1 Endoplasmic reticulum Soluble Chaperones: protein translocation
MPD2 Endoplasmic reticulum Unknown Oxidoreductase, isomerase: roles in protein folding,
protein modification, protein degradation
MPD1 Endoplasmic reticulum Soluble Isomerase, chaperones: roles in protein folding, protein
modification, protein degradation
KRE5 Endoplasmic reticulum Soluble Transferase: roles in protein modification, cell wall

maintenance

These motifs are the termini of the same sets of nearly iden-
tical proteins that appear to have been duplicated in the
genome.? Consistent with this notion, almost identical num-
bers of hits of these three sequences are also found as the top
hits of carboxyl-terminal 5-mers, 6-mers, 7-mers, and 8-mers
(Table I). Other motifs include HDEL (11 hits) and A(M/L)LL (11
hits) tetrapeptide motifs, SKL (13 hits) and LSK (12 hits) trip-
eptide motifs, and two different dilysine motifs (XKK (152 hits)
and KKXX (112 hits)) (see Table I).? Because these hits come
from proteins of unrelated sequences, it is consistent with the
notion that the conservation of these motifs reflects certain
shared properties. It is also quite apparent that the most
abundant tri- or tetrapeptide motifs are limited to less than
0.2% of total proteins in the proteome. A similar percentage
but with different sequences has also been found in other
proteomes such as D. melanogaster, C. elegans, and H. sa-
piens (see Table V).

The carboxyl HDEL motif is a well known recognition signal
that directs proteins to ER retention and/or retrieval. Interest-
ingly 10 of the 11 hits have been reported to be ER-specific
proteins despite the fact that they are quite different in terms
of overall polypeptide length, protein domain organization,
biochemical function, and membrane topology (Table Il). The
only one within the group that is not strictly for the ER local-
ization is Sec20, an integral membrane protein that is involved
in vesicular trafficking in ER and Golgi apparatus (14, 15).
While the localization information is incomplete, six of the
eight HDEL sequence entries from the Drosophila sequence
database are ER-resident proteins (Table Il and the data from
www.molecularinteraction.org/listofpublication.htm). Thus,

2J.-J. Chung and M. Lj,
listofpublication.htm.

www.molecularinteraction.org/

the HDEL-ended proteins, which represent ~0.2% of total
proteins in the yeast proteome, could have been used to
predict their shared properties with high confidence, which
raises questions concerning other conserved but functionally
unknown motifs.

Another highly conserved tetrapeptide motif is A(M/L)LL,
which also has 11 hits. Of the 11 proteins, with exceptions of
one reported to be in nuclei and one whose localization is
currently unknown, the remaining nine proteins are found to
have cell wall-related function (Table IV). These nine proteins
display difference in length and/or domain organization (Fig.
2). Among them, the mannoprotein genes DAN1, TIR1, TIR2,
TIR3, TIR4, and TIP1 were shown to be expressed after an
anaerobic shift or during cold shock, whereas the CWP2 gene
was down-regulated under the same conditions, suggesting
that the seven mannoprotein genes are involved in remodeling
of the cell wall (16). The remaining two of the nine proteins,
YIr110c and YIr194c, are also found to be localized in the cell
wall. It is interesting that these nine proteins are all involved in
the same pathway and that a subset of these proteins was
also identified by other informatic approaches (17). While the
precise biochemical role of this motif is currently unknown,
the terminal region might be recognized and cleaved prior to
the surface expression of these proteins via a glycosylphos-
phatidylinositol anchor (12).

Conserved motifs with hits less than 10 genes may also be
of great significance, but more analyses may be needed. For
example, the KSKK motif was found in seven proteins
(Rpl34b, Prp21, Cbf5, YIr302c, Nop12, Ri01, and SvI3). Most
of them are associated with RNA-involved structures or func-
tions such as spliceosome and RNA transport.?

Similar analyses also showed that 10 of 13 proteins with the
SKL terminal sequence are peroxisomal proteins. This motif is
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TasLE Il
Summary of Drosophila proteins ending with HDEL

Gene (Gl no.) Gene name? Protein encoded
1 19921464 CG6453 gene product a-Glucosidase
2 18859803 CG1837 gene product Protein disulfide isomerase
3 24645441 CRC gene product Calreticulin
4 21357739 CG5520 gene product Glycoprotein 93
5 24586105 SPN4 gene product from transcript CG9453-RB Serine protease inhibitor 4
6 24586107 SPN4 gene product from transcript CG9453-RA Serine protease inhibitor 4
7 24657035 FKBP13 gene product from transcript CG9847-RB Fkbp13
8 17352457 FKBP13 gene product from transcript CG9847-RA Fkbp13

2 The alternative transcripts of a gene are labeled with the suffixes -RA, -RB, -RC, etc. by FlyBase. These vary due to alternative splicing,
variable exons, multiple poly(A) sites, or multiple promoters. Alternative transcripts may or may not encode different protein products.

TaBLE IV
Summary of yeast proteins ending with A(M/L)LL

Genes Localization Microenvironment Cellular role
TIP1 Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family, structural protein;
cell stress, cell wall maintenance
YBR113W Unknown Unknown Unknown
DAN1 Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family, structural protein;
cell stress, cell wall maintenance
YLR110C Cell wall Unknown Structural protein, cell wall maintenance
YLR194C Cell wall Peripheral Unknown
membrane
MSH2 nuclear DNA-associated ATPase, DNA-binding protein; DNA repair, recombination
(direct or
indirect)
TIR1 Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family, structural protein;
cell stress, cell wall maintenance
YILO11W(TIR3) Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family; cell wall maintenance
Cwp2 Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family, structural protein;
cell stress, cell wall maintenance, and others
YORO09W(TIR4) Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family; cell wall maintenance
TIR2 Cell wall Unknown Serine-rich protein (Tiplp/Tirlp) family, structural protein;

cell stress, cell wall maintenance

also known as peroxisomal targeting signal type 1 (PTS1).
This result is consistent with SKL as a recognition signal for
peroxisomal localization (10, 18). This conservation is also
found in the higher organisms.? It should be noted, how-
ever, that not all conserved sequences give rise to detect-
able shared features such as subcellular localization. For
example, the dilysine motif KKXX is thought to be a reten-
tion/retrieval signal in the secretory pathway (19). Of 112
proteins with the KKXX terminus, the shared features were
not detectable.® For processes such as protein ER reten-
tion, several other ER localization signals have been re-
ported, and the localization of ER could be a transient step
to serve as a check point of proper protein assembly (13).
Thus, the presence of conserved sequence motifs may be
more suitable for grouping genes with related function or
property. But the converse is not valid because it is known
that many proteins found in ER do not use the HDEL-
mediated localization machinery.

3 J.-J. Chung, H. Yang, and M. Li, unpublished results.

The statistical significance of a given motif may be analyzed
in a number of ways. For the yeast genome, the total number
of genes (6,213) and the lengths of the corresponding proteins
(a combined total length of 2,912,365 amino acids) are known.
Therefore it permits a more detailed statistical analysis. Fig. 3
shows the overall frequency of 20 amino acids (part /V) and
the frequency of each amino at a given carboxyl-terminal
position (—1 to —20 with —1 being the last residue at the
carboxyl terminus) (part V). Most noticeable is the position-
specific bias of lysine at the carboxyl terminus. While it is
apparent that there is certain bias of amino acid abundance at
terminal positions, the abundance-corrected HDEL sequence
probability is similar, 7.76 X 10~ for internal and 8.38 x 10~°
for carboxyl-terminal sequences (Fig. 3, part VI). There are
2,893,726 (2,912,365 — 6,213 X 3) possible (internal and
terminal) tetrapeptide sequences but only 6,213 possible car-
boxyl-terminal tetrapeptide sequences. Thus, the probability
of the entire yeast genome to have one protein with the
terminal HDEL motif by chance is 5%. As shown, 11 different
proteins with terminal HDEL sequence have been identified

Molecular & Cellular Proteomics 2.3 177



Genome-wide Analyses of Carboxyl-terminal Sequences
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FiG. 2. Schematic diagram of a group of 11 proteins ending with A(M/L)LL found by the last 4 residues as a possible functional index.
Filled boxes represent the PAU domain, and hatched boxes represent carboxyl-terminal A(M/L)LL. The length and predicted localization of the
proteins are as indicated. The boxes and lines are drawn in scale, and the scale bar is shown on the top of the diagram. a.a., amino acids.

(Table 1l), representing more than 200-fold above the ex-
pected frequency. Similar calculations were performed for
AM/L)LL and SKL, which were 26- and 2-fold above the
expected frequency (Fig. 3, part VI). Using this information,
one may also calculate the odds of finding the same sequence
by chance.

DISCUSSION

Short linear terminal epitopes in proteins as sites for rec-
ognition are different from that of internal sequences in a
number of ways; most obviously, each protein has only one
carboxyl terminus. Most proteins of known structure have
their carboxyl terminus exposed, consistent with a role for
recognition that could lead to several possible biochemical
events including static binding, cleavage (exposed to new
terminal sequences), or posttranslational modification (for a
review, see Ref. 1). The analyses of yeast proteome (Fig. 3)
suggest that it is possible to estimate the number of internal
residues needed to confer a similar level of diversity conferred
by 5 terminal residues. Generally there are about 500 pen-
tapeptide sequences in a 500-amino acid-long protein but
only one carboxyl-terminal pentapeptide. Thus, to confer the
same specificity in an internal peptide one needs to make the
probability of a random occurrence 500 times less likely; this
is accomplished by extending the length by 2 residues ((1/
20) X (1/20) = 1/400). In this context, it is intriguing that
immunoglobulin or T-cell receptor binding, when recognizing
internal peptide, involves 7-9 amino acids in length. In con-
trast, a PDZ domain binding to carboxyl-terminal peptide
recognizes 3-5 residues. Indeed about 500 pentapeptide se-

quences in a 500-residue-long protein is overestimated since
each adjacent peptide differs by 1 residue. Interestingly the
strongly biased positions in protein carboxyl termini are most
pronounced at the last 4 or 5 residues, which according to the
calculation here provides sufficient diversity for a typical
proteome.

The resultant data in this report have been deposited and
are available at www.molecularinteraction.org/listofpublica-
tion.htm. The specific abundance of certain amino acids may
be related to free energy considerations. For example, the
preference for lysine at the carboxyl termini could stem from
electrostatic stabilization of helix dipoles. The sequences may
be mined in other ways as well. For example, the sequences
may be sorted by predetermination of amino acid residues at
any given position, such as CAAX or KKXX. Our result sug-
gests that the conserved carboxyl-terminal sequence alone
may confer certain important biochemical function, although
some of these functions are currently unknown. Thus, these
conserved motifs may serve as one criterion for grouping
diverse proteins with certain shared properties including bio-
chemical function, membrane association, and/or protein do-
main organization. It supports the notion that the high infor-
mation contents at the carboxyl termini encode the signatures
for certain fundamental functions including but not limited to
subcellular localization (1). In C. elegans, HDEL and KDEL
were found in seven and four proteins, respectively. Whether
the C. elegans ER retention machinery is more degenerate in
recognizing its anchor site than that of other species remains
unanswered.

It is important to note that conserved motifs are likely to be
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L Size of proteome :6213

IL Total number of amino acids in the proteome: 2912365

IIL. Codon usage table of 5. isiae (http://www.kazusa.orjp/codon/cgi-bin/sh I 75y " y Ffanda T3
i uency: thousand | [number]
[0 6.1 147862 ucuy 23.5 133504 UaL 188 106488 UGl B0 45202
uuc 182 103261 ucc 142 80607 UAC 14.7 83161 (e 4.7 26497
LIUA 6.4 143595 UCA 188 106330 UAA 1.0 5588 uGa 0.6 3541
uuG 271 153414 ucG 85 48529 UAG 0.5 2679 UGG 10.3 58518
Lalll] 122 63959 aal] 136 78887 CAU 13.7 77873 GU 6.5 36712
cuc 54 30504 acc 6.8 38449 CAC 78 44058 (e 26 14625
CUA 134 75767 CCA 18.2 103149 CAM 27.5 156102 CGA 30 17089
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2 425 146 523 578 578 462 230 621 10.96 9.5 185 5.50 288 404 6.50 B54 534 450 098 n
3 480 134 54 6.26 547 4.57 2.4 662 870 10.7 232 502 361 404 488 822 4564 563 1.7 369
4 5.52 1.55 547 710 473 500 253 510 10.32 8. 188 581 415 333 5.5 840 5.23 510 143 349
5 5.49 1.29 5.96 6.82 468 515 203 571 1001 ag2 1.90 549 1M 181 5.52 BOF 484 542 132 414
6 568 122 513 686 460 435 212 623 876 10,22 166 592 07 167 526 BA4 496 578 108 178
7 539 124 623 694 486 517 187 624 985 200 182 571 3.57 341 533 B.56 452 534 129 365
8 554 130 642 7.58 444 486 185 596 B66 966 174 533 352 380 533 BAZ 465 562 129 M
9 578 145 6.42 750 473 494 200 584 948 9.56 153 568 156 356 541 7.50 504 536 138 319
10 576 1.56 6.23 782 472 5.30 225 612 795 9.25 179 512 193 352 53 7.90 515 570 153 303
11 6.42 1.40 565 713 396 472 225 570 9.2 998 180 5.1 a7 180 481 781 586 578 137 1m
12 584 137 578 B3 4.25 510 209 6.33 871 948 2106 530 156 3185 507 766 5.6 550 119 340
13 541 1.5 583 7.19 118 509 214 651 B84 90 185 599 362 356 504 842 494 6.15 134 309
14 583 17 637 699 430 521 192 682 BJ2 .37 166 587 354 399 489 BB 4.10 6.00 126 £
15 562 1.51 620 ] 394 494 152 641 BE7 917 187 582 378 380 480 B06 546 552 142 352
16 605 106 612 798 447 518 182 634 B18 8.z 179 587 £ im 475 593 507 589 138 i
17 6.16 137 562 7.3 404 547 183 6.21 897 905 164 581 433 369 5.5 745 502 565 1.3 343
18 5.96 1.46 618 7.55 173 531 2n 587 839 8.50 208 5.5 4.3 3.52 502 861 5.3 6.00 1.7 314
19 615 1.38 587 743 4.8 573 193 599 8.2 897 209 6.13 i 364 4.9 814 497 613 109 11
20 5.50 122 6.58 785 4.35 5.36 183 663 7.90 8.34 163 581 414 385 494 B.40 576 6.08 127 109
VI. Comparison of the probabilities of the C-terminal sequence motifs
Total number of amino acids in the proteome = 2,912,365
Size of proteome = 6,213
Internal Internal C-terminal Internal
| oons 0.055 0.0552
0.0579 01169 01250 & | 00902 0084
2 0.0650 0.0959 0.0929 Ls oo73 01096
L omw 0.0959 0.1053 L 00959 0.1053
HDEL 7.76E-06 A(M/LLL  531E05 AMLLL® 6.50E05 LS 63EM4 SKL* 965604
HDEL d)=22 .60 HDEL® 005 AMLILL (eapected)= 172.21 AMLLL" {expected)= 0.42 SKL (expected }=1837 70 SKL™ (expected)= 6.02
HOEL™ (observed)= 1100 AM{LLL {observed)= 11.00 1.* {ohserved)= 13.00
fokd (expobs) 21136 fold (expyobs) 26.04 fold (epyobs) 216

Fic. 3. Statistical analyses of carboxyl-terminal sequences S. cerevisiae. The number of proteins in the proteome (part /), total number of
amino acids in the proteome (part Il), and codon usage (part lll) are shown. Part IV is the estimated amino acid frequency (not corrected by
transcription levels). Part V is the amino acid abundance of the carboxyl-terminal 20 residues (where —1 is the last carboxyl-terminal residue). Part
VI shows the comparison of internal and carboxyl-terminal probability for HDEL, A(M/L)LL, and SKL sequences. exp, expected; obs, observed.

physiologically important and thus resistant to selection pres-
sure during evolution. However, less conserved terminal mo-
tifs in the proteome may confer equally important but highly

specific biochemical activity that is restricted to only one or
two proteins in the proteome but conserved among homo-
logues from different species (Table V). As more and better
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TABLE V
Top 30 hits of carboxyl-terminal sequences in higher eukaryotes

C. elegans D. melanogaster H. sapiens
Xy X4 Xy Xy Xy X4
1 KKK 73 YLCE 45 KKK 68 EEVD 15 DEL 54 KEKK 28
2 LCE 46 EYNP 37 SKL 33 KKKK 14 LLL 53 EFMVA 25
3 YNP 38 APGY 26 DED 31 HGGM 14 SSS 49 TSSK 23
4 SKL 38 ATKY 26 AKL 31 KDEL 13 KKK 49 VLRH 22
5 PGY 36 TTNS 20 DEL 30 SDEV 12 SSL 46 CGERA 20
6 KK 32 GTRR 19 AKK 30 WRPW 12 LLS 45 EEVD 20
7 TKY 32 Pl NY 18 SSS 27 SAAN 11 EEL 44 SLKF 19
8 SSK 31 CERA 18 LKK 27 LKTG 11 ASS 43 CWNK 19
9 SKK 29 TSSK 18 KLL 24 LLKK 11 LLK 43 GGG 19
10 DSD 28 KKKK 18 TEL 24 a sy 11 SSK 41 AKGK 18
11 DDE 28 GDKE 17 KSN 24 NRRY 10 SLL 39 NSDK 18
12 KKN 27 GFGG 17 KSK 23 RKCF 10 EKK 38 QKAK 17
13 DEL 27 CRIC 16 SSN 23 SDED 10 KAK 38 TKLG 16
14 DEE 26 AFDH 12 KK 22 AASQ 10 LCGL 37 EEEE 15
15 GRK 26 SDSD 12 SKK 22 ENEF 10 PSS 37 RKCF 15
16 LKK 25 KKK 11 KLK 22 VWAFV 9 PAS 35 SCG- 13
17 RRR 25 SATA 10 RRY 21 El DN 9 EEE 35 RRRR 13
18 KKL 25 FGRK 10 TDL 20 RAKL 9 RRR 34 SDSD 13
19 RRK 25 RRRR 10 AAN 20 GGDN 9 LTL 34 LVCQ 13
20 AKL 24 MKQH 10 ASK 20 EEEE 9 TSL 33 HDEL 13
21 EKK 23 PKKK 9 KAK 20 VERA 9 GSS 33 KDEL 13
22 KRK 23 YLGP 9 ERA 20 CRTS 9 SVL 33 ASKE 13
23 KKE 23 CCYQ 9 KRK 19 ESKL 9 SSG 32 CGQL 12
24 KKI 22 PPGY 9 DSD 19 NKKK 9 SPS 32 EDTM 12
25 TNS 22 KKKN 9 | FG 19 LRSE 9 LRH 31 GEKP 12
26 AKK 22 GAEK 8 LKL 18 DDED 9 LKF 31 GRRF 12
27 RKL 21 VQFC 8 LK 18 TASK 9 PGP 31 KEEL 12
28 TRR 21 KSWE 8 TTA 18 MIE 9 EKL 31 SSSS 12
29 SKN 21 EDDE 8 EKL 18 FQDV 8 PSP 31 CNKI 11
30 FC&K 20 PDSP 7 NRR 18 KKYK 8 K&K 31 G| 11

annotated protein sequences become available, it will be
important to mine both types of motifs via informatic tools,
which could provide interesting hypotheses that can be tested
experimentally.
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