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Recent advances in large-scale genome
sequencing have resulted in the accu-
mulation of amino acid sequences of
proteins whose functions are unknown.
A variety of projects are now beginning
to clarify the functions of these proteins
and systematically determine their sub-
cellular localizations. Because sorting
signals usually determine protein local-
ization, it is reasonable to attempt to
recognize sorting signals, and indeed
predict localization sites, computation-
ally. To date, several algorithms for de-
tecting various sorting signals have been
developed1, and several researchers
have attempted to predict subcellular
localization sites on the basis of protein
amino acid composition2,3. We have 
developed a program, PSORT, that to
our knowledge is the only program that
predicts subcellular localization by ex-
ploiting a comprehensive knowledge of
protein sorting.

Prediction scheme
We first developed PSORT in 19904,5.

PSORT requests a full-length amino acid
sequence and its sequence origin [one of
five categories: Gram-positive bacteria,
Gram-negative bacteria, yeasts, animals
and plants (we do not know whether
PSORT is also applicable to the se-
quences of archaea)]. According to the
selected category, the program assigns
a set of candidate localization sites: for
example, localization to chloroplasts is
only considered for plant sequences.
The program then calculates the values
of feature variables that reflect various
characteristics of the sequence (Table 1).
Next, it tries to interpret the set of val-
ues obtained and estimates the likeli-
hood of the protein being sorted to each
candidate site. Finally, it displays some
of the most probable sites.

In the first version of PSORT, the 
interpretation part was constructed as an

expert system, in which a knowledge-base
is represented by a set of ‘if, then’ rules.
Although this technique is suited to inte-
grating various kinds of information on
protein sorting, the program requires
manual adjustment of many numeric pa-
rameters. Therefore, it was very difficult
to keep up with increasing numbers of
sequences that have known localization
sites. To overcome this difficulty, in de-
veloping a new version, PSORT II, we
tested several machine-learning tech-
niques6 and selected a simple algorithm
– the k-nearest-neighbor method7 (see
Box 1). The version of PSORT II currently
available is equipped with a training set
(i.e. sequence data labeled with localiz-
ation information) from yeast. We believe
that this training set is also applicable to
animal sequences; however, users can use
their own training set. For example, it
would be more appropriate to use a hu-
man training set to predict the localization
of human sequences. Users should also
be able to modify PSORT II for plants by
adding variables and by using a training
set from Arabidopsis thaliana, for example.

Predictive accuracy
We assessed the predictive accuracy

of PSORT II by ten-fold cross-validation,
using 1531 Saccharomyces cerevisiae se-
quences encoded in nuclear DNA. The
sequences and their localization sites
are from the SWISS-PROT8 and YPD9

databases. The results for k values (see
Box 1) of 9 and 25 are summarized in
Table 2. The prediction of minor localiz-
ation sites is very difficult. In addition,
we admit that a total accuracy of 57% is
not spectacular. Obviously, this figure
partly reflects our current level of 
understanding of protein-sorting signals.
However, there are other reasons for in-
accurate prediction. For example, assign-
ing a single ‘answer’ site to each sequence
might sometimes be inappropriate.
Many proteins localize to multiple sites,
and ribosomal proteins are assigned as
cytoplasmic although they are first
transported into the nucleus. Moreover,
there are several periphery-associated
plasma-membrane proteins. Therefore,
in spite of the overall accuracy of 57%,
we expect that our program will work ef-
fectively for conventional proteins. Indeed,
PSORT II predicted the localization sites
of 1080 yeast sequences with 63% accu-
racy when their SWISS-PROT annotations
were used instead of those of YPD.

Availability
PSORT/PSORT II can be used at http://

psort.nibb.ac.jp. The Email address for the

PSORT: a program for detecting
sorting signals in proteins and

predicting their subcellular
localization

Table 1. Features detected by PSORT II

Feature Criteria Refs

N-terminal signal peptide Modified McGeoch’s method and the cleavage-site 10, 11
consensus

Mitochondrial-targeting signal Amino acid composition of the N-terminal 20 residues 5, 12
and some weak cleavage-site consensus

Nuclear-localization signals Combined score for various empirical rules
ER-lumen-retention signal The KDEL-like motif at the C-terminus
ER-membrane-retention signal Motifs: XXRR-like (N-terminal) or KKXX-like (C-terminal)
Peroxisomal-targeting signal PTS1 motif at the C-terminus and the PTS2 motif
Vacuolar-targeting signal [TIK]LP[NKI] motif
Golgi-transport signal The YQRL motif (preferentially at the cytoplasmic tail)
Tyrosine-containing motif Number of tyrosine residues in the cytoplasmic tail
Dileucine motif At the cytoplasmic tail
Membrane span(s)/topology Maximum hydrophobicity and the number of predicted 5, 13, 14

spans; charge difference across the most N-terminal 
transmembrane segment

RNA-binding motif RNP-1 motif 15
Actinin-type actin-binding motifs From PROSITE 15
Isoprenyl motif CaaX motif at the C-terminus
GPI-anchor Type-1a membrane protein with very short tail 
N-myristoylation motif At the N-terminus
DNA-binding motifs 63 motifs from PROSITE 15
Ribosomal-protein motifs 71 motifs from PROSITE 15
Prokaryotic DNA-binding motifs 33 motifs from PROSITE 15
Amino acid composition Neural network score that discriminates between  3

cytoplasmic and nuclear proteins
Coiled-coil structure Number of residues in the predicted coiled-coil state 17
Length Length of the sequence
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mail server is psort@nibb.ac.jp. Potential
users who wish to use the program locally
should contact nakai@imcb. osaka-u.ac.jp.
The binary file of PSORT, which runs on
the Solaris OS, and the full perl5 script
for PSORT II, will be distributed freely.
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Table 2. Predictive accuracy of PSORT II

Localization Site top1 (%)a SD (%)b top2c (%) SD (%)b n

Cytoskeletal 1.4 4.3 15.0 18.2 51
Cytoplasmic 67.2 4.9 87.1 5.7 386
Nuclear 71.7 6.0 90.7 3.6 510
Mitochondrial 49.9 8.7 77.5 5.7 253
Secretary vesicles 0.0 0.0 0.0 0.0 25
ER 35.3 9.7 66.0 13.2 79
Golgi 0.0 0.0 2.0 6.0 30
Vacuolar 0.0 0.0 0.0 0.0 30
Plasma membrane 63.4 10.7 76.3 9.7 110
Peroxisomal 35.0 39.1 35.0 39.1 18
Extracell./cell wall 62.3 19.5 69.8 24.0 39
Total 57.4 3.5 76.7 3.3 1531

aPercentage of proteins whose localization sites are correctly predicted to be the most probable site.
bStandard deviation of ten trials. cPercentage of proteins whose localization sites are included in the two
most probable sites. Abbreviation: n, number of sequences.

Box 1. The k-nearest-neighbor method

The k-nearest-neighbor method is a pattern-
recognition algorithm in which k is a pre-
defined parameter. We used the algorithm to
assign a localization site to arbitrary input se-
quences by using statistical tendencies found
in the training set (sequences that have
known localization sites). First, the Euclidean
distances (the square roots of the sums of
squared distances of all variables) between
the input sequence and all training data are
calculated on the basis of normalized values
of the feature variables listed in Table 1.
Then, the candidate site that occupies the
majority of the k-nearest sequences is as-
signed to be the most probable site. Because
the number of training sequences at each
site varies significantly, we modified the algo-
rithm to employ two k values (see the help
document at http://psort.nibb.ac.jp).

A protocol too far

Protein Protocols on CD-ROM

edited by John M. Walker, Humana
Press, 1998. US$395.00 (CD-ROM) 
0 896 03514 X

Getting 2500 methods from 6500 virtual
pages on a 15-g compact disc seems a 
far more attractive proposition than
getting them from several kilograms of
paper – not to mention the multi-user
networking capability and the absence 
of lost, torn or dog-eared pages. This
massive compilation fills a gap in the
virtual lab shelf alongside well-known
counterparts for antibody, molecular 
and developmental biology protocols
from other publishers. As with these
illustrious companions, Protein 
Protocols boasts contributions from
leading experts.

Before assessing the protocols
themselves, I should say a few words
about the layout. This CD contains a wide
selection of methods from the previously
published 90 or so volumes in the
Methods in Molecular Biology series.
Methods are efficiently and effectively
presented within the PC- and 
Mac-compatible program Dynatext,
which provides two linked windows: the
first to view the contents list, and the
second to view the methods. Scrolling
through methods and scanning or
jumping to content titles and subtitles is
a quick and reasonably comfortable way
to work. Tables are only correctly
formatted at a large threshold window
size; small monitors will therefore
struggle. Further levels of help are
provided by the ability to search for key
words and then jump forwards or
backwards between occurrences, which
are also numerically listed against
subheadings in the contents window. In
addition, the user can customize the

content easily and update it, using
bookmarks and annotations. Although
the figures are generally simple, they are
too small to view within the methods
window. No problem: a single click of the
mouse opens figures and extratextual
notes into dedicated windows, and the
figures have zoom options. However,
despite being intelligible, figures are
often poor, particularly if the zoom-in
option or hard copies are required. 
New users can quickly pick up Dynatext:
a fourteen page manual is provided.
Finally, the protocols themselves are
clearly explained and referenced, and
should prove easy to execute.

Although the title of this tome indicates
a scope exclusive to protein research, I
was surprised to find a farrago of methods,
including protocols for in situ PCR,
artificially encapsulated-cell preparation
and even gene therapy! On their own,
these extras are not a problem, quite the
opposite, but the omission of commonly
used alternatives to each protein


