
Membrane-associated and secreted proteins are an important
class of proteins and include receptors, transporters, adhesion
molecules, hormones and cytokines. Although algorithms have
been developed to recognize potential amino-terminal mem-
brane-targeting signals or transmembrane domains in protein
sequences, their accuracy is limited and they require knowledge
of the entire coding sequence, including the N terminus1, which is
not currently available for most of the genes in most organisms,
including human. Several experimental approaches for identify-
ing secreted and membrane proteins have been described, but
none have taken a comprehensive genomic approach2–6. Further-
more, none of these methods allow easy classification of clones
from arrayed cDNA libraries, for which large-scale gene-expres-
sion data are now becoming available through the use of DNA
microarrays. We describe here a rapid and efficient method for
identifying genes that encode secreted or membrane proteins.
mRNA species bound to membrane-associated polysomes were
separated from other mRNAs by sedimentation equilibrium or
sedimentation velocity. The distribution of individual transcripts
in the ‘membrane-bound’ and ‘cytosolic’ fractions was quanti-
tated for thousands of genes by hybridization to DNA microar-
rays. Transcripts known to encode secreted or membrane proteins
were enriched in the membrane-bound fractions, whereas those
known to encode cytoplasmic proteins were enriched in the frac-
tions containing mRNAs associated with free and cytoplasmic
ribosomes. On this basis, we identified over 275 human genes
and 285 yeast genes that are likely to encode previously unrecog-
nized secreted or membrane proteins.

We isolated RNA from the membrane or cytosolic fractions of
cells using standard methods, synthesized fluorescently labelled
cDNA from each fraction (Cy5-labelled for membrane-associ-
ated mRNA and Cy3-labelled for cytosolic mRNA) and
hybridized these to microarrays (Fig. 1). Our results showed that
hundreds of genes had Cy5/Cy3 fluorescent ratios that deviated
from unity, reflecting enrichment of the corresponding mRNA in
one of the two fractions.

To examine more closely the relationship between the observed
mRNA distributions and the subcellular localization of the corre-
sponding gene products, we assembled a list of the genes present
on our arrays that encoded proteins whose subcellular localiza-
tion (that is, bound to membranes, secreted, mitochondrial,
cytosolic or nuclear) has been empirically determined. The fluo-
rescence ratio distributions for mRNAs encoding products that
have been found empirically to be membrane-associated or
secreted (blue curve) and cytosolic or nuclear (red curve) are
shown (Fig. 2). The distribution of fluorescence ratios for these
characterized genes showed two overlapping populations. Similar
distributions were obtained for two different organisms using two
different fractionation procedures (sedimentation velocity and
sedimentation equilibrium), suggesting that the observed distrib-
ution reflected the true partitioning of transcripts between the
two subcellular compartments. Indeed, earlier studies have also
found a reproducible overlap between poly(A)+ RNA from free
polysomes and poly(A)+ RNA from membrane-bound polysomes
that cannot be attributed to cross-contamination7,8. Thus, many
mRNAs are not simply partitioned between membrane-associ-
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Fig. 1 Procedure for isolating mem-
brane-bound polysomes from cell
lines. Jurkat cells were hypotonically
lysed, and membrane-bound RNA
was separated from free RNA by equi-
librium density centrifugation in a
sucrose gradient. Total RNA was iso-
lated separately from the fractions
containing membrane-bound or free
RNA. After linear amplification of
mRNA (ref. 20), cDNA was synthesized
from membrane-bound and free
mRNA and labelled with the fluores-
cent dyes Cy5 and Cy3, respectively.
The cDNAs were hybridized to a DNA
microarray and analysed using stan-
dard methodology. The subsection of
an array pictured shows the identity
of some of the spots from a represen-
tative experiment.
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ated and free polysomes. There are likely to be biological explana-
tions (for example, translational regulation or ribosome-indepen-
dent association of mRNAs with the membrane fraction) for the
variability of the association of mRNAs with membranes.

The genes that showed the highest Cy5/Cy3 or Cy3/Cy5 ratios
were highly enriched for those encoding membrane/secreted
proteins or cytosolic/nuclear proteins, respectively (Fig. 3). A few
mRNAs showed enrichment opposite to what would be expected
based on the subcellular localization of the encoded protein.
Although some of these anomalous observations at the extremes
of the Cy5/Cy3 continuum may reflect experimental artefact, we
believe that many correctly reflect the subcellular localization of
the corresponding transcripts.

An advantage of our approach was that the characterized genes
encoding proteins of known subcellular localization provided
internal controls that we used to calibrate the relationship
between the measured fluorescence ratio and the probability that
any gene encodes a secreted or membrane protein. We calculated,
using a moving average algorithm, the local percentage of charac-
terized mRNAs encoding membrane-associated proteins as a
function of the Cy5/Cy3 ratio (Fig. 4a,b). The probability that an

uncharacterized gene with a given Cy5/Cy3 ratio encodes a mem-
brane or secreted protein can be estimated from the fraction of the
characterized genes with similar fluorescence ratios that encode
membrane-associated proteins. (This assumes that the prior
probability that any uncharacterized gene in the set encodes a
membrane-associated or secreted protein is equivalent to the frac-
tion of characterized proteins that have been assigned to this class,
an assumption that is supported, at least for yeast, by the very sim-
ilar frequency of computationally predicted signal peptides and
transmembrane domains in the characterized and uncharacter-

Fig. 2 Distribution of Jurkat T-cell mRNAs encoding proteins with character-
ized subcellular localization. Genes were classified into two categories: those
whose protein products are membrane-associated (transmembrane, secreted
or ER/Golgi/vesicle resident; blue curve) and those whose products are cytosolic
(or nuclear; red curve). The graphs show the number of genes in each class
plotted against the log-transformed (base 2) Cy5/Cy3 ratios in bins of 0.2.

Fig. 3 Subcellular localization of the 50 mRNAs most enriched in the membrane-associated or cytosolic mRNA fractions from Jurkat T cells (top) and yeast
(bottom). Subcellular localization data for human and yeast proteins were collated as in Fig. 2. Genes were then divided into the six categories indicated
based on the reported localization of their protein products. The coloured squares represent the magnitude of the Cy5/Cy3 ratios, with red and green
squares representing strong enrichment in the membrane-associated or cytosolic fractions, respectively. The actual Cy5/Cy3 ratio is listed to the left of the
gene name. For uncharacterized genes, the value in parentheses to the right of the gene name represents the estimated likelihood that the gene encodes a
secreted or membrane-associated protein
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ized gene products (see http://genome-www.stanford.edu/mbp/).
On the basis of this analysis, more than 85% of the 277 uncharac-
terized genes (491, including characterized genes) whose tran-
scripts were most highly enriched in the membrane fraction from
Jurkat cells and the 289 uncharacterized genes (453, including
characterized genes) whose transcripts were most highly enriched
in the membrane fraction from yeast cells are expected to encode
membrane-associated proteins. Assignments and estimated confi-
dences for all previously uncharacterized genes are available (see
http://genome-www.stanford.edu/mbp/). We have independently
examined the subcellular localization of five of the unknown gene
products by immunohistochemistry using antibodies raised
against predicted peptides from these proteins, and confirmed the
predicted localization of four of these (for results, see
http://genome-www.stanford.edu/mbp/).

We compared our results with the predictions of computa-
tional models that attempt to recognize transmembrane
domains or signal peptides in protein sequences. Because full
coding sequences were not available for most of the human
genes represented on our microarrays (which contained mainly
cDNAs defined only by ESTs), this analysis was restricted to
yeast. We used described algorithms to predict transmembrane
domains (H19 method; data from YPD; ref. 9) and signal pep-
tides10. mRNAs preferentially recovered in the membrane frac-
tion were enriched for those encoding proteins with predicted
transmembrane domains or signal peptides (Fig. 4c,d). On the
other hand, mRNAs preferentially recovered in the cytosolic
fraction encoded proteins with fewer predicted transmembrane
domains or signal peptides than the average for all the known
and hypothetical proteins encoded by the yeast genome. For
proteins known to be secreted or membrane-associated, the
average prediction score for transmembrane domains or signal
peptides was higher for those whose transcripts were highly
enriched in the membrane fraction, as assayed using the
microarray method (Fig. 5a,b). Our empirical approach, how-

ever, also identified many genes that encoded bona fide mem-
brane-associated or secreted proteins that were not predicted by
either computational method (Fig. 5c). Thus, our empirical
method and the computational methods identified partially
overlapping sets of membrane-associated proteins.

The apparent misclassifications of some mRNAs by the
microarray method may reflect features of subcellular com-
partmentalization. For example, of the yeast mRNAs that have
been found to encode cytosolic proteins, the two that were
most enriched in our membrane fraction were the ASH1 and
HAC1 transcripts. ASH1 mRNA has been shown to be asym-
metrically localized to the distal tip of daughter buds and to be
attached to the cell cortex11. HAC1 mRNA is known to be
spliced in the cytoplasm by interaction with Ire1p, an endo-
plasmic reticular transmembrane protein12. In situ hybridiza-
tion shows HAC1 mRNA in punctate structures throughout
the cytoplasm13, consistent with the distribution of rough en-
doplasmic reticulum (rER).

Other biological mechanisms might also account for the asso-
ciation of mRNAs encoding cytosolic proteins with cellular
membranes. For example, if the nascent N terminus of a cytosolic
protein contains a membrane-binding domain (for example, a
PH domain) or post-translational modification site (for example,
myristoylation), polyribosomes translating this mRNA may be
recruited to membranes. Calcineurin B has been shown to asso-
ciate with the cytoplasmic surface of the plasma membrane14,
and we found that, in Jurkat cells, the mRNA encoding cal-
cineurin B was the most enriched in the membrane fraction of all
mRNAs known to encode cytoplasmic proteins. Finally, some
mRNAs that encode proteins characterized as cytosolic have
alternatively spliced forms that are membrane-associated, as is
the case for NADH-cytochrome b5 reductase15. Because the
microarrays used here do not allow alternative splice forms to be
distinguished, such mRNAs may appear enriched in the mem-
brane-associated fraction for biological reasons.

Fig. 4 Moving average analyses of mRNAs
encoding experimentally determined or pre-
dicted membrane-associated proteins. Subcellu-
lar localization data for human and yeast
proteins were collected as in Fig. 3. Genes whose
mRNAs were well measured in representative
experiments in human Jurkat (a) or yeast (b) cells
were classified into two categories: those that
encoded membrane-associated (transmem-
brane, secreted or ER/Golgi/vesicle resident) pro-
teins and those that encoded free (cytosolic or
nuclear) proteins. A moving average algorithm
with a window size of 151 genes (Jurkat) or 175
genes (yeast) was applied to the data and the
percentage of membrane-associated genes in
each window was plotted against the log-trans-
formed (base 2) Cy5/Cy3 ratio of the central
gene. The horizontal line represents the overall
percentage of membrane-associated genes on
the microarrays used in the experiments. c, Mov-
ing-average analysis as in (b) of yeast mRNAs
encoding proteins containing one or more pre-
dicted transmembrane domains. The prediction
algorithm used has been described9. The hori-
zontal line represents the overall percentage of
genes encoding proteins with predicted trans-
membrane domains in the set of genes that was
assayed. d, Moving-average analysis as in (b) of
yeast mRNAs encoding proteins containing puta-
tive signal peptides. The prediction algorithm
used was SignalP (ref. 10) The horizontal line
represents the overall percentage of genes
encoding proteins with predicted signal peptides
in the set of genes that was assayed. n, number
of genes in each data set.
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We were able to identify hundreds of previously uncharacter-
ized mRNAs that are likely to encode membrane-associated pro-
teins. In both cases, these results are from the analysis of a single
cell type under a single condition many genes represented on
our microarrays could not be assessed because they were not
expressed at a sufficient level in these cell populations. Because
the method is cumulative, however, fractionation and analysis of
other cell types and conditions should allow the rapid classifica-
tion of thousands of unknown genes. Furthermore, our data sug-
gest that modifications to the centrifugation separation methods
used here, or antibody-based purifications of various subcellular
compartments, will allow the development of a comprehensive
and detailed picture of the distribution of each mRNA in the cell.
This information should make an important contribution to our
understanding of the regulation and functional roles of the pro-
teins they encode.

Methods
Subcellular fractionation and RNA isolation. We used equilibrium densi-
ty gradient centrifugation to separate free and rER-bound polysomes
from human Jurkat cells, and a differential precipitation procedure to sep-
arate free and rER-bound polysomes from an exponentially growing cul-
ture of Saccharomyces cerevisiae. Briefly, 5×108 Jurkat cells were treated
with cycloheximide (50 µM; Sigma) for 10 min at 37 ºC, lysed hypotoni-
cally using a ball-bearing homogenizer and fractionated by sedimentation
equilibrium as described16. The membrane-associated and cytosolic ribo-
somes appeared well-separated, based on OD260 profiles. For yeast cul-

tures, yeast strain DBY7286 (MATa GAL2
ura3; ref. 17) was grown to exponential
phase in YEP medium supplemented with
glucose18, disrupted on liquid nitrogen
using a mortar and pestle, and fractionat-
ed by sedimentation velocity as de-
scribed19. In both cases, we isolated total
RNA from the membrane and cytoplas-
mic fractions using Trizol (Life Technolo-
gies). For Jurkat cells, poly(A)+ RNA was
isolated from total RNA using an Oligo-
tex mRNA kit (Qiagen) The resulting
products were then amplified using a lin-
ear, in vitro transcription-based, anti-
sense RNA amplification20.

Microarray manufacture and hybridiza-
tions. DNA microarrays were produced
and hybridized as described21 (http:
//cmgm.stanford.edu/pbrown). To quan-
titate the representations of mRNAs in
each fraction, we prepared Cy5-labelled

cDNA from mRNA extracted from the rER fractions and Cy3-labelled
cDNA from mRNA extracted from the cytoplasmic complement. The
yeast genome microarray contained essentially all of the ORFs of S. cere-
visiae22 and the human cDNA microarray contained a set of ∼ 9,000
sequence-confirmed cDNA clones, representing both characterized and
uncharacterized genes23,24. The microarrays were scanned on a ScanAr-
ray3000 (General Scanning) and analysed using ScanAlyze (available at
http://rana.stanford.edu/software/). Raw images and data from the
experiments shown here are available (http://genome-www.stanford.
edu/mbp). The data shown are representative experiments from multi-
ple, independent subcellular fractionations and microarray hybridiza-
tions. The fractionation was highly reproducible and supplemental data
from independent fractionations and analyses of reproducibility is
available (see http://genome-www.stanford.edu/mbp/). Only genes for
which the fluorescence signal in each channel exceeded a value corre-
sponding to roughly 0.5% of the dynamic range above background were
considered in this analysis.

Identification of empirically determined membrane-associated proteins.
We collected experimentally determined subcellular localization informa-
tion of protein products for as many genes as possible for both microar-
rays. The sources for this information included literature searches and
publicly available databases (SWISS-PROT, http://www.expasy.ch/sprot/;
SGD, http://genome-www.stanford.edu/Saccharomyces/; YPD, http://
www.proteome.com/YPDhome.html). Proteins documented to be secret-
ed, or to be localized to the ER, golgi, vesicles or plasma membrane (all of
which were expected to have been bound to rER-associated polysomes)
were grouped together as ‘membrane-associated’ gene products. Genes

Fig. 5 Moving average analysis of yeast
mRNAs encoding empirically determined
membrane-associated or cytosolic proteins.
Moving average analysis was performed as
in Fig. 4, but only on yeast mRNAs with
experimentally documented subcellular
localization. For (a) and (b), only genes
encoding membrane-associated proteins
were considered; the window size was 151
genes. The red lines represent the overall
percentage of mRNAs in this set with trans-
membrane domains or signal peptides. In
(c), empirically determined membrane-asso-
ciated and cytosolic proteins were consid-
ered together. The data were broken down
into the indicated subsets and the percent-
age of mRNAs encoding membrane-associ-
ated proteins was calculated using a
moving average algorithm. The window
sizes used were 31, 51, 51 and 101 genes,
from left to right, top to bottom. n, number
of genes in each data set.
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encoding cytosolic proteins were designated as ‘free’. Nuclear genes encod-
ing mitochondrial proteins were excluded from this analysis because there
is evidence for two classes of such proteins: those that are translated freely
in the cytosol and post-translationally transported into the mitochondria,
and those whose mRNA is associated with the cytoplasmic surface of mito-
chondria25,26. In our experiments, transcripts of nuclear genes encoding
mitochondrial proteins were observed to be enriched in both fractions.

Moving average analyses. We used a similar moving average calculation for
Figs 4 and 5. As an example, in Fig. 4a only genes of known subcellular
localization were considered. To calculate a moving average of known
membrane-associated proteins using a window size of 151, the fraction of
membrane-associated proteins for 151 adjacent genes in Cy5/Cy3 ratio
space was computed and plotted as a function of the central gene in the
window. The 151 gene window was then moved by one gene on the

Cy5/Cy3 axis and the fraction was re-calculated. This process was reiterated
until the end of the Cy5/Cy3 distribution was reached.
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