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ABSTRACT
We describe here a strategy for preparing a human
membrane and secreted protein (MSP)-enriched
cDNA library based on human MSP- and non-MSPencoding cDNA sequences in the databases. The
signal peptide parts of the MSP-encoding cDNA
sequences, which currently comprise about half of
the estimated total number in humans, were analyzed
for common patterns. These patterns form a
‘minimal’ set of polymerase chain reaction primer
candidates of length varying from 9 to 21 nt. The
products stemming from each primer candidate were
determined and the results allowed us to obtain an
‘optimal’ mixed-length primer set. Ninety-six percent
of the primers in this set were predicted to yield ≤10%
undesired products, and the desired MSP-cDNA
products could be easily separated by gel electrophoresis. The present analysis establishes a
methodology for preparing a cDNA library that
enables the analysis of individual MSPs. This methodology may also help identify new MSPs. As many cell
regulatory processes are mediated by secreted
proteins and their membrane-bound receptors, the
preparation of a MSP-enriched cDNA library should
benefit research on MSPs.
INTRODUCTION
Membrane and secreted proteins (MSPs) play important roles
in mediating cell–cell interactions, cell growth and differentiation, activation and apoptosis (1–3). They include receptors,
ion channels, cytokines, cell adhesion molecules, extracellular
matrix proteins, hormones, immunoglobulins and plasma
proteins. These proteins are characterized by an N-terminal
signal peptide consisting of typically 15–30 amino acids,

which directs their initial transportation through the membrane
of endoplasmic reticulum before delivery to membrane
enclosed organelles or plasma membrane or to be secreted. A
signal peptide consists typically of three regions: (i) a usually
positively charged, short N-region; (ii) a hydrophobic, 7–15
residue H-region; and (iii) a relatively polar, 3–7 residue
C-region that contains the signal peptidase cleavage site (4,5).
Due to the biological importance of MSPs, several groups
have developed methods to identify genes encoding these
proteins. The signal-sequence trap method is based on the
ability of cDNA sequences (cDNAs) encoding signal peptides
to redirect the expression of an export defective receptor gene
to the cell surface of mammalian cells (1,2,6,7). A rather
ingenious signal trap is based on the ability of cDNAs
encoding MSPs to provide a functional signal sequence to an
N-terminal truncated invertase enzyme, whose secretion is
essential for yeast cells to grow in a sucrose medium (1,2). The
signal-exon trap combines features of signal sequence trap
methods with the exon trap: exons are trapped and translated,
which allows screening for signal peptide function (8). Another
approach combines a cDNA library that is derived from rough
endoplasmic reticulum-bound mRNA with a high throughput
in situ hybridization procedure and subsequent sequence
analysis (9). The DNA microarray method determines the relative abundance of individual transcripts bound to membrane
and in the cytosol (10). However, none of the aforementioned
methods have been used to construct a human MSP-enriched
cDNA library due perhaps to various technical difficulties
inherent in each method (see Discussion).
As MSPs are closely associated with regulatory or disease
processes, a library of these proteins would be of scientific and
application value. A library enriched in human MSP-coding
cDNAs can be used to screen unknown receptor–ligand pairs
for a given surface receptor or secreted protein. Such a library
could save screening cost and time compared with using a
library of all human cDNAs, as MSPs comprise only an
estimated 10% (11) of the total number of genes (estimated to
be ≈40 000) in the human genome (12). Another application of
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a cDNA library of human MSPs is to subclone the cDNAs into
a phage surface cDNA display system for receptor–ligand pair
screening of MSPs (13,14). Despite the scientific value of a
human MSP-enriched cDNA library, it is (to the best of our
knowledge) not yet available in the academic community or
biotechnology industry.
The goal here is to present a strategy for constructing a highquality cDNA library that is enriched in human MSP-cDNAs.
Our method is based on generating an ‘optimal’ set of
polymerase chain reaction (PCR) l-nucleotide primers (l = 9,
12, 15, 18, 21) by identifying common patterns in human
cDNAs encoding signal peptides (referred to as signal
cDNAs). Although the primer candidates are designed to
match and thus amplify DNA sequences encoding MSPs, they
may also hybridize with the DNA sequences encoding nonMSPs or the DNA sequences corresponding to the mature
region of MSPs to yield undesired side products, thus yielding
non-MSP members in the library. Hence, noise analyses were
performed to predict the products resulting from a given
primer set (see Materials and Methods). The results of the
noise analyses allowed us to minimize both the number of
primers needed to amplify DNA encoding human MSPs and
undesired products after the PCR (see Results).
MATERIALS AND METHODS
Existing databases of cDNAs encoding MSPs and nonMSPs
Human protein sequences were retrieved from the SWISSPROT (Release 39) and TrEMBL (Release 15) databases (15)
and searched for the presence or absence of signal peptides.
This resulted in 1886 MSP and 22 439 non-MSP human
protein sequences. For each MSP or non-MSP protein, its
corresponding cDNA was obtained from the EMBL access
number(s) in the SWISS-PROT and TrEMBL entries and
sequences coding for proteins that include start and stop
codons were selected. The cDNA sequences were translated to
protein sequences and compared with the 1886 MSP and
22 439 non-MSP human protein sequences obtained directly
from the SWISS-PROT and TrEMBL databases. The matches
(corresponding to 100% amino acid sequence identity) resulted
in 1715 and 16 138 non-redundant human cDNAs encoding
MSPs and non-MSPs, respectively. The 1715 cDNAs
encoding MSPs (referred to as MSP-cDNAs) do not constitute
a ‘complete set’ as not all human MSPs are currently known
(see Discussion).
Generating l-nucleotide primers
As primers used in PCR experiments usually contain 9–21 nt,
a set of l-nucleotide (l = 9, 12, 15, 18, 21) primer candidates
was obtained by searching for the minimal set of common
patterns in the signal cDNAs. Each signal cDNA sequence was
scanned by sliding windows of 9, 12, 15, 18 and 21 nt in turn.
Each l-nucleotide pattern associated with signal cDNA
sequence k (k = 1, . . ., 1715) was recorded in a hash function.
The most common pattern in the pool of 1715 signal cDNAs
was selected as a template for the PCR, and cDNAs containing
this pattern were removed from the pool. This procedure was
repeated for pools of decreasing number of signal cDNAs until
no sequences were left in the pool. If a l-nucleotide pattern
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pertaining to signal cDNA sequence k is unique (i.e. it does not
occur in other signal cDNAs), then its N-terminal l-nucleotides
were selected as a primer. Our algorithm is similar to the one
described by Doi and Imai (16,17).
RT–PCR to clone cDNAs encoding MSPs
First-strand cDNA synthesis can be performed by a mixture of
human poly(A) + RNA with oligo-dT (reverse primer),
MMLV reverse transcriptase, MMLV reaction buffer and
dNTP. For the PCR reactions, the forward primers are the ones
generated using the methods described in this work (see
Results), whereas the reverse primers are oligo-dT comprising
of 12–15 dT. The reaction conditions for amplifying different
cDNAs need to be adjusted depending on the gene size and
primer annealing temperatures. By predicting the MSP products stemming from each primer (see next section), restriction
enzyme sites that are not present in the MSP-cDNAs could be
designed, and added to both forward and reverse primers to
facilitate the cloning of cDNAs into suitable library vectors
(such as Lambda ZAP II vectors).
Analyses of primer-derived products
The noise levels of the selected primers in the PCR reactions
were estimated by predicting the products that would result
from each primer. The sequence of each primer was compared
with the signal and non-signal peptide regions of the
1715 MSP-cDNAs as well as the 16 138 non-MSP-cDNAs.
The resulting matches (corresponding to 100% sequence
identity) were grouped according to the size (number of
nucleotides) of the products. Generally, two cDNAs can easily
be separated by gel electrophoresis if they differ by >200 nt.
Hence, this number (200) was used to estimate the degree to
which the desired and undesired products of each primer overlapped. As the longest cDNA encoding a MSP contains
∼15 600 nt, respectively, the l-nucleotide products were
grouped into 78 units; i.e. products with (one) l ≤ 200, (two)
200 <l ≤ 400, (three) 400 <l ≤ 600, . . ., (78) 15 400 <l ≤ 156 000.
The statistical results of the products derived from primer i
of length l were described by three parameters: (i) Ni,lMSP, the
number of matches between primer i of length l and the signal
peptide region of MSP-cDNAs, (ii) Ni,lMSPx, the number of
matches between the primer and the non-signal peptide region
of MSP-cDNAs, and (iii) Ni,lnMSP, the number of matches
between the primer and non-MSP-cDNAs. The noise fraction
(Fi,l) is given by the ratio of the total number of undesired products to all possible products from a given primer i of length l, i.e.,
MSPx

nMSP

N i, l
+ N i, l
F i, l = -----------------------------------------------------------------------MSP
MSPx
nMS P
N i, l
+ N i, l
+ N i, l

1

The average noise fraction (Fl) for Nl primers of length l was
then obtained by averaging all Fi,l corresponding to a fixed
length, l, i.e.,
Nl

1
F l = ----Nl

åF

i, l

2

i=1

Estimating the number of primers needed to amplify
cDNAs of all human MSPs
To estimate the number of l-nucleotide primers needed to
amplify the cDNAs of all human MSPs, the relationship
between the ‘input’ number of signal-cDNAs and the resulting
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Table 1. Relative standard deviation (standard deviation/average number of
primers) of each nl,x in Figure 1
No. of MSP-cDNAsa

428

857

1286

l=9

3.7

1.7

1.8

l =12

2.8

2.0

0.9

l =15

1.9

1.5

0.8

l =18

1.9

1.1

0.5

l = 21

1.5

1.0

0.6

a1/4,

1/2 and 3/4 of the ‘full’ set of 1715 MSP-cDNAs were randomly selected
to yield subsets of 428, 857 and 1286 input sequences respectively (see Materials
and Methods).

Figure 1. A plot of the average number of l-nucleotide primers nl,x for a given
x number of input signal cDNAs (see Materials and Methods).

number of primer candidates was obtained. First, a quarter, onehalf and three-quarters of the ‘full’ set of 1715 MSP-cDNAs
were randomly selected to yield subsets of 428, 857 and 1286
input sequences, respectively (referred to as subsets S1/4, S1/2
and S3/4). Ten subsets each of S1/4, S1/2 and S3/4 MSP-cDNAs
were randomly generated to yield a total of 30 input data sets.
For each subset of MSP-cDNAs, l-nucleotide primer candidates
were obtained by scanning each MSP-cDNA sequence using
sliding windows of 9–21 nt as described above. The total
numbers of l-nucleotide primers corresponding to the 10 subsets
Sx were then averaged to yield nl,x, which were fitted to various
(linear, quadratic, cubic and power) functions of the subset size
x, i.e., nl,x = fl(x) (Fig. 1). The resulting function allowed us to
obtain an upper bound on the number of l-nucleotide primers
needed to amplify the cDNAs of all human MSPs.
RESULTS
The maximal number of l-nucleotide primers needed to
amplify all human MSP-cDNAs
Figure 1 plots the average number of l-nucleotide primers nl,x
for a given x number of input signal cDNAs (see Materials and
Methods). The relative standard deviation (standard deviation/
average number of primers) of each nl,x data point in Figure 1
is ≤3.7% (Table 1). This means that a similar number of
primers can amplify sets of size x containing different MSPcDNAs. A quadratic function was found to best fit nl,x as a
function of x for primers of a given length l. This functional
form allowed us to obtain an upper bound on the number of
l-nucleotide primers that is needed to amplify the cDNAs of
all human MSPs. If the latter is 4000 (see Introduction), then the
maximal number of primers of length 9, 12, 15, 18 and 21 is
estimated to be 366, 1192, 2207, 2578 and 2684, respectively.

Figure 2. The ‘minimal’ number of l-nucleotide primers needed to amplify
signal cDNAs of human MSPs as a function of the primer length l.

Dependence of the primer set size and noise level on
primer length
Figure 2 shows that the ‘minimal’ number of l-nucleotide
primers needed to amplify human MSP-cDNAs increases with
increasing primer length. It is 350, 848, 1198, 1317 and 1366
for primers containing 9, 12, 15, 18 and 21 nt, respectively.
However, the number of human non-MSP-cDNAs derived
from the l-nucleotide primers decreased dramatically with
increasing primer length. This is illustrated in Figure 3, which
shows that the 9 nt primers yield >97% cDNAs encoding
mature regions of MSPs and non-MSPs, but the longest
primers generate <2% undesired products. The opposite effects
of the primer set size and average noise fraction on the primer
length imply that it is not possible to obtain a low noise level
using a small set of short primers to amplify the cDNAs of
human MSPs.
Table 2 shows the noise fraction distribution for sets of
primers varying in lengths from 9 to 21. All of the 9-nt primers
generated a significant fraction of undesired products. A high
percentage (86%) of the 12-nt primers also generated >10%
undesired products. The noise level was dramatically
improved with the longer primers as only 16, 5 and 4% of the
15-, 18- and 21-nt primers, respectively, produced >10% undesired products. The lower noise levels found for the longer
primers should facilitate product separation. This is verified in
Figure 4, which shows the average product distribution (i.e. the
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Primer composition and features

Figure 3. A plot of the average noise fraction, Fl (equation 2), as a function of
the primer length l.

Table 2. Distribution of noise fraction Fi,l for primers of length la
Primer length

9

12

15

18

21

No. of primers

350

848

1198

1317

1366

No. of primers in N-region

55

478

1024

1227

1301

No. of primers in H + C region

295

370

174

90

65

No. of degenerate primers

40

21

1

0

0

0.0 ≤ Fi,l < 0.1

0.0

14.2

83.7

94.9

95.9

0.1 ≤ Fi,l < 0.2

0.0

0.2

0.2

0.1

0.1

0.2 ≤ Fi,l < 0.3

0.0

0.7

1.2

0.4

0.2

0.3 ≤ Fi,l < 0.4

0.0

3.1

2.1

1.0

0.7

0.4 ≤ Fi,l < 0.5

0.3

1.3

1.0

0.3

0.4

0.5 ≤ Fi,l < 0.6

0.0

14.3

6.5

2.2

2.0

0.6 ≤ Fi,l < 0.7

0.0

10.8

2.6

0.6

0.4

0.7 ≤ Fi,l < 0.8

0.0

16.7

1.8

0.4

0.3

0.8 ≤ Fi,l < 0.9

2.9

26.3

0.8

0.2

0.0

0.9 ≤ Fi,l < 1.0

96.9

12.4

0.0

0.0

0.0

aThe

numbers in columns two to six are the percentage numbers of primers
with Fi,l in the range specified in column one.

number of products in a given size range divided by the
number of l-nucleotide primers) as a function of the product
size (see Materials and Methods). As Figure 4A shows very
few MSP-cDNAs longer than 4000 nt, only products
containing ≤4000 nt are shown in Figure 4B–F for the sake of
clarity. Figure 4B and C show that it is difficult to separate the
MSP-cDNAs derived from 9- and 12-nt primers, whereas
Figure 4D–F shows that it is possible to isolate the MSP-cDNAs
stemming from primers comprising of ≥15 nt. The results in
Table 2 combined with those in Figures 2–4, indicate that the
21-nt primers are expected to make a higher quality library
(with less undesired products), but they would be more expensive as the cost of a primer is proportional to its length.

One way in which the number of 21-nt primers could be
reduced is to identify degenerate primers such as NTGCTGCTG, where N denotes any of the four bases. Table 2 shows
that while degenerate sequences are found in primers <18 nt
long, they are absent from the longer primers. Table 2 also
shows that the shortest primers are derived mostly from the
H + C region, whereas the longer ones pertain mostly to the
N-region (see Introduction). The latter is a consequence of the
primer generation procedure employed (see Materials and
Methods). Consider a pool of three sequences, A, B, C,
composed of P1 + P2 + P3, P4 + P5 + P2 and P6 + P7 + P3,
respectively (where Pn denotes a given pattern/primer).
Among the three sequences P2 is the most common pattern,
hence it will be selected as a primer candidate and sequences A
and B will be removed from the pool. As the patterns in the
remaining C sequence are unique, the N-terminal primer (P6)
will be selected to amplify C, even though P3 is shared by both
C and A. Table 3 lists the top 10 most common l-nucleotide
primers with noise fraction (Fi,l) values <0.1. The corresponding amino acid sequence motifs/patterns comprise
mostly of hydrophobic residues in the H region (see Introduction). They appear to be characteristic of MSPs and can help to
identify novel MSPs that contain these signal sequences.
Selecting an optimal set of mixed-length primers
To achieve a balance between quality (low noise level) and
cost (length of primer), the number of 21-nt primers (1366)
was reduced in the following manner. First, the noise level
limit was set equal to x. All shorter (l < 21) primers whose Fi,l
≤ x were mixed with the 21-nt primers to constitute a candidate
set of patterns (see Materials and Methods). The most
frequently occurring l-nucleotide pattern/primer in the pool of
1715 signal cDNAs was chosen as a template for the PCR and
cDNAs containing this l-nucleotide primer were removed from
the pool. This procedure was repeated for pools of decreasing
number of signal cDNAs till no sequences were left in the pool.
Table 4 shows that when the noise level limit was set equal
to 0.1, the number of 21-nt primers (1366) could be reduced
without sacrificing the quality of the library. As for the 21-nt
primers, only ∼4% of the 1302 mixed-length primers generated
>10% undesired products. When the noise level threshold was
raised, the number of mixed-length primers decreased, but the
percentage number of primers generating >10% undesired
products increased. For example, with a noise level limit of
0.5, the number of mixed-length primers was 1203, but 22% of
these primers generated >10% undesired products. The results
in Table 4 suggest using a noise threshold of 0.1 to derive an
‘optimal’ set of 1302 mixed-length primers for amplifying
human MSP-cDNAs.
Modifying primers for RT–PCR
Some of the primer candidates should be modified before
application. The primers can be separated into groups N, H and
C, corresponding to the N-region, H-region and C-region of
the signal peptides, respectively (see Introduction). Most of the
l-nucleotide primers that can amplify more than one
MSP-cDNA belong to group H (see above and Table 3).
Primers belonging to the H or C group will generate products
with non-functional signal peptides, hence they need to be
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modified. Previous work showed that a ‘minimal’ signal
peptide in eukaryotes could be constructed out of a single
positively charged N-terminal residue following the start
codon, a seven-residue H-region and a five-residue C-region
(4). Thus, the N and N + H regions of the ‘minimal’ signal
cDNA sequence should be added at the 5′ end to primers
belonging to the H and C groups, respectively. On the other
hand, group N primers can be cloned directly into a suitable
vector except that ATG should be added at the 5′ end to
primers without an initiator methionine (5′ ATG).
DISCUSSION
The results above suggest using a set of mixed-length primers
(obtained using a noise threshold of 0.1) to construct a highquality cDNA library enriched in human MSPs (Figs 2 and 3).
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These primers generated ≤4% undesired products (Table 4),
and the desired MSP-cDNA products could be easily separated
(Fig. 4). Furthermore, the number of PCR reactions that need
to be carried out could be reduced using the multiplex PCR, in
which multiple sets of primers are used to amplify multiple
genes in a single reaction. For example, 18 non-complementary
forward and reverse primers had been used to amplify nine
different exons in a single PCR reaction (18). Thus, the
‘forward’ primers (see Materials and Methods) may be divided
into groups, each containing nine or fewer non-complementary
primers. This could potentially reduce the number of required
PCR reactions.
As not all genes encoding human MSPs are known at
present, the methodology outlined in this work could be used
to identify novel MSPs. This is based on the finding that many
primers with low noise fraction (Fi,l ≤ 0.1) occur in more than
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Figure 4. (Previous page and above) The average product distribution (i.e. the number of products in a given size range divided by the number of l-nucleotide
primers) as a function of the product size (see Materials and Methods).

one MSP. Hence if a primer in our ‘optimal’ primer set shares
part of the signal cDNA sequence of a novel MSP, then it will
generate that MSP. To verify that the resulting product is
indeed novel, its sequence could be aligned with the known
MSP-cDNAs. Furthermore, to verify that it is a MSP, its
protein sequence could be examined for the presence of a
signal peptide and its cleavage site using signal peptide prediction programs (19,20; C.Y.Wu and C.Lim, manuscript in preparation). These programs can also be used to screen the
putative protein products corresponding to cDNAs amplified
by a given primer to avoid mistaking desired MSP-cDNAs for
noise.

The several methods for preparing cDNA libraries of MSPs
described in the introduction all have their basis for encompassing proportions of the MSPs in the constructed libraries.
The previous methods took advantage of certain cellular or
biochemical properties of the MSP-mRNAs. For example, the
method employing membrane-bound polysomes as the source
of mRNAs for MSPs is based on the fact that the MSP-mRNAs
are translated on ribosomes attached to the surface of endoplasmic reticulum. Hence, this method may misclassify some
mRNAs encoding cytosolic proteins as MSPs if they associate
with cellular membranes (10). Other methods such as the
selection process using defective invertase gene utilize a
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Table 3. The top 10 most common l-nucleotide primers with Fi,l < 0.1
Nucleotide code

Amino acid

Region

Fi,l

Gcg ccc cga acc
Ctg acc gag acc tgg

APRT

H

0.03

LTETW

H+C

0.01

Ggg gcc ctg gcc ctg

GALAL

H

0.07

Gcc ctg acc gag acc tgg

ALTETW

H+C

0.01

Ggg gcc ctg gcc ctg acc

GALALT

H+C

0.04

Atg cag ccg agg tgg gcc

MQPRWA

N

0.00

Gcc ctg acc gag acc tgg gcc ALTETWA

H+C

0.02

Gcg ccc cga acc ctc ctc ctg APRTLLL

H

0.00

Ctg gcc ctg acc cag acc tgg LALTQTW

H+C

0.05

Atg cag ccg agg tgg gcc caa MQPRWAQ

N

0.00

Atg gcc ctg tcc ttt tct tta MALSFSL

N

0.00

Table 4. Distribution of noise fraction Fi,l for mixed-length primersa
Noise thresholdb

0.1

0.2

0.3

0.4

0.5

that can statistically cover some unidentified MSPs in the
genome. This, therefore, helps us to identify MSPs and study
their functions. Establishing an MSP-enriched cDNA library
would also have a positive impact on protein sub-cellular location prediction, as discussed in a recent paper (21). Furthermore, when public databases for all human cDNAs become
available, a complete set of all human MSP-cDNAs can be
obtained, which will yield an ‘optimal’ set of mixed-length
primers employing the strategy outlined here. This set of
primers, in principle, would generate a library enriched in the
cDNAs of all human MSPs.
As different sets of MSPs are expressed in different proportions by different tissues, the mRNA isolated from a tissue or a
cell line contain only a portion of the mRNA of MSPs that are
formed in the entire human body. The same tissues at normal
or disease states may also express certain MSPs differently.
The same cells may express certain MSPs differently at
different stages in the cell cycle or at different stages of differentiation. The primers designed by the present study should be
applicable to prepare cDNA libraries of various tissues. For
some applications, the mRNA from different tissues should be
amplified separately. For other applications, mRNA from
certain tissues may be pooled to prepare a pooled cDNA
library.

No. of primers

1302

1295

1286

1240

1203

0.0 ≤ Fi,l < 0.1

95.8

95.2

94.2

89.8

78.0

0.1 ≤ Fi,l < 0.2

0.1

0.4

0.3

0.3

0.3

0.2 ≤ Fi,l < 0.3

0.2

0.5

1.6

1.4

1.2

0.3 ≤ Fi,l < 0.4

0.7

0.7

0.5

4.4

4.3

0.4 ≤ Fi,l < 0.5

0.4

0.4

0.4

1.2

1.8

0.5 ≤ Fi,l < 0.6

2.1

2.1

2.0

2.1

13.5

0.6 ≤ Fi,l < 0.7

0.5

0.5

0.5

0.5

0.5
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selection molecular process to channel the mRNA carrying the
secretion signal sequences to be secreted or expressed. The
invertase genetic selection in yeast may not detect certain
human MSPs if the human signal peptide cannot direct an
invertase enzyme to the yeast secretory pathway, which is
similar but not identical to the human secretory pathway (1,2).
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