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The advent of systems biology necessitates the cloning of nearly entire sets of protein-encoding open reading frames
(OREFs), or ORFeomes, to allow functional studies of the corresponding proteomes. Here, we describe the generation
of a first version of the human ORFeome using a newly improved Gateway recombinational cloning approach. Using
the Mammalian Gene Collection (MGC) resource as a starting point, we report the successful cloning of 8076 human
OREFs, representing at least 7263 human genes, as mini-pools of PCR-amplified products. These were assembled into
the human ORFeome version 1.I (hORFeome vl.I) collection. After assessing the overall quality of this version, we
describe the use of hORFeome vl.I for heterologous protein expression in two different expression systems at
proteome scale. The hORFeome V1.l represents a central resource for the cloning of large sets of human ORFs in
various settings for functional proteomics of many types, and will serve as the foundation for subsequent improved

versions of the human ORFeome.

[Supplemental material is available online at www.genome.org.]

The currently available annotations of the human genome se-
quence (Lander et al. 2001; Venter et al. 2001) and those of
model organisms (Goffeau et al. 1996; The C. elegans Sequencing
Consortium 1998; Adams et al. 2000; Arabidopsis Genome Initia-
tive 2000; Waterston et al. 2002; Gibbs et al. 2004) provide a
necessary framework, sometimes referred to as the “parts list”, for
the ongoing transition from molecular biology (detailed single-
gene studies of protein function) to systems biology (local and
global analyses of the molecular networks in which proteins
function; Ideker et al. 2001; Vidal 2001; Kitano 2002). However,
most gene products predicted from the currently available ge-
nome annotations remain functionally uncharacterized. One es-
sential step in the development of global studies of molecular
networks is the systematic mapping of macromolecular interac-
tions and of biochemical reactions, using reverse proteomics ap-
proaches (Walhout and Vidal 2001). Reverse proteomics projects,
in turn, require the cloning and manipulation of large numbers
of protein-encoding sequences, or open reading frames (ORFs).
Reverse proteomics approaches such as high-throughput
yeast two-hybrid (HT-Y2H) analyses (Walhout et al. 2000a; Li et
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al. 2004), pull-down of tagged protein complexes followed by
mass spectrometry (Gavin et al. 2002; Ho et al. 2002), proteome
chips (Zhu et al. 2001), and reverse transfection microarray strat-
egies (Ziauddin and Sabatini 2001), all entail cloning of large
numbers of protein-encoding ORFs into many different expres-
sion vectors, and subsequent heterologous expression of large
numbers of proteins. Frequently, such proteins need to be ex-
pressed as covalent fusions to well-characterized protein tags,
which act as experimental anchors or functional moieties. In
sum, nearly complete sets of ORFs, or ORFeomes (Walhout et al.
2000Db), cloned into flexible vectors, are a necessary antecedent to
take full advantage of the information found in any genome
sequence (Rual et al. 2004b).

A metazoan ORFeome resource was first generated for the
nematode Caenorhabditis elegans using Gateway recombinational
cloning (Reboul et al. 2003; Lamesch et al. 2004), and was used
for reverse proteomic approaches such as HT-Y2H based protein—
protein interaction mapping (Li et al. 2004), protein chips (Re-
boul et al. 2003), and large-scale phenotypic (phenome) mapping
(Rual et al. 2004a). The C. elegans ORFeome project illustrates
why ORFeome resources constitute a necessary bridge between
whole-genome sequencing and downstream omics applications
(Boone and Andrews 2003).

Here, we describe an improved version of the Gateway-
cloning strategy and its use for the generation of a Gateway-
cloned human ORFeome designated version 1.1 (hORFeome
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v1.1), and we demonstrate that hORFeome A
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Defining the First Version

of the Human ORFeome

The ORFeome of an organism corresponds
to its complete set of protein-encoding
genes, cloned as full-length open reading
frames (ORFs). An ORF consists of the entire
coding sequence between the initiation
and termination codons, excluding the 5’
and 3’ mRNA untranslated regions (UTRs;
Walhout et al. 2000b). For any organism
of interest, a cloned ORFeome resource
should ideally include all variants of all
genes expressed in all cells at all stages
of development. In reality, the complete-
ness and quality of an ORFeome resource
depends greatly on the completeness
and quality of the underlying genome
annotation.

Significant challenges remain in iden-
tiftying all human genes, particularly those
for which limited experimental annotation
exists (Collins et al. 2003). However, public
collections of human cDNAs provide a use-
ful starting point for the construction of a
human ORFeome resource. We focused on
cloning all unique human OREFs that are al-
ready available as full-length cDNAs in the
Mammalian Gene Collection (MGC; Straus-
berg et al. 2002). The long-term goal of the

most human cDNA clones that contain a
full-length ORF (FL-ORF; Fig. 1A,B). Al- 0
though useful for defining what constitutes
an ORFeome, the pioneering MGC effort
has limited application. The presence of 5’
and 3’ UTRs in the MGC clones precludes
expression of the encoded proteins as N- or
C-terminal fusions to protein tags. Second,
the vectors used for cDNA cloning by MGC
are usually not compatible with most ex-
pression systems, and are certainly not
compatible with versatile and high-
throughput recombinational cloning ap-
proaches (Brasch et al. 2004; Marsischky and LaBaer 2004).
However, the MGC collection currently represents the best
resource for the generation of a first version of the human
ORFeome, both as a source of high-quality gene structure anno-
tation and for use as template DNA for PCR amplification of ORFs
(Fig. 1A,B,C).

When we began this effort, the MGC collection consisted of
12,710 available cDNA clones, arrayed in 133 96-well plates (Fig.
1B). From this collection, 10,196 distinct full-length ORFs were
identified. Removed from the initial set of 12,710 were: (1) 1068
clones for which the corresponding ORFs were reported as “par-
tial coding sequence” at NCBI (no 5" ATG detected); (2) multiple
copies of identical cDNA clones (276 clones); and (3) clones that
contain an identical coding sequence, but differ in their 5’ and/
or 3" UTRs (1170 clones; Fig. 1B). An additional 42 clones were
discarded that have ORF length smaller than 100 nucleotides, a
threshold three times smaller than the convention (300 nucleo-

Donor vector
pDONR223

MGC project is to identify and sequence 107158 AR MEISAR ORES (=100p8)
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Figure 1 (Continued on next page)

tides or 100 amino acids) initiated during the annotation of the
yeast genome (Goffeau et al. 1996). The remaining 10,154 MGC
clones were arrayed by increasing ORF length into 109 96-well
plates, and constituted our starting point (Fig. 1C).

The sequences of the 10,154 unique ORFs in the start-
ing collection were aligned to the human genome using
Golden Path release hgl6 (Karolchik et al. 2003). From this,
we identified 602 splice variants, 523 polymorphic ORFs, and
51 ORFs that could not be aligned. These unique ORFs thus
represent at least 8978 nonredundant genes in the starting MGC
collection.

An Improved Gateway Recombinational

Cloning Strategy

Cloning thousands of ORFs in dozens of different vectors would
be virtually impossible using conventional restriction enzymes
and DNA ligase technology. A robust, standardized, and flexible
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Figure 1 (A) Outline of the Gateway recombination reaction used for generation of hORFeome
v1.1. PCR amplification of human ORFs (blue boxes) was performed on isolated MGC cDNA clones.
In the depiction of the gene-specific primers, yellow nucleotides represent the altered attB recom-
bination sites (attB1.1 and attB2.7), and blue nucleotides represent the coding sequence in the
ORF. PCR-amplified ORFs are cloned by a unidirectional recombinational cloning reaction via their
flanking attB1.1 and attB2.1 recombination sites into the pDONR223 Gateway Donor vector. On
the Donor vector, the universal Fwd and Rev sequencing primers, the origin of replication (ORI),
and the spectinomycin (Spc) selectable marker are indicated. (B) Defining a first version of the
human ORFeome starting from the MGC (Mammalian Gene Collection) Resource. The MGC con-
tained 12,710 available full-length human cDNA clones at the time this project was begun. We
designed pairs of primers for the PCR amplification of 10,154 distinct full-length ORFs. Asterisks
indicate sequence polymorphisms. (C) Scheme for the generation of the hORFeome v1.1 resource.
A total of 10,154 pairs of ORF-specific primers were designed to PCR amplify all nonredundant ORFs
present in the MGC collection as of March 2004. Amplified ORFs were cloned into the pPDONR223
Donor vector by BP recombinational cloning. PCR amplification of cloned inserts for sequence
verification was then done using the Fwd and Rev primers that flank the cloning site. Sequencing
was performed on the 5’ end with the Fwd primer to generate ORF Sequence Tags (OSTs), and
ORFs were then identified by BLAST analysis against the complete MGC set of 10,154 nonre-
dundant clones. Successfully cloned ORFs were consolidated onto new plates, generating the
hORFeome v1.1 resource.

methodology is required for ORFeome-scale cloning, a need sat-
isfied by the Gateway recombinational cloning (RC) system
(Hartley et al. 2000; Simpson et al. 2000; Walhout et al. 2000b).
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Gateway mimics the site-specific recombi-
nation events of bacteriophage \ integra-
tion into and excision from the Escherichia
coli chromosome. This RC system allows
the automation of unidirectional ORF clon-
ing into an initial resource vector (Donor
vector) for the generation of Entry con-
structs (Fig. 1A,C). Gateway-cloned ORFs
can subsequently be transferred from Entry
constructs into expression vectors (Destina-
tion vectors). An appealing advantage of re-
combinational cloning is the generation of
a resource of cloned ORFs available to the
scientific community, which allows the use
of an identical set of ORF constructs for dif-
ferent functional experiments performed
by multiple investigators.

Compared with our previous efforts
cloning the C. elegans ORFeome (Reboul et
al. 2001, 2003; Lamesch et al. 2004), we im-
proved the Gateway-cloning protocol
(Table 1). We performed PCR amplification
of ORFs using individually purified plas-
mids containing MGC cDNA clones as tem-
plate DNA, as opposed to cDNA libraries. By
using KOD Hot Start DNA polymerase (No-
vagen), an extremely high-fidelity thermo-
stable DNA polymerase (Takagi et al. 1997),
coupled with reducing the number of PCR
cycles to 20, we greatly minimized the rate
of PCR-induced mutations. For compari-
son, the C. elegans ORFeome project (Re-
boul et al. 2003; Lamesch et al. 2004) used
a cDNA library as template, requiring 35
PCR cycles, and used Platinum Taq DNA
Polymerase High Fidelity (Invitrogen). Al-
though using purified individual plasmids
rather than cDNA libraries as templates
ensures that each template is adequately
represented, a reduction of PCR cycles re-
duces the amount of DNA amplified,
and hence might decrease the overall suc-
cess rate of the Gateway reactions. To
circumvent this potential difficulty, we
also improved the Gateway cloning system
(Fig. 1A,C).

First, increased efficiency of cloning
PCR products via attB-attP (BP) recombina-
tion was achieved by altering the sequences
of the Integrase (Int) binding sites within
the attB sites (Table 1), so that they more
closely resemble the consensus sequence,
caacttnnt, in bacteriophage N (Weisberg et
al. 1983). The attP1 and attP2 sites re-
mained unchanged. BP cloning of PCR
products that contain these new sites was
about fourfold more efficient than the clon-
ing of PCR products containing the original
attB1 and attB2 sites.

ORF-specific primers used for PCR con-
tained at their 5’ end the Gateway consen-
sus sequence for B1.1 (forward primer) or
B2.1 (reverse primer), followed by 18-31

nucleotides of ORF-specific sequence (Table 1). The forward ORF-
specific primer also incorporates a Kozak consensus nucleo-
tide, G, at position —3 relative to the ATG, thereby allowing
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Table 1. Comparison of the Gateway Cloning System for the Current Human ORFeome Project to the Previous C. elegans ORFeome

Project (Reboul et al. 2003)

C. elegans ORFeome

Human ORFeome

PCR DNA Template cDNA library
Number of PCR Cycles 35

Taq Polymerase
Mutation Rate

AttB1 Site Sequence
AttB2 Site Sequence
pDONR Vector

5" ORF Specific Primer
3’ ORF Specific Primer

1/1500
B1:acaaGtttgtacaaaaaagCAggct
B2: acCactttgtacaagaaagCtgggt
pDONR201

Platinum Tag DNA Polymerase High Fidelity

5'-ggggacaagtttgtacaaaaaagcaggcttg(nnn)x
5'-ggggaccactttgtacaagaaagctgggta(nnn)x

isloated cDNA clone

20

KOD Hot Start DNA polymerase

1/35,000

B1.1: acaaCtttgtacaaaaaagTTg

B2.1: acAactttgtacaagaaagTtg

pDONR223
5'-ggggacaactttgtacaaaaaagttggcatg(nnn)x
5'-ggggacaactttgtacaagaaagttggg(t or c)a(nnn)x

efficient translational initiation from the initiation codon of
the ORF.

Second, the efficiency of the BP reaction was improved by
modifying the composition of the BP buffer BP3, which works
best with the attB1.1/attP1 and attB2.1/attP2 recombination sites.
Pilot experiments showed that cloning is about twofold more
efficient with the new BP3 buffer than with the standard buffer.

Third, cloning was performed in a new Gateway Donor vec-
tor, pDONR223, which contains several improvements over the
original Donor vector pPDONR201 (Fig. 1A; Supplemental Fig. 1).
In pDONR223, the universal Forward (Fwd) and Reverse (Rev)
sequencing primer sites flank the attP1 and attP2 recombination
sites, the replication origin has been improved to increase copy
number, and the selectable marker is spectinomycin resistance
(instead of kanamycin resistance in pDONR201), which permits
the use of either ampicillin or kanamycin resistance markers in
Destination vectors. The sequences of the attP1 and attP2 sites in
pDONR223 are identical to those in the original pDONR201 En-
try vector.

After BP recombinational cloning of PCR amplified ORFs
into pDONR223 and transformation into E. coli, pools of 10-500
(average ~100) primary transformants were collected, and the
resulting Entry constructs were subjected to ORF Sequence Tag
(OST) analysis (Reboul et al. 2001) to determine insert identity
(Fig. 1C). OSTs are long enough (300-500 nucleotides in a single
read) to permit unique identification of the cognate ORF, while
sparing the considerable expense of full insert sequencing.

OST Analysis

Our Gateway ORFeome cloning strategy was applied to the
10,154 unique ORFs present in the starting collection from MGC.
An ORF was counted as successfully cloned if the OST obtained
matched the sequence of the expected ORF. As observed previ-
ously with high-throughput (HT) Gateway cloning (Reboul et al.
2003), cloning success was dependent on ORF length, with
shorter ORFs cloned more frequently than longer ones (Sup-
plemental Fig. 2). The ORFs that were successfully cloned
and sequenced were then rearrayed in order of increasing
length, thereby generating version 1.1 of the human ORFeome
(hORFeome v1.1). In total, hORFeome v1.1 contains 8076 cloned
ORFs, a resource large enough to constitute a platform for reverse
proteomics. These 8076 cloned ORFs include 413 splice variants,
362 polymorphisms, and 38 ORFs that could not be aligned to
the human genome sequence (Golden Path release hg16), and
thus comprise at least 7263 nonredundant human genes.

hORFdb, the Human ORFeome Project Database

The data pertaining to hORFeome v1.1, as well as future versions
of our human ORFeome cloning project, are stored and inte-
grated in the human ORF database (hORFdb; http://horfdb.

dfci.harvard.edu). hORFdb will serve as a central data repository
for the scientific community regarding availability and quality of
cloned human ORFs. The hORFdb database, modeled on WorfDB
(Worm ORFeome DataBase) for integration and dissemination of
information on the C. elegans ORFeome (Vaglio et al. 2003), con-
tains information for each of the 10,154 cloning attempts, in-
cluding the sequences of the PCR primers, OSTs for each ORF,
accession numbers, and links to various NCBI databases. All OSTs
are deposited in GenBank.

Quality Assessment of hORFeome vl.1

In hORFeome v1.1, each Entry construct represents a mini-pool
of PCR products amplified from a unique MGC cDNA, rather
than a single-colony isolate. This strategy facilitates subsequent
genome-scale reverse proteomics approaches, without the ex-
pense of having individually isolated clones (Brasch et al. 2004).
Each mini-pool contains exact copies of the original full-length
coding sequence for each cDNA, but it is possible that by-
products generated during the cloning may be present in the
mini-pool. First, although PCR conditions were optimized, mu-
tations can still occur during the PCR amplification. Second, in-
activating mutations in the ccdB toxic selectable marker can give
rise to viable transformants in the absence of any transfer of PCR
inserts into the Donor vector. Finally, as in any HT approach,
well-to-well cross contaminations can occur during processing.

To assess the overall quality of hORFeome v1.1, we analyzed
representative subsets of mini-pools of cloned ORFs. A first test
assessed the misincorporation rate by performing sequence
analysis on 88 isolated colonies (11 different randomly selected
ORFs, eight isolated colonies per ORF, lengths ranging from 777
to 1260 bp). Only good-quality sequences (PHRED score for each
nucleotide >20 over more than 100 nucleotides) underwent con-
sideration. The sequence analysis had two parts as follows: (1)
examination of the ORF between the primer sequences; (2) ex-
amination of only the original PCR primer sequences.

For the first part, of ~70,000 nucleotides sequenced, the mis-
incorporation rate after 20 cycles of PCR was one nucleotide sub-
stitution every 35,000 nucleotides using the KOD polymerase
versus one substitution every 2000 nucleotides with Platinum
Taq High Fidelity polymerase. The mutation rate observed for
clones during the C. elegans ORFeome project was one mutation
every 1500 nucleotides (Table 1; Reboul et al. 2003).

For the second part, the primer analysis, eight of the 176
primer sequences examined did not generate readable sequence.
Of the remainder, 23 (14%) were mutated, arising from errors in
primer synthesis. The mutations observed for these 23 primers
are (1) 14 frameshifts due to nucleotide deletion; (2) six missense
mutations; and (3) three silent mutations. Similar rates of prim-
er mutation were obtained previously for both the C. elegans
ORFeome project (9.8%; Reboul et al. 2003) and the C. elegans
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promoterome project (20.9%; Dupuy et al. 2004). On average,
there were 6.1 exact matches to the cDNA template of the eight
isolates in each mini-pool examined.

A second test assessed the accuracy of cloning by measuring
insert length on three sets of 94 individual ORF mini-pools (282
total), spanning lengths of from 789 to 894 (short), 1590 to 2004
(medium), and 2487 to 3177 (long) nucleotides (Supplemental
Fig. 2; Supplemental Table 1: plates 11006 [small], 11023 [me-
dium], 11025 [long]). By comparison, the average length of cod-
ing sequences among the initial 10,154 unique ORFs is 1135
nucleotides. Twelve single colonies were isolated for each of the
selected 282 ORF mini-pools, 3384 clones in total. For each
clone, PCR amplification was performed using the universal Fwd
and Rev primers.

These PCR products were analyzed by electrophoresis, and
the length of the observed products was compared with their
expected length. Of the 3384 ORFs, 19 did not give rise to a PCR
product, whereas four products appeared as multiple bands,
likely arising from cross-contamination during colony isolation.
For the remaining 3361 PCR products, 3265 (97%) had the ex-
pected length, whereas 96 (3%) of them showed a length differ-
ent than expected (a detectable difference is ~10% of the total
length of the PCR product). There was at least one clone of the
correct size band obtained for each of the 282 ORF mini-pools. Of
the products of incorrect size, 50% belonged to the long set of
OREFs.

We next sequenced two PCR products for each ORF of the
correct length (564 PCR products altogether) as well as all of the
96 incorrectly sized PCR products. Of the 523 PCR products that
produced readable sequence from the set of 564 products of cor-
rect length, 99% matched the sequence of the expected ORF. Six
(~1%) matched the sequence of other ORFs, likely arising from
cross-well contamination. Turning to the 96 incorrectly sized
PCR products, 14 did not give readable sequence. All of the re-
maining 82 represented abnormal PCR products arising from ab-
errant primer annealing within the target ORF. These aberrant
ORFs were truncated at the 5’ end (40), the 3’ end (39), or both
ends (3).

Overall, these quality assessments indicate that the
hORFeome v1.1 mini-pools are of high quality, making them
amenable to reverse proteomics approaches.

hORFeome vl.I as a Platform for Proteome-Wide

Protein Expression

Having the hORFeome v1.1 resource in hand permits rapid
straightforward cloning of thousands of ORFs into multiple pro-
tein expression vectors. We tested the use of hORFeome v1.1 for
HT protein expression. The same 282 ORF mini-pools used above
for quality assessment were transferred by automated methods
from the Entry constructs into Destination vectors for two dif-
ferent protein expression systems as follows: (1) in E. coli as
amino-terminal His6-tag fusion (hexa-histidine tag), and (2) in
mammalian cells as a carboxyl-terminal GFP (green fluorescent
protein) fusion where translation begins at the authentic ATG
initiation codon of the ORF.

We examined bacterial protein expression by Western blot
analysis using an antibody against His6, observing a band of the
appropriate size 55% of the time (Table 2; Fig. 2A; Supplemental
Table 1). The rate of successful protein expression decreased with
increasing ORF length, as is commonly observed with recombi-
nant expression from bacteria, with the set of short lengths
showing 79% successful expression of proteins in the 30-35 kDa
range, the medium set showing 57% successful expression of
proteins in the 55-69 kDa range, and the long set showing 30%
successful expression of proteins in the 90-114 kDa range (Fig.
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Table 2. Summary of the Proteome-Scale Protein
Expression Data

Short ORFs
GFP-Mammalian Expression His-Bacterial Expression
67/94 74/94
71% 79%
Medium ORFs
GFP-Mammalian Expression His-Bacterial Expression
74/94 54/94
79% 57%
Long ORFs
GFP-Mammalian Expression His-Bacterial Expression
51/94 28/94
54% 30%
Total
GFP-Mammalian Expression His-Bacterial Expression
192/282 156/282
68% 55%

2A). These results compare favorably with previous proteome-
scale expression of human proteins in bacteria (Braun et al.
2002).

The same sets of proteins expressed in 293T mammalian
cells produced a detectable signal 68% of the time (71%, 79%,
and 54% success for short, medium, and long ORF sets respec-
tively; Table 2; Fig. 2B; Supplemental Table 1). Most of the fail-
ures of expression in mammalian cells likely arise from poor
transfection of DNA into cells.

Overall, the high success rate obtained for protein expres-
sion suggests that the hORFeome v1.1 is a useful resource for the
expression of proteins at proteome scale in multiple protein ex-
pression systems.

DISCUSSION

The generation of flexible resources of cloned human ORFs rep-
resents a necessary antecedent for human systems biology (Vidal
2001; Rual et al. 2004a). The production here of the hORFeome
v1.1 provides the starting resource for this objective.

The human ORFeome is a dynamic and flexible resource
that represents a long-term ongoing effort. The hORFeome v1.1
presented here is merely the first step of the human ORFeome
cloning project, and many challenges remain before its comple-
tion. Similarly to the worm ORFeome project (Lamesch et al.
2004), new ORFs will be added to the human ORFeome as im-
proved human genome annotation becomes available, such as
the recently released H-invDB platform (Imanishi et al. 2004),
and as additional cDNA resources are generated. Further attempts
at cloning the remaining ORFs not yet captured will also rely on
improved algorithms for computational gene prediction (Reboul
et al. 2003; Lamesch et al. 2004). Ultimately, a complete
ORFeome should contain nearly all alternatively spliced forms as
well as most relevant polymorphic ORF sequences.

Ideally, a comprehensive ORFeome would contain se-
quence-verified single colony isolates for all ORFs. To achieve the
throughput needed to generate an ORFeome collection useful for
subsequent reverse proteomics such as HT-Y2H, we chose to by-
pass single colony isolation of individual ORF clones. Each Entry
construct in hORFeome v1.1 actually is a mini-pool correspond-
ing to PCR-amplified inserts of the expected ORFs, in addition to
any by-products (e.g., PCR-induced mutations) produced during
cloning. Although individual clones can be isolated for detailed
single-gene studies (Reboul et al. 2003; Lamesch et al. 2004), the
generation of wild-type isolated clones for each and every ORF
(version 2.1) is cumbersome, costly, and time consuming (Brasch
et al. 2004). Our in-depth analyses of representative subsets of












