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Genomic ORFans are orphan open reading frames (ORFs) with no
significant sequence similarity to other ORFs. ORFans comprise 20–30%
of the ORFs of most completely sequenced genomes. Because nothing can
be learnt about ORFans via sequence homology, the functions and
evolutionary origins of ORFans remain a mystery. Furthermore, because
relatively few ORFans have been experimentally characterized, it has been
suggested that most ORFans are not likely to correspond to functional,
expressed proteins, but rather to spurious ORFs, pseudo-genes or to
rapidly evolving proteins with non-essential roles. As a snapshot view of
current ORFan structural studies, we searched for ORFans among proteins
whose three-dimensional structures have been recently determined. We
find that functional and structural studies of ORFans are not as
underemphasized as previously suggested. These recently determined
structures correspond to ORFans from all Kingdoms of life, and include
proteins that have previously been functionally characterized, as well as
structural genomics targets of unknown function labeled as “hypothetical
proteins”. This suggests that many of the ORFans in the databases are likely
to correspond to expressed, functional (and even essential) proteins.
Furthermore, the recently determined structures include examples of the
various types of ORFans, suggesting that the functions and evolutionary
origins of ORFans are diverse. Although this survey sheds some light on
the ORFan mystery, further experimental studies are required to gain a
better understanding of the role and origins of the tens of thousands of
ORFans awaiting characterization.

q 2004 Elsevier Ltd. All rights reserved.
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Genomic ORFans1 are orphan ORFs (open read-
ing frames) that share no significant sequence
similarity with any ORFs outside the genome
where they reside (“singleton” and “paralogous”
ORFans), or outside a set of closely related organ-
isms (“orthologous” ORFans).2–4 Genome sequen-
cing of complete organisms has demonstrated that
ORFans are integral components of most newly
sequenced genomes;2,5,6 their fraction in a newly
sequenced genome is usually 20–30%,2,3 and in
lsevier Ltd. All rights reserve
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some cases, up to 60%.7 Thus, ORFans are accumu-
lating in the sequence databases at a rapid rate; over
30,000 singleton ORFans were counted in a recent
census.8 Because little can be inferred about the
functions and structures of ORFans using standard
bioinformatics tools, their abundance has been
referred to as a “mystery”.3,9 Furthermore, because
relatively few ORFans have been studied exper-
imentally,10–14 many speculations regarding their
roles and origins have been proposed. On the one
hand, if ORFans correspond to expressed, func-
tional proteins, they may be distant members of
known protein families, with similar functions and
three-dimensional (3D) structures, but with
sequences that have diverged beyond recognition
by standard sequence comparison tools.1,3 In this
case, knowing their 3D structures becomes essential
in order to assign them to their corresponding
families. Alternatively, ORFans may correspond to
d.
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novel proteins, unique to an organism or a lineage,
with possibly new functions and/or 3D structures.1,3

In either case, the mystery of why ORFans have no
homologs remains. Are ORFans the result of rapid
evolution,4,15,16 of lateral gene transfer17 from
unknown organisms or are they the result of gene-
losses or of de novo generation?5,6,18–20 On the other
hand, it has also been suggested that most ORFans,
especially the shorter ones, may correspond to non-
essential, non-functional or non-expressed pro-
teins.15,21–24

Here, as a snapshot view of current ORFan
structural studies, we report a recent survey we
conducted among newly determined 3D protein
structures, and show how structural biology is
already being essential in unraveling the ORFan
puzzle.1,10,25 We searched for ORFans among the
PDB26 entries released between June and December
2003 and found that out of the 172 protein chains
sharing no significant sequence similarity to pre-
viously determined protein structures,27 17 corre-
spond to ORFans and two correspond to “poorly
conserved ORFs” or PCOs5,14 (Table 1; for simpli-
city, in what follows we refer to these 19 proteins as
Table 1. The 19 ORFans with a recently determined 3D struc

PDB code Organism PDB description

1of5B28 S. cerevisiae Mrna export factor Mex67-Mt
1oq1A B. subtilis Hypothetical protein Apc1120

(protein Yesu)
1mw5A H. influenzae Hypothetical protein Hi1480
1pp8U34 T. vaginalis Initiator binding domain (Ibp3
1q87A34 T. vaginalis C-domain of the Inr binding

protein
1q77A A. aeolicus Putative Universal Stress Prot

(Hypothetical Protein Aq_1
1rf8B38 S. cerevisiae Translation initiation factor Ei
1nycA29 S. aureus Staphostatin B
1oh139 S. aureus Staphostatin A (hypothetical

protein Sav1910)
1q8cA M. genitalium Conserved hypothetical prote

(Mg027)
1osyA40 F. velupites Fip-Fve fungal immunomodul

protein
1r75A L. major Hypothetical protein
1nigA T. volcanium Hypothetical protein (Ta1238)
1ofzA41 A. auranta Fungal lectin
1uf2P42 Rice dwarf virus Rice dwarf virus (capsid prote

1q6aA43 T. elongatus Circadian clock protein KaiA
homolog

1qv9A44 M. kandleri Coenzyme F420-dependent M

1q5zA45 S. typhimurium C-terminal actin binding dom
Salmonella invasion protein

1n93A35 Borna virus Nucleoprotein

ORFans are ORFs lacking significant sequence similarity with other O
assess significant sequence similarity using the standard PSI-BLAST
threshold of 0.001. References for the PDB codes are included only if

a Because of the presence of a homolog in Chromobacterium violaceu
conserved ORF or PCO.

b 1n93A is also a PCO, which has probably been laterally transfer
ORFans; see below). This strongly suggests that
many ORFans correspond to real, foldable proteins,
and not to sequencing errors or dead proteins. The
relatively large percentage of ORFans among the
newly determined structures (11%) suggests that
ORFans may not be as underemphasized as
previously suggested1,3 and that experimental
studies of ORFans have already become routine.
In what follows, we show that these 19 ORFans
provide interesting examples of the various types of
ORFans.

Thirteen of these 19 newly determined ORFans
correspond to proteins whose function was pre-
viously characterized experimentally (at least in the
broad sense), and thus, are not “orphans” with
regards to their functions. This suggests that many
more ORFans with still unknown 3D-structures
have already been characterized functionally. These
13 ORFans cover various functional categories, with
at least five involved in transcription/translation,
suggesting that, because of the high sequence
divergence required in these processes, many
ORFans may belong to these categories. The other
six ORFans correspond to proteins of unknown
ture

Length (aa) Has homologs in

r2 184 –
223 –

187 –
9) 132 –

138 –

ein
78)

221 –

f4E 100 –
111 S. warneri
109 S. epidermidis

in 151 M. pneumoniae

atory 115 G. lucidum

110 T. brucei
152 T. acidophilum, F. acidaramanus
312 A. oryzae, A. fumigatus

in) 421 Wound tumor virus, Rice gall
dwarf virus

214 T. erythraeum,Nostoc punctiforme,
Nostoc sp. PCC 9709, PCC 7120
&P. membranacea Synechococcus
sp. PCC &WH, Synechocystis
sp. PCC

td 283 M. jannaschii, M. mazei,
M. acetivorans, M. barkeri, M.
thermoautotrophicus, M. ther-
moautotrophicum, A. fulgidus

ain of
A (Sipa)

177 S. enteritidis, S. enterica Typhi,
C. violaceuma

375 H. sapiens, M. musculusb

RFs, except for possibly ORFs from closely related organisms. We
46 sequence comparison tool until convergence, and the e-value
they were published before March 2004.
m, 1q5zA is not a proper orthologous ORFan, but rather a poorly

red to humans and mice (see the text).
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function (annotated as “hypothetical proteins”)
whose structure was determined as part of struc-
tural genomics projects. Seven of the 19 ORFans
correspond to singleton ORFans, and ten corre-
spond to orthologous ORFans (have homologs only
within closely related organisms). The 19 ORFans
belong to organisms spanning all kingdoms: seven
from Bacteria, three from Archea, seven from
Eukarya and two viruses.

Despite the fact that ORFans show no significant
sequence similarity to other proteins, the 3D
structures of the majority of the ORFans clearly
have previously observed folds. This suggests that
they either correspond to highly divergent distant
members of known protein families, with possibly
similar functions or to proteins with unrelated
functions whose structures have converged to a
similar fold. For example, the essential messenger
RNA export factor Mtr2 from yeast (1of5B), a
singleton ORFan, was known to be similar in
function to the metazoan p15 protein.28 The
previously determined 3D structure of the p15
protein revealed that it belongs to the NTF2-like
family. The 3D structure of 1of5B revealed that Mtr2
is similar to that of p15, and thus, 1of5B represents a
novel member of this family. This is a clear example
of an ORFan with a highly divergent sequence,
whose function and structure are similar to those of
a known family. An example of an ORFan with a
previously known fold, but with an unrelated
function, is the bacterial virulence factor staphosta-
tin B (1nycA), a cysteine protease inhibitor with a
Staphyloccocus-specific function.29 Unexpectedly, its
3D structure turned out not to be similar to other
prediction is confirmed by the experimental structure of 1q8cA
the loop region preceding the N-terminal two helices. The ove
experimental structures is 4.9 Å, with 105 residues superimp
cystatins, but rather, to a variation of the lipocalin
fold. This was a surprising result because staphylo-
cocci were not expected to contain lipocalin-like
functions and no evidence of lipocalin-like proper-
ties has been identified in 1nycA. These examples
illustrate that the 3D-structures of those ORFans
whose broad function is known, can help to better
understand their mechanisms of operation, and in
some cases reveal their evolutionary origins.
The 3D-structures of the ORFans of unknown

function, if similar to previously observed folds, can
also be of help to generate verifiable hypotheses
regarding their possible function and/or origin.
One such example is the 3D-structure of the
singleton ORFan of unknown function from Aquifex
aeolicus (1q77A). Its structural similarity to the
family of universal stress proteins lead to a putative
functional assignment, which, if true, would imply
that 1q77A is another highly divergent member of
that family.
Could bioinformatics tools have predicted the

approximate structures of those ORFans having
previously observed folds? Fold-recognition (FR)
methods,30,31 applied without using the infor-
mation from the recently released structures,27 but
using as templates previously determined struc-
tures, correctly predicted the structures of six of the
19 ORFans. Figure 1 shows the highly confident FR
prediction of a Mycoplasma-specific hypothetical
protein (1q8cA). This M. genitalium protein is an
orthologous ORFan with a single homolog in
M. pneumoniae. The FR result predicted that the
3D-structure of 1q8cA is similar to that of the
transcriptor regulator NusB from Mycobacterium
Figure 1. A relatively accurate
fold recognition prediction for
M. genitalium’s conserved hypothe-
tical protein MG027, 1q8cA.
MG027 corresponds to an ORFan
because with the exception of the
close relative M. pneumonia, it
shows no sequence similarity to
any other protein in the databases.
Nevertheless, fold recognition is
able to recognize the similarity
between MG027 and a protein of
known structure. The fold-recog-
nition 3D model built without
using the structural information
from 1q8cA is shown on the
right. The model, produced by the
3D-SHOTGUN fold-recognition
method,36 is based on the pre-
dicted structural similarity of
MG027 with the previously
released structure of the transcrip-
tor regulator NusB from Myco-
bacterium tuberculosis (1evyA).32

The sequence similarity between
MG027 and 1evyA is only 13%. The

(left). Notice that no experimental data was observed for
rall C-alpha RMSD between the predicted model and the
osing with an RMSD of 2.5 Å.37

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378



4 Genomic ORFans

DTD 5 ARTICLE IN PRESS

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494
tuberculosis (1eyvA).32 This prediction is now
confirmed by the experimental structure of 1q8cA.
Whether 1q8cA is also a transcriptor regulator or
not, remains to be verified experimentally.

Because no clear definition of what represents a
novel fold exists, it is difficult to tally the exact
number of ORFans with novel folds in our survey.
One accepted authority with regards to novel folds
is the SCOP33 database. Unfortunately, the latest
SCOP release (1.65) only includes two of the 19
ORFans. Thus, we used structural comparison and
the available published reports to determine which
of the remaining ORFans correspond to novel folds.
We could identify only three cases of apparent
novel folds: 1q87A, 1q5zA and 1n93A. 1q87A
corresponds to the structure of the C-terminal
domain of the Inr binding protein from Trichomonas
vaginalis, which is of unknown function.34 Another
interesting example of a novel fold is the nucleo-
protein from Borna disease virus (1n93A).35 This
virus is a member of the Mononegavirales that also
includes the measles and Ebola viruses. Because
homologs of this protein can also be found in
mammals (human and mouse), this is not a proper
ORFan, but a PCO,5,14 probably illustrating an
example of lateral transfer, which could be one of
the mechanisms that has generated other ORFans.

The fact that the 3D structures of the majority of
ORFans in our survey correspond to previously
observed folds may be satisfying to some extent
because no new theories about their structural
origins are required. Many more 3D structures of
ORFans need to be solved in order to determine
whether ORFans will turn out to be an enriched
source of novel folds.

In summary, in our small survey we have found
examples of ORFans that are distant members of
known families, of ORFans with unknown function
or with lineage-specific functions and of ORFans
with novel, previously unseen folds. Although
many of the mysteries concerning ORFans remain
(i.e. their origins, their functions, their isolation in
sequence space), it is clear from this survey that
many ORFans correspond to real, functional, and in
some cases, essential, proteins. Surprisingly, 11% of
the newly determined structures that we con-
sidered corresponded to ORFans, suggesting that
ORFans may not be as underemphasized as
previously thought. Large-scale structure determi-
nations will be required to obtain further insights
about the evolution, the origin(s) and functions of
the tens of thousands of ORFans awaiting func-
tional and structural characterization.
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Additional material

An expanded Table 1, containing various links to
the data is available†.
† http://bioinformatics.buffalo.edu/ORFanage/
3DORFans
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