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Structure and Protein Interaction-based Gene Ontology Annotations Reveal
Likely Functions of Uncharacterized Proteins on Human Chromosome 17
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Abstract
Of the 17470 human protein coding genes in neXtProt 2018-01-17 with unequivocal protein existence evidence (PE1), 1260 proteins are classiﬁed as uPE1, i.e. proteins with unknown or insuﬃciently speciﬁc function. To reveal functions of these poorly annotated
proteins, we developed a pipeline that predicts protein structure by I-TASSER and infers
functions from templates recognized by COFACTOR. As a pilot study, the pipeline was applied to all 66 uPE1 proteins on human chromosome 17 (chr17) as of neXtProt 2017-0701. Benchmark testing on 100 well-characterized proteins randomly selected from chr17
shows high Gene Ontology (GO) term prediction accuracies of 0.69, 0.57, and 0.67 for molecular function (MF), biological process (BP) and cellular component (CC), respectively.
Three pipelines of function annotations (homology detection, protein-protein interaction network inference, and structure template identiﬁcation) have been exploited by COFACTOR.
Structure template detected by low-resolution protein structure model made the major contribution to the prediction accuracy, especially for proteins lacking sequence-level homologous templates. Among the 66 chr17 uPE1 proteins, the I-TASSER/COFACTOR pipeline
conﬁdently assigned MF, BP and CC for 13, 33, and 49 proteins, respectively, with predicted functions ranging from sugar transmembrane transporter to sphingosine Nacyltransferase activity. This study demonstrates a novel computational approach to systematically annotate function in human proteome and provides insights to guide follow-up
experimental studies of these uncharacterized proteins. Full modeling results are available
at https://zhanglab.ccmb.med.umich.edu/COFACTOR2/chr17/.

Structure and Function Prediction Methods
In the COFACTOR structure-based function prediction method [1], the structure of a target
protein is predicted by I-TASSER [2] and aligned against the BioLiP [3] structure-function
database. Functional insights, including GO terms and ligand binding sites are drawn from
template structures by global and local structure similarity (Figure 1 blue). This structurebased annotation is supplemented by the sequence-based approach, which extracts functions from BLAST and PSI-BLAST hits in UniProt database search (Figure 1 red). Meanwhile, the protein-protein interaction (PPI) based approach infers function from UniProt sequences homologous to the query’s PPI partners, as deﬁned by the STRING database
(Figure 1 green). Each of the three approaches provides a conﬁdence score (Cscore) ranging from 0 to 1 for a predicted GO term; the ﬁnal prediction is a weighted average of the
three approaches (Figure 1 black).

Benchmark on Well Characterized PE1 Proteins

Figure 3. Structure model of MFSD11 (neXtProt ID:
NX_O43934-1, yellow), a hard target with neither experimentally solved structure nor any functionally characterized sequence homolog sharing >30% sequence
identity. The structure model shows a multi-pass
transmembrane helical topology and superposes well to
E. coli proton:xylose symporter (PDB entry 4gby chain
A, blue; xylose ligand shown in red spheres), from
which COFACTOR asserted that the MF for the target
protein of interest is “sugar transmembrane transporter
activity” (GO:0051119, Cscore=0.74), which is consistent with the role of MFSD11 in energy homeostasis suggested by a previous study [4].

Figure 2. GO prediction accuracy on a benchmark set of 100 well-annotated PE1 protein
from chr17. All templates sharing >30% sequence identity to the target are masked to emulate proteins with no annotated close homolog. For all three aspects of GO (MF, BP, and
CC), best-in-class performance is achieved by COFACTOR, which combines prediction
from “structure”, “sequence” and “PPI”. “Naive” is naive baseline prediction. “BLAST” and
“PSIBLAST” transfers GO by BLAST and PSIBLAST search, respectively. “GoFDR” and
“GOtcha” are two state-of-the-art function predictors in the ﬁeld. Prediction accuracy is
evaluated by F-measure (Fmax) deﬁned in upper-left, where TP, FP, and FN are the number of correctly predicted, incorrectly predicted, and missed GO terms above a conﬁdence
threshold, respectively.

Predicted Functions of uPE1 Proteins from Chr17
Table 1. Among the 66 chr17 uPE1 proteins, COFACTOR conﬁdently assigns MF, BP, and
CC terms for 13, 33, and 49 proteins, respectively. The 13 proteins from MF prediction are
listed in descending order of MF conﬁdence.
NeXtProt ID
(Gene
Name)

Molecular Function (MF)

Biological Process (BP)

Cellular Component (CC)

NX_Q8TBR
7-2
(FAM57A)

GO:0016740 (1.00) transferase activity
GO:0050291 (0.99) sphingosine Nacyltransferase activity

GO:0032502 (0.69) developmental process
GO:0007420 (0.54) brain development

GO:0005887 (1.00) integral component of
plasma membrane
GO:0005886 (1.00) plasma membrane

GO:0022892 (0.91) substrate-speciﬁc
NX_Q12767
transporter activity
-1
GO:0046873 (0.57) metal ion transmembrane
(TMEM94)
transporter activity

GO:0065008 (0.80) regulation of biological
quality
GO:0030001 (0.56) metal ion transport

GO:0005654 (1.00) nucleoplasm

GO:0016491 (0.87) oxidoreductase activity
NX_Q5BKU
GO:0004128 (0.73) cytochrome-b5 reductase
9-1 (OXLD1)
activity, acting on NAD(P)H

GO:0015701 (0.90) bicarbonate transport
GO:0008652 (0.53) cellular amino acid
biosynthetic process

GO:0005739 (0.90) mitochondrion
GO:0005737 (0.66) cytoplasm

GO:0006643 (0.76) membrane lipid
metabolic process
GO:0006672 (0.73) ceramide metabolic
process

GO:0016021 (1.00) integral component of
membrane
GO:0005783 (0.75) endoplasmic reticulum

GO:0006810 (0.82) transport
GO:0008643 (0.68) carbohydrate transport

GO:0016021 (1.00) integral component of
membrane
GO:0005887 (0.77) integral component of
plasma membrane

NX_A6NGC
4-1 (TLCD2)

GO:0016740 (0.86) transferase activity
GO:0050291 (0.76) sphingosine Nacyltransferase activity

NX_O43934
-1 (MFSD11)

GO:0005215 (0.85) transporter activity
GO:0005351 (0.66) sugar:proton symporter
activity

NX_Q9P298
-1 (HIGD1B)

GO:0016740 (0.79) transferase activity
GO:0061630 (0.71) ubiquitin protein ligase
activity

NX_Q2TAL5
-1
GO:0008092 (0.77) cytoskeletal protein binding
(SMTNL2)
NX_Q9BQS
6-1 (HSPB9)

Figure 1. Flowchart of I-TASSER/COFACTOR pipeline for structure and function prediction of human proteins.
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Case Studies of uPE1 Protein Function Prediction

GO:0042802 (0.76) identical protein binding
GO:0051082 (0.52) unfolded protein binding

NX_Q3MHD
2-1 (LSM12)

GO:0005737 (0.66) cytoplasm
GO:0044430 (0.50) cytoskeletal part

GO:0050896 (0.82) response to stimulus
GO:0042981 (0.51) regulation of apoptotic
process

GO:0005634 (0.97) nucleus
GO:0005737 (0.96) cytoplasm

GO:0005737 (0.57) cytoplasm

GO:0019538 (0.58) protein metabolic
process

GO:0016020 (0.82) membrane
GO:0005737 (0.68) cytoplasm

GO:0060255 (0.62) regulation of
macromolecule metabolic process
GO:0016043 (0.60) cellular component
organization

GO:0005737 (0.77) cytoplasm
GO:0043234 (0.51) protein complex

GO:0004872 (0.63) receptor activity
GO:0019199 (0.50) transmembrane receptor
protein kinase activity

GO:0032502 (0.68) developmental process
GO:0030030 (0.54) cell projection
organization

GO:0031224 (1.00) intrinsic component of
membrane
GO:0005887 (0.63) integral component of
plasma membrane

GO:0003723 (0.59) RNA binding

GO:0090304 (0.79) nucleic acid metabolic
process
GO:0016070 (0.73) RNA metabolic process

GO:0005576 (0.55) extracellular region

GO:0043169 (0.74) cation binding

NX_Q6AI12
GO:0008092 (0.62) cytoskeletal protein binding
-1
GO:0030507 (0.57) spectrin binding
(ANKRD40)
NX_Q6UX5
2-1
(C17orf99)

GO:0016043 (0.70) cellular component
organization
GO:0048856 (0.59) anatomical structure
development

GO:0031323 (0.54) regulation of cellular
metabolic process
GO:0019538 (0.54) protein metabolic
process

NX_Q96LD4 GO:0004842 (0.76) ubiquitin-protein transferase
-1 (TRIM47)
activity
NX_Q8N7B
9-1
(EFCAB3)

GO:0043234 (0.88) protein complex
GO:0005634 (0.71) nucleus

Figure 4. I-TASSER models of FAM57A (neXtProt ID:
NX_Q8TBR7-2, left) and TLCD2 (neXtProt ID:
NX_A6NGC4-1, right). COFACTOR considers both proteins as sphingosine N-acyltransferases (GO:0050291,
Cscore=0.99 for FAM57A and Cscore=0.76 for TLCD2)
in terms of MF. Sphingosine is an important
phospholipid constituent of the cell membrane, and is
consistent with both proteins’ structure models, which
adopt a fold typical of membrane-associated proteins.
Figure 5. ANKRD40 (neXtProt ID: NX_Q6AI12-1) is
another hard target without functionally characterized
close sequence homologs. I-TASSER structure of
ANKRD40 shows nine consecutive ankyrin repeat
units, each consisting of two helices linked by a loop
(one repeat unit indicated in dashed rectangle).
Given the known role of ankyrin repeat-containing
proteins in cytoskeleton anchoring, COFACTOR predicts the molecular function of
ANKRD40 as “cytoskeletal protein binding” (GO:0008092, Cscore=0.62), “spectrin binding” (GO:0030507, Cscore=0.57), and “cytoskeletal adaptor activity” (GO:0008093, 0.57).
Figure 6. I-TASSER structure of CCDC57 (neXtProt ID: NX_Q2TAC2-1, yellow). While neither sequence-based nor PPI-based pipeline gives much hint to the function, the structure-based pipeline found that 17 of all 19 structure
templates identiﬁed by the I-TASSER model belong
to “phosphatidylinositol 3-kinase complex”
(GO:0005942, Cscore=0.89) for CC, which is consistent with the predicted BP “inositol lipid-mediated signaling” (GO:0048017, Cscore=0.41). One of these
templates, PDB entry 4jsp chain A, is shown here in
blue, with its ligand, a small molecule analog of ATP,
shown in red spheres. Phosphatidylinositol
triphosphate (PI3P) is a phospholipid that recruits proteins involved in protein traﬃcking; CCDC57 may
have a related function.
In addition to the targets highlighted above, TRIM47 (neXtProt ID: NX_Q96LD4-1) is recently reported to be an E3 ubiquitin ligase [5]. This is consistent with our MF prediction
“ubiquitin-protein transferase activity” (GO:0004842, Cscore=0.76).

Conclusions
As a pilot study on structure and function prediction for uncharacterized human proteins,
we have carried out a comprehensive survey of PE1 proteins on chr17 using the composite I-TASSER/COFACTOR pipeline. The pipeline was examined on 100 well-characterized
proteins from chr17, and achieved high F-measures of 0.69, 0.57, and 0.67 for MF, BP,
and CC aspects of GO term predictions, respectively. Among all of the 66 poorlycharacterized uPE1 genes on chr17, the pipeline can infer speciﬁc function with high conﬁdence for 13, 33, and 49 proteins for MF, BP, and CC aspects, respectively. Many of
these function inferences could not be achieved by traditional sequence-based annotation
approaches. While we started with uPE1 proteins from chr17 only, this pipeline can be
readily extended to all 1260 uPE1 proteins from the entire human proteome, as well as
677 additional unannotated human proteins in neXtProt categories PE2, PE3, and PE4.
Work along this line is in progress.

