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ABSTRACT Escherichia coli was one of the first species to have its genome sequenced
and remains one of the best-characterized model organisms. Thus, it is perhaps surprising
that recent studies have shown that a substantial number of genes have been overlooked.
Genes encoding more than 140 small proteins, defined as those containing 50 or fewer
amino acids, have been identified in £ coli in the past 10 years, and there is substantial
evidence indicating that many more remain to be discovered. This review covers the
methods that have been successful in identifying small proteins and the short open reading
frames that encode them. The small proteins that have been functionally characterized
to date in this model organism are also discussed. It is hoped that the review, along with
the associated databases of known as well as predicted but undetected small proteins,
will aid in and provide a roadmap for the continued identification and characterization of
these proteins in E. coli as well as other bacteria.

INTRODUCTION

Since the publication of its full genomic sequence in 1997, Escherichia coli has
been widely regarded as one of the best-annotated genomes (1). Multiple
organizations, projects, and individual investigators have been, and continue
to be, involved in updating its annotation, including the National Center for
Biotechnology Information (NCBI), UniProtKB/Swiss-Prot, and EcoCyc, to
name a few (2-4). Due to these efforts, E. coli is still regarded as a gold
standard for annotation. Nevertheless, some important questions regarding
the E. coli genome remain unanswered, including the total number of genes.
One difficulty in answering this question is the problem of short genes,
including those encoding the smallest proteins (5). There are hundreds of
thousands of potential small open reading frames (sORFs) that could encode
proteins of fewer than 50 amino acids (aa) (1, 6). Even if only a small fraction
of these sORFs encode authentic proteins, inadequate annotation of these
genes means that a significant fraction of the gene products of one of the best-
studied model organisms has been overlooked.

As more research is conducted into identifying and testing for small protein
synthesis, it is becoming clear that there are more small proteins synthesized
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than originally expected and that a number of them are
encoded by sORFs lacking commonly expected charac-
teristics, such as canonical ribosome binding sites and
start codons (6-9). This review endeavors to summarize
current work regarding the prediction, identification, and
confirmation of small protein synthesis in E. coli and
providing the first glimpses into the functions of these
small proteins. It is hoped that this summary will prompt
increased study of this family of proteins.

DEFINITION OF A SMALL PROTEIN

It is difficult to find a consensus in the literature re-
garding the definition of a small protein. Rather than
having a functional definition, the group is delineated by
an arbitrary size range, including 15 to 50 aa (10), 33 to
100 aa (11), and less than 25 kDa (12). However, any
definition regarding sizes leads to the reasonable question
about proteins immediately outside that range. If, for
example, small proteins are defined as those which are
50 or fewer amino acids, what about a protein that is 51
amino acids? What is the minimum size for a small
protein? The majority of the E. coli proteins identified in
the last 5 to 10 years have been those containing 50 or
fewer amino acids (Fig. 1), suggesting that this is the
range where the most progress needs to be made. Many
consider any short chain of amino acids to be a peptide,
although the term “peptide” itself is derived from the
Greek “digested.” Despite the arbitrary nature of the use
of size as a criterion, we suggest one overarching dis-
tinction; a protein is encoded by a single ORF, regardless
of size, and is not processed from a larger protein.

A survey of the literature shows diverse nomenclature,
including “small protein,” “short protein,” “miniprotein,”
“microprotein,” “p protein,” and “micropeptide,” while
the corresponding genes have been termed “small gene,”
“sORF,” “smORF,” and “pORF” (6, 10, 13-16). For the
purpose of this review, we will consider “small proteins”
to be those containing 50 or fewer amino acids and not
derived by processing, and we will denote the corre-
sponding coding sequences “sORFs.”

IDENTIFICATION OF SMALL PROTEIN-ENCODING
GENES

The reliable identification of small protein-encoding
genes among the thousands of sORFs encoded by the
E. coli genome remains a challenge. In addition to the
sheer number of possible sORFs, this is due to many
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Figure 1 Small protein gene identification in the E. coli genome over
the past 6 years. (A) Histogram of currently annotated protein-coding
genes in E. coli compared to those identified in 2013. (B) Histogram of
currently annotated small protein genes in E. coli compared to those
known in 2013. For both (A) and (B), the light gray bars represent
small protein genes annotated in 2013, and the dark gray bars rep-
resent genes annotated in 2019. Data on annotated genes in 2013 are
from E. coli K12 MG1655 genome annotation U00096.2. Data on
annotated genes in 2019 were compiled from a combination of an-
notations from EcoCyc (92) and recent papers identifying new small
proteins.

factors associated with the limited sequence information
present in the sORFs (17). These sequences often lack
characteristics commonly used to identify genes, such as
evidence of codon adaptation at the nucleotide level and
identifiable protein domains at the amino acid level.
Additionally, small proteins appear to be more poorly
conserved than large proteins, limiting the ability to rely
on conservation to identify small proteins (18). The
availability of genome-wide transcriptome (RNA-seq)
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and ribosome binding (ribo-seq or ribosome profiling)
datasets is providing valuable information to augment
bioinformatic predictions of small protein genes. For
example, the detection of a transcript and ribosome
binding in a genomic region increases confidence that the
sequence might be translated. Ultimately, the application
of a combination of parameters usually provides the most
accurate prediction of true small protein-encoding genes.

Bioinformatics

When the E. coli genome was originally annotated, the
size cutoff for short gene annotation was 153 nucleotides,
or 50 amino acids, for the predicted proteins (1). Since
that time, traditional gene annotation programs, such
as GeneMark, EasyGene, FrameD, and GLIMMER, have
repeatedly been found to be less reliable at identifying
genes encoding authentic small proteins compared to
genes encoding larger proteins (10, 11, 19-21). In an
effort to improve predictive capability, several advanced
gene screening algorithms have been developed to more
accurately identify small protein genes in the genomes of
E. coli and other bacteria. As a group, they share a focus
on evaluating sequences for characteristics suggestive of
translation, transcription, and/or conservation between
related bacterial species. Many of these programs take
advantage of the large number of sequenced bacterial
genomes to perform comparative genomics with a goal of
not only identifying new small protein-encoding genes,
but also of correcting annotation among the sequences
(19, 21, 22). The following section describes bioinfor-
matic methods or programs used to identify putative
small protein-encoding genes in E. coli. Table S1 sum-
marizes useful websites for the identification and char-
acterization of small proteins.

Hemm et al. screened intergenic regions of >40 base pairs
for conservation using tBLASTn and for sORFs encoded
downstream of potential ribosome binding sites (23).
sORFs encoding small proteins of 16 to 50 amino acids
were considered in this study. Select sORFs were then
tested for small protein synthesis, with both strong
conservation and the strength of the ribosome binding
site found to correlate with the identification of authentic
short genes.

Warren et al. performed a broad-range screen for unan-
notated genes encoding proteins of 33 amino acids or larger
in 1,297 bacterial chromosomes and plasmids (11). These
sequences were analyzed using comparative genomics,
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BLASTp, and the gene prediction programs GLIMMER
and GeneMark. They identified 1,153 ORFs that they
suggested are candidate genes, with the majority encoding
proteins of 100 or fewer amino acids.

Goli et al. described an “ensemble method” for short gene
identification based on a combination of prominent se-
quence features, including codon usage bias, GC content
at different codon positions, physicochemical and con-
formational properties of DNA, and amino acid prop-
erties (20). They reported that their method was
substantially more accurate at identifying known small
proteins in E. coli than the gene predictor program
FrameD. They found trimer frequency of nucleotides,
codon adaptation index, GC content in the first and
second position, and nucleotide stacking energy to be the
best predictors of short genes.

Ohéigeartaigh et al. reported the development of the
program SearchDOGS for identifying missed genes in
bacterial genomes (22). The program is based on a com-
parative genome method that examines nucleotide se-
quence synteny between related species. Once syntenic
relationships between loci have been established, se-
quences are analyzed for ORFs that may be missed in
some genomes. An analysis of nine gammaproteobacterial
clades yielded 56 candidate genes encoding proteins of
less than 60 amino acids, with 36 of them encoded in
E. coli K-12.

Wood et al. published an analysis of 1,474 bacterial ge-
nome annotations using comparative genomics (21).
Potentially missed genes containing 110 or more nucle-
otides were identified using GLIMMER and then ana-
lyzed using a gene function database called COMBREX.
Potential genes were compared to entries in COMBREX
using the ComBlast annotation pipeline. Of the 13,602
candidate genes identified in this study, 60% encode
proteins containing fewer than 100 amino acids.

Transcription Profiling

Evidence that a genomic region encoding a predicted
sORF is transcribed provides support that the corre-
sponding small protein might be translated. Accordingly,
publicly available transcription profiling data have been
found to correlate with small protein expression (24).
To our knowledge, no work has exclusively used tran-
scriptional profiling to specifically identify new small
proteins, but this information is valuable, particularly for


www.asmscience.org/EcoSalPlus

Hemm et al.

determining conditions when the proteins might be
synthesized.

Ribosome Profiling

Ribosome profiling or Ribo-seq, a deep sequencing ap-
proach in which the RNA regions associated with ribo-
somes are sequenced, has allowed small protein-
encoding transcripts to be identified. Due to technical
challenges, the resolution of ribosome profiling for bac-
terial cells is lower than that for eukaryotic cells. This
makes identifying short genes more challenging, espe-
cially when the sORF analyzed is located close to or
overlapping another gene. Nevertheless, the presence of
ribosomes on known transcripts is a valuable indicator
that translation may be occurring. As more ribosome
profiling datasets are being published, these data can be
used in support of bioinformatics approaches.

The capabilities of ribosome profiling have been expanded
through the use of inhibitors that capture specific states of
ribosomal complexes. Tetracycline, long known to inhibit
translation in bacteria, enriches samples for ribosomes
bound to start codons (86). Two other inhibitors, Onc112
and retapamulin, trap E. coli ribosomes in translation
initiation complexes even more efficiently to give even
greater enrichment at start codons (6, 25). Comparing the
data from experiments with different inhibitors can reveal
sites with the highest probability of being true start
codons, yielding a more robust method for identifying
small protein genes. The ease and low cost of sequencing,
combined with the advancements in profiling techniques,
will allow for the continued identification of these genes in
any bacterium where the inhibitors are effective.

It is worth being cognizant of some limitations of the
ribosome profiling approach, including a lack of corre-
lation between ribosome density and amount of protein
detected (6). Ultimately, no single identification method
developed to date is sufficient to identify all SORFs. For
example, predicted ribosome binding sites upstream of
known small proteins exhibit a range of binding energies
with the 16S rRNA, which can show little correlation
with experimental ribosome profiling data (Fig. 2). This
lack of correlation could reflect experimental constraints
such as the specific conditions of the ribosome profiling
experiment or be a consequence of the multitude of
factors that might impact translation, including transcript
levels, RNA folding, and/or regulatory protein or RNA
binding. Ultimately, given the sheer number of potential
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Figure 2 Ribosome hinding sites for representative small protein-
coding genes. The sequence logo for E. coli ribosome binding sites is
reproduced from reference 93. Sequences of 12 small protein genes of
unknown function are listed below. Red type corresponds to the
predicted start codon, while the blue type indicates stretches of four or
more G and A residues. Gibbs free energies (AG® in kcal/mol) for the
interaction between the sequence shown and the 16S RNA were cal-
culated using IntaRNA (http://rna.informatik.uni-freiburg.de/IntaRNA
/Input.jsp) (94). No value is given for the three sequences for which no
significant interaction was detected. Rpm (reads per million mapped)
values for ribosome profiling carried out in the presence of the inhibitor
Oncl12 are taken from reference 6.

sORFs combined with their sequence variety, a collection
of identification approaches will continue to be the most
effective method for identifying new sORFs.

IDENTIFICATION OF SMALL PROTEINS

While computationally predicted ribosome binding sites,
conservation, or genome-wide evidence of transcription
and ribosome binding can indicate that an sORF is
translated, none of these methodologies confirm that the
small protein exists as a stable entity in the cell. There are
a number of approaches to directly detect small proteins.
Given the potential for spurious translation as well
as limitations to each of the detection approaches, the
strongest evidence that a protein is synthesized and
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potentially has a function again needs to come from a
combination of methods.

Detecting Small Proteins with Mass Spectrometry
Advancements in the sensitivity of mass spectrometers
have created an explosion of new proteomic data for
bacteria and eukaryotes alike. However, while the use of
more sophisticated instrumentation has proven very suc-
cessful for larger proteins, the identification of small pro-
teins is still hampered by a number of issues. First, many
small proteins, particularly hydrophobic, membrane-
associated proteins, do not yield more than one potential
detectable tryptic peptide (12). Second, even for proteins
that can be digested into multiple peptides, it is rare that
more than one peptide is observed (12). Third, the low
abundance of many small proteins contributes to the
failure to observe tryptic peptides, as they may be lost in
the background associated with high-sensitivity experi-
ments. Together, these factors make it difficult to identify
small proteins unambiguously by mass spectrometry.
Overcoming these challenges will allow the more accurate
analysis of the small proteomes and raise mass spec-
trometry to the level of ribosome profiling as a tool for
small protein identification.

To achieve better detection, many researchers have uti-
lized approaches to increase the relative abundance of
small proteins in their samples. Such approaches, in-
cluding solvent fractionation (26), molecular weight cut-
off filters, and column chromatography, have generally
relied on the size of small proteins as the distinguishing
trait, as all small proteins share this characteristic. An
important consideration is that most of these approaches
focus on unbound, soluble proteins. If a small protein is
bound to other proteins, the combined molecular weight
may exceed the molecular weight cutoff in a small protein
screen. Additionally, small, hydrophobic proteins may
bind strongly to the materials that compose filters, tubes,
or other components used in purification processes. Even
with methodological improvements to address these
limitations, it is unlikely that a single approach will be
possible due to the diversity of the samples being tested
and the varied properties of the small proteins.

Although enriching samples for small proteins has the
potential to reduce the challenges associated with low
abundance, many small proteins still only yield one tryptic
peptide during analysis. The observation of multiple, dif-
ferent peptides corresponding to a small protein reduces
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the number of false positives. Recently, a combination of
data from different proteomics experiments was examined
to identify new small proteins (27). Although increasing
the threshold to two unique tryptic peptides decreased the
number of putative small proteins in the experimental
data set, it also eliminated all matches from the decoy set.
Approaches that add additional criteria such as required
fragmentation patterns or external evidence from ribo-
some profiling beyond a minimal mass spectrometric
score (e.g., in MASCOT or SEQUEST) also increase the
chance of finding translated proteins. However, as is true
for ribosome profiling data, improving the stringency also
will lead to an increase in small proteins that are missed.

Quantitative mass spectrometry approaches also have
proven useful for identifying small proteins (9, 28). By
examining the changes in peptide abundance between
samples generated under different growth conditions,
some of the aforementioned challenges are circumvented.
Although the results are limited, one effective use of this
type of quantitative analysis is the identification of small
proteins that are significantly more abundant under a
specific growth condition. This type of analysis addi-
tionally provides useful physiological data that can aid in
the characterization of the protein and its function. For
example, studies performed in E. coli under heat and cold
shock have each revealed new sORFs, including one that
is embedded inside another gene (9, 28).

Detecting Small Proteins by N-Terminal Sequencing
The traditional, biochemical method for identifying or
verifying protein sequences is Edman degradation. This
classic method relies on a chemical reaction that se-
quentially cleaves the N-terminal residue from a poly-
peptide chain. Although useful, this method may not be
suitable for most small proteins due to the requirements
for high sample yield and purity. Thus, this method
currently has limited application for proteome-wide
small protein identification. In an advance that bypasses
some of the limitations, Edman degradation is carried
out on proteins transferred to polyvinylidene difluoride
(PVDF) membranes after separation by two-dimensional
gel electrophoresis (29). By having proteins bound to
PVDF, gas-phase protein sequencing can be performed,
providing greater sensitivity.

An alternative to traditional N-terminal sequencing relies
on the isolation of methionine-containing peptides
followed by mass spectrometry. N-terminal methionine-
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containing peptides can specifically be purified from
samples using combined fractional diagonal chroma-
tography (COFRADIC) or similar fractionation methods
(30, 31). Most of these studies have only examined
known proteins and thus have not led to the discovery of
new small proteins. However, 32 proteins of 100 or fewer
amino acids were found in the original COFRADIC
E. coli dataset (30), and 29 small proteins were identified
using a different form of diagonal chromatography (31).
One new small protein with a role in stress sensing was
detected by COFRADIC in Listeria monocytogenes (16).
A challenge imposed by COFRADIC is that each protein
is identified by only one peptide, and these peptides may
not fragment optimally for mass spectrometric analysis.
On the other hand, given that each protein molecule in
the cell is represented by only a single N-terminal pep-
tide, the abundance of each signal in the sample should
correspond to its stoichiometry in the cell (32).

Confirmation of Small Protein Synthesis Using
Epitope-Tagged Alleles

While bioinformatics, transcriptomics, ribosome profil-
ing, mass spectrometry, and N-terminal sequencing are
excellent starting points for identifying putative small
proteins, comprehensive validation of protein synthesis is
key to accurate annotation. The generation of long lists of
potential SORFs is enticing, but the challenges to reliable
identification mean that the synthesis of small proteins
needs to be validated by more than one approach, lest
databases become flooded with putative genes. A reliable
method of validation is the addition of a tag so that the
tagged small protein can be detected by an independent
method.

In E. coli and other organisms in which recombination is
an established method, a common technique to verify the
translation is the construction of chromosomal, transla-
tional sSORF fusions to epitopes, such as the sequence
peptide affinity (SPA) and FLAG tags, which can be
detected by immunoblot analysis. This allows for syn-
thesis to be verified (the protein should appear as a
specific band by SDS-PAGE) and for steady-state levels
of the protein to be observed since the protein is ex-
pressed under control of its native promoter and endo-
genous transcription factors. To date, over 90 E. coli small
proteins have been shown to be expressed using an SPA
or FLAG epitope tag (6, 10, 24, 33). Another option is
chromosomal, translational fusions to fluorescent pro-
teins such as green fluorescent protein (GFP).

6

Additional options may need to be considered in cases
where the putative sORF overlaps an essential gene or
when the cells cannot tolerate a fusion at the endogenous
chromosomal locus. This includes fusing the putative
OREF, its 5" untranslated region, and its promoter to a
reporter, such as GFP or lacZ encoding the assayable
enzyme [-galactosidase, at a heterologous location on the
chromosome. A number of small proteins have been
shown to be expressed using a reporter gene assay (6, 34,
35). A less desirable option, due to the potential for arti-
facts resulting from overexpression, is fusions to reporters
on plasmids.

Beyond showing that a small protein is translated, tests of
protein synthesis can provide additional information
related to the function of the protein. For example, YnfR,
YmcF, and YnfQ were found to be translated upon cold
shock (9, 24), suggesting that the functions of these
proteins may be important under this stress condition.
Tagged proteins also can be useful for additional assays.
GFP fusions, for instance, have been used to investigate
the localization and orientation of E. coli transmembrane
small proteins based on the principle that GFP will not
fluoresce if the domain, attached to either the N or C
terminus of the small protein, is located in the periplasm
(36). Finally, the tagged proteins can be useful for bio-
chemical studies in which the small proteins are purified
and/or characterized using the epitope tag.

Small E. coli proteins for which synthesis has been con-
firmed are given in Table S2, while predicted sORFs in
intergenic regions for which no protein has been detected
are given in Table S3. Together, the two data sets can
serve as useful positive and negative controls for future
predictions of small protein genes.

SMALL PROTEINS IN PATHOGENIC E. COLI
AND SALMONELLA ENTERICA

Currently, only a few studies have been conducted to
identify small proteins in nonlaboratory strains of E. coli
or in other Enterobacteria species. One study in S. enterica
identified 130 unannotated sORFs and confirmed the
synthesis of 25 new small proteins (37). Four of the small
proteins, designated Mia-28 (24 aa), Mia-31 (13 aa),
Mia-63 (45 aa), and STM14_1499 (35 aa), were induced
under low-magnesium stress, a condition that is experi-
enced by S. enterica undergoing phagocytosis by macro-
phages. Thus, the expression pattern is an indication that
the small proteins might be involved in pathogenesis.
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Separately, the YshB (36 aa) protein in S. enterica was
recently shown to be upregulated before phagocytosis of
the bacteria by macrophages, and S. enterica mutants
lacking YshB exhibited impaired virulence in mouse
models (38). In the enteropathogenic E. coli strain O157:
H7 Sakai, ribosome profiling provided evidence for the
translation of 14 sORFs as well as several slightly longer
OREFs for cells grown in rich medium (39). Synthesis of
one of the potential small proteins (designated X049, 38
aa) was corroborated by mass spectroscopy. Interestingly,
another possible small protein gene (designated X033)
was identified in a transposon screen for mutations that
lead to decreased colonization of ruminating cattle by
0157:H7 (39). It is likely, but remains to be determined, if
other small proteins are involved in the pathogenesis of
E. coli and other enteric bacteria.

PROPERTIES OF SMALL PROTEIN GENES
AND SMALL PROTEINS

Recent studies using ribosome profiling and mass spec-
troscopy have led to the identification of small proteins
encoded by sORFs with diverse, nontraditional sequence
characteristics. Small proteins have been detected from
sORFs with rare start codons and unrecognizable ribo-
some binding sites (Fig. 2), as well as those with no de-
tectable ribosome binding in vivo (6). They also have
been detected from sORFs located within larger ORFs, in
both the sense and antisense strands (6, 25). These results
suggest that future screens for small proteins should
consider those encoded by both traditional, intergenic
sORFs and those with unconventional sequence charac-
teristics and encoded by intragenic SORFs. An exciting
avenue of investigation will be characterizing intra-
genically encoded small proteins and determining if the
functions of these proteins intersect with the larger
proteins encoded by the parent gene.

While small proteins generally do not have enough
amino acids for protein domain determination, one ex-
ception is a hydrophobic a helix, which can range from 6
to over 20 amino acids (40). It was initially proposed that
hydrophobic a helix-containing small proteins may be
the predominant form of this class of proteins (10) and
thus could be a predictive factor for identifying new
small proteins. However, an equal or greater number of
hydrophilic small proteins have been identified in more
recent screens for small proteins in E. coli (6, 10, 24, 41).
Nevertheless, biochemical experiments have shown that
bioinformatic predictions of hydrophobic helices do
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correlate well with membrane localization, suggesting
that a hydrophobic a helix is still a useful indicator of
small protein localization and potential function (10, 36).

FUNCTIONS OF sORF TRANSLATION

Before turning to the identified functions of small pro-
teins, it is worth noting that just the process of translating
an sORF upstream of or overlapping a downstream ORF
may be the critical activity. While the proteins encoded
by these regulatory sORFs historically have been referred
to as leader peptides in bacteria, we will adopt the no-
menclature of uUORF (upstream ORF) predominant in the
eukaryotic literature. Translation of a uORF can regulate
the translation or transcription of the downstream genes.
In general, translational pausing versus successful trans-
lation of the uORF leads to different mRNA secondary
structures or affects the binding of the Rho transcription
termination factor, impacting the translation or tran-
scription of downstream genes. These uORFs are com-
monly located in the leaders of amino acid biosynthetic
operons (reviewed in reference 42). In such cases, the
small protein usually contains multiple codons for the
amino acid synthesized by the enzymes encoded on
the mRNA. If the amino acid is abundant, the small
protein is synthesized frequently, which in turn inhibits
expression of the downstream biosynthetic genes. If the
cell is deficient in the amino acid, translation is stalled for
the uORF-encoded small protein, allowing expression of
the downstream gene to proceed via newly accessible
regions of the 5 untranslated region preceding the next
gene. Currently, nine small proteins with these properties
have been identified for E. coli operons encoding genes
involved in amino acid biosynthesis. HisL (15 aa), IlvL
(32 aa), LeuL (28 aa), ThrL (21 aa), and PheL (15 aa) are
encoded by uORFs upstream of histidine, isoleucine,
leucine, threonine, and phenylalanine operons, respec-
tively. IvbL (32 aa) is encoded at the beginning of an
operon encoding a protein involved in both isoleucine
and valine biosynthesis, TrpL (14 aa) and TnaC (24 aa)
are encoded by uORFs for two tryptophan biosynthetic
operons, and PheM (14 aa) is encoded upstream of an
operon encoding a phenylalanine tRNA.

Another theme that is emerging among genes preceded
by uORFs in both bacteria and in eukaryotic cells is
polyamine biosynthesis (43). One example is the speFL
ORF encoded upstream of the E. coli and S. enterica speF
gene, which encodes ornithine decarboxylase required
for polyamine synthesis (44, 45). Again, a block in
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translation elongation at two consecutive arginine resi-
dues in the sORF, in this case due to ornithine binding to
the ribosome, impacts Rho-mediated termination and
the structure of the mRNA leader, allowing for tran-
scription and translation of the downstream gene.

uORFs upstream of E. coli genes not associated with
amino acid or polyamine metabolism include IdIP (27 aa),
encoded upstream of the iraD gene and regulated by CsrA
(34), MgtL (17 aa), encoded upstream of the mgtA gene
and regulated by magnesium levels (46), PyrL (44 aa),
encoded upstream of the pyrB gene and regulated by UTP
abundance (47), RhoL (33 aa), encoded upstream of the
rho gene and thought to be regulated by Rho-dependent
transcription termination (48), and Uof (28 aa), which is
proposed to be involved in the regulation of Fur protein
levels in response to iron abundance (35).

Screens for small proteins suggest that more uORFs,
translation of which can either positively or negatively
impact the downstream gene (6), remain to be discovered.
It is even conceivable that expression of some operons
is controlled by more than one uORF. The IlvX small
protein (16 aa) was discovered to be encoded downstream
of the ilvL uORF of the ilvLXGMEDA operon (10). IIlvX
accumulates in cells grown in minimal medium, but the
role, if any, of this new sORF in isoleucine biosynthesis
has not been investigated (23). In addition to further
characterizing the regulatory mechanisms, a critical
question remaining to be answered is whether the uORF-
encoded small proteins have independent functions.

FUNCTIONS OF SMALL PROTEINS

Functional characterization of small proteins is still in its
infancy. Multiple factors make it challenging to elucidate
the functions. First, sequence comparisons are a less
useful tool for small proteins than for their larger
counterparts. As already mentioned, the short amino
acid sequences make independent domain identification
difficult, and the limited number of bacterial small pro-
teins identified also precludes comparisons. In addition,
there is increasing evidence that small proteins of similar
function can have remarkable sequence flexibility (49,
50), making it difficult to functionally group small pro-
teins beyond predictions for cellular localization.

Experimentally, a number of features also make small
protein characterization more challenging. The short

amino acid sequences make antibody development more
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difficult, since there are fewer potential antigens in short
sequences. This is particularly true for transmembrane
small proteins, which may contain only a single, hydro-
phobic a helix. Additionally, standard biochemical tech-
niques may not be effective at detecting small proteins. For
example, unmodified small proteins can have a molecular
weight between 1.5 and 5 kDa, much lower than the res-
olution available using standard acrylamide gel chroma-
tography. The proteins also are less likely to be detected by
standard reagents for staining proteins in gels, as each
stain favors certain amino acids and a small protein may
have few of these particular residues. Due to these
constraints, most of the characterized small proteins have
been expressed and purified with epitope tags, such as the
SPA, hemagglutinin (HA), hexahistidine (6XHis) tags, and
others. However, the size of these tags relative to the small
protein means that there is a substantial probability that
the small protein function may be altered or eliminated by
the addition of the tag. Small proteins serving regulatory
roles may also be present at low levels, increasing the
difficulty of protein purifications. Finally, small protein
genes may be missed in genetic screens due to a lack of
sORF annotation and to the lower likelihood that a small
protein gene will be mutated.

As a starting point for characterizing the functions of
individual small proteins, several studies have focused on
large-scale characterization of groups of small proteins.
Expression analysis of tagged small proteins under dif-
ferent growth and stress conditions has shown that many
accumulate under specific conditions, suggestive of
functions under these conditions (9, 23, 24, 28). Other
studies have assayed groups of small protein genes for
phenotypes associated with their deletions (51). All of
these studies have yielded results suggestive of functions
for multiple small proteins.

The current challenge in small protein studies in E. coli is
moving beyond these generalized approaches to func-
tionally and mechanistically elucidating the roles small
proteins play during a particular growth or stress con-
dition. Although relatively few E. coli small proteins have
been characterized in this way, they can be organized into
some functional groups, which are listed in Table 1 and
which we will describe next.

Toxic Small Proteins
E. coli contains more than a dozen small proteins that
have been shown to be, or are predicted to be, toxins of
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Table 1 Overview of known small protein functions

Class

Proteins encoded by
uORFs (leader peptides)

Function

Translation regulates expression of downstream
gene

Escherichia coli Small Proteome

Examples References
HisL, IlvL, LeuL, ThrL, PheL, IvbL, TrpL, 6, 34, 35, 42,
TnaC, PheM, SpeFL, I1dIP, MgtL, PyrL, 44, 46-48

Rhol, Uof, IlvX, Toil, PssL, YoalL, BaxL,

ArgL

Toxins

Hydrophobic proteins that are toxic to the cell at
high levels; in many cases, synthesis is controlled
by a regulatory RNA (type I toxin-antitoxin
systems)

DinQ, EcnB, HokA, HokB, HokC, HokD, 2, 53, 90
HokE, IsbA, IsbB, IsbC, IsbD, IsbE, LdrA,

LdrB, LdrC, LdrD, ShoB, TisB

Ribosomal proteins May replace homologous ribosomal proteins RpmH, Rpm], Sra, YkgO 10, 61-64, 91
under specific conditions such as zinc limitation

Regulators of sensor Provide a mechanism for feedback regulation of =~ MgrB 66, 67

kinase activity two-component systems

Transmembrane protein ~ Modulate the specificity, activity, or levels of AcrZ, KdpF, MgtS 68-72, 85

regulators of transporters  transporters

Cytoplasmic protein Modulate the specificity, activity or levels of SgrT, MntS 73-75

regulators of transporters  transporters

Components of Associate with cytochrome oxidases; CydX has CydX, CydH/CydY 60, 80, 81

cytochrome oxidase

been shown to be critical for activity

complexes

the type I toxin-antitoxin family, in which synthesis of
the small toxic protein is inhibited by a base pairing
antitoxin RNA. Small proteins expressed from type I
toxin-antitoxin systems are predicted to contain a hy-
drophobic helix (reviewed in reference 52). When de-
repressed, these hydrophobic small proteins are thought
to localize to the cell membrane, oligomerize to form
pores, and compromise the integrity of the membrane.
Consistent with this model, overexpression of several of
these small proteins has been shown to result in mem-
brane depolarization, decreased cell density in liquid
culture, and decreased colony forming units (53 to 55).
For the HokB protein, it was also found that an oxido-
reductase can disassemble the HokB pore, leading to
degradation of the protein and providing a mechanism to
downregulate the effects of the toxin (56). The role of
type I toxin proteins at endogenous levels is still under
debate. One model is that the toxin-antitoxin systems
solely exist as selfish DNA elements, while studies have
suggested that toxin-antitoxin systems help cells survive
stress conditions by leading to slow growth rather than
death (57, 58). One other small protein, the 48-aa lipo-
protein EcnB, also has been described as a toxin, but in
this case, a divergently encoded 41-aa lipoprotein, EcnA,
is reported to be the antitoxin (59).

Intriguingly, there are no obvious differences in the
amino acid sequences of the toxic small proteins and
hydrophobic membrane proteins that are normally ex-

pressed at high levels and have other functions in the cell.
For example, overexpression of the hydrophobic small
proteins CydX and AcrZ did not have a substantial im-
pact on growth (60). Possibly, toxicity is associated with a
propensity to oligomerize, but further research is needed
to determine what features distinguish toxic and non-
toxic small hydrophobic membrane proteins.

Ribosomal Small Proteins

Three abundant ribosomal proteins in E. coli have fewer
than 50 amino acids. RpmH (46 aa) and Rpm] (38 aa) are
subunits L34 and L36, respectively, of the 50S ribosomal
complex (61, 62). sra encodes the S22 subunit (45 aa) of
the 30S ribosomal complex (63, 64). A fourth small
protein, YkgO (46 aa), is a paralog of Rpm] and accu-
mulates to high levels in cells after exposure to the che-
lating agent EDTA (23). YkgO lacks a zinc-binding motif
found in Rpm] (10). Thus, it has been proposed that
ribosomal proteins like YkgO may have evolved to re-
place zinc-dependent ribosomal proteins under zinc-
limiting conditions (65).

Small Protein Modulator of a Sensor Kinase

The E. coli genome encodes multiple two-component
regulatory systems, which control responses to a wide
range of environmental stresses. In these systems, the
sensor kinase generally is in the membrane. Interestingly,
one small transmembrane protein, MgrB (47 aa), whose
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levels are induced by the PhoQP two-component system
in limiting magnesium, plays a role in the regulation of
the PhoQ histidine kinase (66, 67) by binding to and
inhibiting this kinase. MgrB thus acts as a negative
feedback regulator of the PhoQP system (67). It will be
interesting to see if other small proteins similarly mod-
ulate phosphate transfer in two-component systems.

Small Protein Modulators of Transporters

The largest category of E. coli small proteins character-
ized to date are those that modulate the activities or levels
of transporters. Most of these small proteins are
predicted to consist of a single hydrophobic a helix and
localize to the cell membrane. This suggests an envi-
ronment at the E. coli membrane in which large trans-
membrane complexes are surrounded by, interact with,
and are potentially regulated by, small transmembrane
proteins. Consistent with this model, AcrZ (49 aa) has
been shown to interact with the AcrAB-TolC multidrug
efflux pump and is required for the optimal export of
certain antibiotics (68). It is thought to therefore regulate
the substrate specificity of the transporter. The KdpF
(29 aa) small protein interacts with the Kdp-ATPase
potassium ion transporter (69, 70). The small protein
may stabilize the complex, as it can be replaced by high
lipid levels (70). The MgtS (31 aa) protein is a trans-
membrane small protein that accumulates under multi-
ple stresses, including magnesium deprivation (23, 71).
The small protein is required for the accumulation of the
magnesium transporter MgtA, and evidence suggests that
the small protein inhibits degradation of MgtA by the
FtsH protease (71). Surprisingly, MgtS interacts with a
second membrane protein, the PitA phosphate sym-
porter (72). This interaction also increases intracellular
magnesium levels.

Two small proteins without a detectable hydrophobic a
helix also play roles in regulating the activities of larger
membrane protein complexes. SgrT (43 aa) is expressed
under sugar-phosphate stress and interacts with the
PtsG sugar transporter to inhibit transporter activity (33,
73). This interaction promotes recovery of cells grown
with toxic glucose analogs such as a-methyl glucoside
(73). MntS (42 aa), whose expression is induced by low
manganese, is involved in the regulation of cellular
manganese levels (74). MntS expression in the presence
of high manganese increases intracellular manganese
levels phenocopying the effects of reducing MntP man-
ganese exporter activity (75). It is anticipated that a
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number of other transmembrane proteins as well as po-
tentially cytosolic small proteins modulate the activities
or levels of transporters.

Small Proteins Associated with Cytochrome Oxidase
Complexes

Perhaps the best-characterized small transmembrane
domain proteins found to interact with larger membrane
proteins are those associated with cytochrome oxidase
complexes in E. coli as well as in other bacteria. While
these complexes have been studied for more than 70
years, the fact that small proteins are part of the com-
plexes has only been realized recently. The first hint came
from purification of the E. coli cytochrome bd-I oxidase,
revealing an unidentified lower-molecular-weight band
(76). Next, a small ORF, annotated as ybgT, was identi-
fied downstream of the cydAB genes in the cydAB-ybgT-
ybgE operon encoding this oxidase (77). YbgT, now
renamed CydX (37 aa), was not identified as a subunit of
the complex until it was independently characterized as a
small protein (60, 78) and shown to be required for ox-
idase activity (60, 79). Intriguingly, the recent determi-
nation of the E. coli cytochrome bd-I oxidase structure by
cryo-EM (Fig. 3) shows that there is a second small
protein component of the complex (80, 81). This protein,
now denoted CydH or CydY (29 aa) but previously
annotated as YnhF, was found to bind to the Q-loop, a
highly variable portion of the CydA subunit. CydX has
been proposed to play a role in folding and stabilizing the
complex, given decreased yields and altered redox-dif-
ference spectra for the purified complex in the absence of
the small protein (79). Recent characterization of CydX
in S. enterica showed that the protein is similarly required
for cytochrome bd oxidase function and heme orienta-
tion, and that the mutants lacking the small protein ex-
hibit sensitivity to nitric oxide, reduced proliferation in
macrophages, and increased resistance to select anti-
biotics (82). The role of the CydH/CydY protein still
needs to be determined (80, 81).

In addition to the cydABX-ybgE operon, E. coli and re-
lated species encode the paralogous appCBXA operon
encoding the cytochrome bd-II oxidase. AppX is the
small protein paralog to CydX. The two proteins are
thought to play similar roles in their respective com-
plexes, and there is evidence indicating that there may
be some cross-interaction between these small proteins
and the two complexes (60). Consistent with limited
requirements for specific amino acids for functionality,
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AcrB multidrug gﬁlux pump
~N

Escherichia coli Small Proteome

CydAB cytochrome bd oxidase

KdpABC potassium transporter
30(‘!’5’

periplasm

cytoplasm

CydH CydX

Figure 3 Structures of representative small proteins. Structures of AcrZ, KdpF, CydX, and CydH (red) in association with the AcrB multidrug
efflux pump (PDB 4C48 [84]), Kdp potassium transporter (PDB 5SMRW [69]), and cytochrome bd-I oxidase (PDB 6RKO [80]), respectively. The

approximate position of the membrane is indicated by shading.

mutational analysis of the CydX small protein did not
identify any single amino acid required for small protein
function in the complex (50). These data, combined with
the growing body of work showing small proteins asso-
ciated with cytochrome oxidases in other bacteria (49, 78,
83), suggest that much remains to be learned about this
class of small proteins.

The structures of the AcrBZ, deABCF and CydABXH
of the small protelns relatlve to the larger subunits of
each complex. It is worth noting that in all of these
structures, the small protein is located toward the exte-
rior of the complex, interacting with the membrane. This
relationship hints that the small proteins may not be
constant components of each complex and instead may
have the potential to separate from the complex as part of
their regulatory functions. It has already been shown that
small proteins can bind to more than one protein (60,
72). Given the positions of the small proteins in the
complexes, it is also possible that they modulate the lipid
environment around the larger proteins. Important
directions for future research are further understanding
the nature and lifetime of the interactions of small pro-
teins with large membrane protein complexes, which

ASMScience.org/EcoSalPlus

would help elucidate the impact of these small proteins
on the structures and activities of the complexes.

MORE SMALL PROTEINS

Results from multiple studies strongly suggest that more
small proteins remain to be identified in E. coli. In one
recent study, 38 of tested 41 sORFs predicted by ribosome
profiling after treatment with retapamulin and Oncl12
were found to be expressed, a 92% success rate (6). This
success rate, combined with the fact that over 412 sORFs
showed a signal above threshold in this study, supports
the idea that more small proteins exist. Likewise, over 150
sORFs were predicted in a similar experiment examining
tetracycline-stalled ribosome binding (86). Finally, over
260 sORFs were predicted to be preceded by a stronger
than average ribosome binding site (10). A comparison of
the small proteins predicted by these three screens yields
65 sORFs identified in at least two studies and 12 iden-
tified in all three. These approaches do not even consider
small proteins encoded by sORFs lacking ribosome
binding signals. Thus, it is possible that the E. coli genome
encodes hundreds of as-yet-unidentified small proteins
encoded in intergenic regions. This accounting also does
not consider several other groups of proteins of low
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molecular weight, including prophage- and pseudogene-
encoded proteins and small proteins encoded intragenic
to larger proteins. Some of these groups of proteins de-
serve brief mention. It also is possible that fragments of
larger proteins such as signal peptides, which are not
covered here, have independent functions.

Prophage-Encoded Small Proteins

The genome of E. coli contains a number of prophage
regions that are the result of ancestral phage integration
into the genome (1, 87). Given that several bacteriophage
small proteins have been identified and, in some cases,
characterized (reviewed in 13), it is not surprising that
small proteins are encoded in prophage regions. Small
proteins have been found to be encoded in the Qin, CP4-
6, DLP12, Rac, and CPS-53 prophages as well as the
KpLE2 phage-like element. These proteins are often ex-
pressed at high levels in cells growing under normal
conditions (6, 10, 24), raising the question about possible
protein functions outside of phage survival. In intact
phages, small proteins have been found to play many roles
in the phage life cycle (13). They regulate host protein
function, play structural roles in the phage capsids, and
promote cell lysis through interactions with the mem-
brane. At this point, it is not known how many small E.
coli prophage proteins are synthesized and how many
have endogenous functions in the bacterial cell.

Proteins Encoded by Pseudogenes

Pseudogenes are genes that have undergone mutation to
the point where a portion of the ORF is noncoding (88).
In the case of small proteins, larger genes may undergo a
nonsense or frameshift mutation that transforms a larger
ORF into one that encodes a small protein. Multiple small
proteins in E. coli are expressed from ORFs annotated as
pseudogenes (10) such as YmjD, YnfP, and YkgS. Similar
to prophage small proteins, it is generally thought that
pseudogenes are nonfunctional. It is possible, however,
that at least a subset of these proteins have roles in the
cell. The degradation of larger genes may represent a
common evolutionary mechanism for creating sORFs.
These small proteins could then acquire an independent
biological function. It remains to be determined if any
pseudogene small proteins are functional in E. coli.

Proteins of 50 to 100 Amino Acids

As shown in Fig. 1, the number of proteins identified in
E. coli that range from 50 to 100 amino acids also has
increased substantially in the past 6 years. Proteins in this
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range were reported in recent small protein identification
papers, and it is very likely that more of these “larger”
small proteins will be discovered in the future. Struc-
turally, one distinction between these proteins and the
small proteins considered in this review is that a larger
number of amino acids facilitates the adoption of more
complex protein domains. Proteins of this size can con-
tain multiple hydrophobic a helices and domains such as
a zinc ribbon and zinc finger. In fact, many proteins of 51
to 100 amino acids in E. coli are well characterized, in-
cluding ribosomal proteins, the chaperone protein GroS
(97 aa), the carbon metabolism regulator CsrA (61 aa),
and the cold- and stress-inducible Csp proteins (69 to 74
aa). Similar to proteins with 50 or fewer amino acids, it is
likely that new protein families remain to be identified in
this group of proteins. For example, three proteins, the
paralogous YmcF (62 aa) and YnfQ (62 aa) proteins and
YnfU (56 aa), which are all encoded adjacent to Csp
proteins, have structural homology to the zinc-binding
domains of larger proteins (6, 9). Ultimately, more than
half of the genes encoding these proteins have unknown
or only predicted functions, indicating that they also
represent an underexplored area of E. coli proteomics.

Proteins Encoded by Dual-Function RNAs

There is increasing evidence that small proteins can be
encoded in E. coli from sORFs within larger genes. Pre-
viously, this possibility was considered extremely rare
outside of viral genomes, but may be more prevalent than
expected for chromosomally-encoded genes. The GndA
small protein (36 or 54 aa; the N-terminal aa has not been
unambiguously identified) was recently identified as a
heat shock-induced small protein and is encoded within,
but out of frame of, the larger gnd gene (28). In addition,
ribosome-profiling with the retapamulin inhibitor re-
vealed a number of examples of ribosomal binding within
larger genes. Of these internal sORFs, expression has been
confirmed for a small protein encoded in the same ORF
as, but at the 3’ end of, the sfsA gene (25).

Another variation of dual function is transcripts that
have been shown to act as a regulatory RNA and also
encode a small protein. The best-characterized example
in E. coli is the dual-function SgrS RNA, which both acts
as an RNA regulator of the ptsG RNA and encodes the
SgrT small protein, which as mentioned above, inhibits
PtsG function (73).

As one additional variation of overlapping coding capac-
ity, some small proteins have been found to be encoded
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antisense to other genes (6). The existence of intra-
genically encoded small proteins again illustrates how
small protein coding capacity has been underestimated
and raises intriguing questions about how the additional
coding capacity arises and whether the proteins have an-
tagonistic or synergistic functions.

OUTLOOK

Small proteins represent an exciting area of discovery in
bacteria, archaea, and eukaryotes (89). As one of the best-
characterized organisms, E. coli is an ideal system for the
continued identification and characterization of these
enigmatic molecules. Experimental techniques for identi-
fying new sORFs and confirming small protein expression
have been well established, and there is substantial evi-
dence that more small proteins remain to be identified.
The largest challenge is determining the functional roles
for these newly identified proteins. The fact that more
than 70% of larger proteins have been characterized in
E. coli provides a strong basis for studying these small
proteins. Understanding of the functions of AcrZ, CydX,
MntS, and other small proteins was possible because the
proteins they interact with were already characterized.
Conversely, elucidating the roles of the small proteins can
provide insights into the physiological roles of the larger
proteins with which they interact. For example, the find-
ing that the low-magnesium-induced MgtS protein binds
PitA revealed that this phosphate transporter also has an
important role in maintaining magnesium homeostasis
(72). The resources and information available for E. coli
should continue to facilitate small protein discovery and
characterization in this organism and provide a gateway
for small protein discoveries in other organisms.
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