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1.0 Introduction 
Cells are continually exposed to environmental and endogenous stressors, including heat, oxidative damage, nutrient 

deprivation, misfolded proteins, and infection. For decades, the molecular logic of these responses was framed almost 

exclusively in terms of canonical proteins larger than 100 amino acids and well-defined signaling pathways.  

This view is now seen as limited. Across all domains of life—bacteria, archaea, and eukaryotes—genomes contain a 

massive, often ignored layer of small proteins and smORF-encoded peptides. These molecules function as versatile 

regulators for membrane stability, proteostasis, and stress responses (Jordan et al., 2023); (Y. Li et al., 2021); 

(Schlesinger & Elsässer, 2021); (Miravet-Verde et al., 2019). While only a few have been studied in detail, they are 

widespread and structurally diverse. 

Generally, small proteins are defined as products of short open reading frames (sORFs) under 100 codons, though 

bacterial studies often use a 50-amino-acid limit due to detection challenges (Jordan et al., 2023); (Ahrens et al., 2021); 

(Weaver et al., 2019); (Miravet-Verde et al., 2019). Their names vary based on their origin: "smORFs" or "sORFs" 

describe the genomic segments, while the resulting products are called SEPs, microproteins, or sPEPs (Schlesinger & 

Elsässer, 2021); (Leong et al., 2022); (Valdivia-Francia & Sendoel, 2024); (Miravet-Verde et al., 2019). Additionally, 

uORFs in 5′ leader sequences can produce peptides while simultaneously controlling the translation of downstream 

genes. These sequences are found in mRNAs, noncoding RNAs, and even within other genes, significantly outnumbering 
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traditional protein-coding regions  (Y. Li et al., 2021); (Schlesinger & Elsässer, 2021); (Chothani et al., 2023); (Miravet-

Verde et al., 2019). 

For much of the genomic era, this entire class of proteins remained largely invisible. Automated annotation pipelines 

imposed minimum ORF length thresholds of approximately100 amino acids, to avoid spurious predictions, effectively 

excluding most smORFs (Chothani et al., 2023); (Miravet-Verde et al., 2019); (Delcourt et al., 2018). Conventional 

bottom-up mass spectrometry reinforced this bias: short, hydrophobic, low-abundance proteins yield few tryptic peptides, 

elute poorly, and are easily masked by abundant proteome constituents (Ahrens et al., 2021); (Fijalkowski et al., 2022) 

(Wacholder & Carvunis, 2023); (Miravet-Verde et al., 2019). Consequently, early MS datasets appeared to confirm the 

dogma that small translation events were rare or nonfunctional, supporting the notion that most smORF translation 

detected by transcriptomics or early Ribo-seq represented “noise” (Ahrens et al., 2021); (Wacholder & Carvunis, 2023); 

(Chothani et al., 2023); (Loaiciga et al., 2025). 

 

The past decade has decisively overturned this view. Ribosome profiling (Ribo-seq), including specialized variants that 

trap initiating ribosomes, can map translated regions independent of ORF length and has uncovered thousands of actively 

translated smORFs across bacteria, yeast, animals, and plants (Weaver et al., 2019); (Chothani et al., 2023); (Schlesinger 

& Elsässer, 2021); (N. Li et al., 2025) (Y. Li et al., 2021). In parallel, proteomics optimized for small proteins, using 

tailored extraction, digestion, chromatography, and search strategies, has validated subsets of these translation events and 

revealed systematic blind spots in conventional workflows (Ahrens et al., 2021); (Hadjeras et al., 2023); (De Souza et al., 

2024); (Fijalkowski et al., 2022); (Wang et al., 2020). Large integrative resources such as SmProt now catalog hundreds 

of thousands of small proteins across species, many derived from regions previously annotated as non-coding (Y. Li et 

al., 2021). Collectively, these advances establish that the “small proteome” is extensive, regulated, and biochemically 

stable enough to support function (Y. Li et al., 2021); (Ahrens et al., 2021); (Schlesinger & Elsässer, 2021); (Sandmann 

et al., 2023); (Wang et al., 2020). 

This emerging functional picture aligns closely with the demands of cellular stress adaptation. Small proteins can be 

translated rapidly from short coding regions, often from pre-existing transcripts, enabling swift proteomic remodeling on 

timescales that match sudden heat, oxidative, or nutrient stress. Many are rapidly turned over, allowing cells to 

implement transient, reversible regulatory states without large biosynthetic investment (Schlesinger & Elsässer, 2021); 

(Wacholder & Carvunis, 2023); (Valdivia-Francia & Sendoel, 2024); (Loaiciga et al., 2025). In bacteria and archaea, 

small proteins are enriched at membranes and within transport and signaling modules, fine-tuning energy metabolism, 

envelope composition, and antibiotic resistance—key determinants of survival under stress (Jordan et al., 2023); 

(Miravet-Verde et al., 2019); (Hadjeras et al., 2023). In eukaryotes, microproteins emerge as components or regulators of 

core complexes, including mitochondrial and ER machineries, placing them at the center of unfolded protein responses, 

organelle stress, and quality control (Schlesinger & Elsässer, 2021); (Jordan et al., 2023); (Sandmann et al., 2023). 

Mechanistically, small proteins often act as interaction modules rather than standalone enzymes. They bind and modulate 

larger proteins or complexes, alter the assembly or conformation of macromolecular machines, and serve as membrane 

anchors or adaptors (Jordan et al., 2023); (Schlesinger & Elsässer, 2021); (Miravet-Verde et al., 2019); (Hadjeras et al., 

2023). This “microprotein logic” is well suited for rewiring stress networks: small proteins can be inserted into pre-

existing pathways to adjust thresholds, switch outputs, or bridge signaling systems, with minimal structural footprint but 

significant regulatory impact. Ribosome-associated smORFs and uORFs further connect translational control to stress, as 

uORF translation can gate ribosome access to downstream ORFs and is dynamically reprogrammed during stress to 

prioritize protective gene expression (Valdivia-Francia & Sendoel, 2024); (Chothani et al., 2023).  

Despite their late recognition, small proteins are widespread across all domains of life. Systematic Ribo-seq and 

peptidomics in bacteria, archaea, yeast, plants, and animals collectively indicate that a substantial fraction of each 

proteome consists of less or equal to 100-aa proteins (Y. Li et al., 2021); (Jordan et al., 2023); (Miravet-Verde et al., 

2019); (Hadjeras et al., 2023); (Wang et al., 2020). Many smORFs show clear evolutionary conservation and signatures 

of purifying selection, comparable to longer canonical proteins, underscoring their biological relevance (Y. Li et al., 

2021); (Sandmann et al., 2023); (Chothani et al., 2023); (Loaiciga et al., 2025). At the same time, phylostratigraphic 

analyses reveal that a large share of microproteins are evolutionarily young, arising de novo from non-coding regions and 

often maintained despite short length and low expression (Sandmann et al., 2023); (Chothani et al., 2023); (Loaiciga et 

al., 2025). This duality, deeply conserved cores alongside rapidly evolving, lineage-specific repertoires, suggests that 

small proteins provide both stability and flexibility: conserved modules sustain essential stress functions, while newly 

born microproteins can be quickly integrated to refine stress responses in specific ecological or developmental contexts. 

Classical views of stress responses, heat shock systems, unfolded protein response, oxidative defenses, DNA damage 

checkpoints, nutrient starvation signaling, have largely emphasized canonical transcription factors, chaperones, and 

enzymes. Yet multiple lines of evidence now indicate that small proteins are interwoven into these same pathways. In 

bacteria, sORF-encoded polypeptides participate in envelope stress, stationary-phase adaptation, virulence, and 
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sporulation, and some are among the most essential genomic elements in minimal genomes (Jordan et al., 2023); 

(Miravet-Verde et al., 2019). In yeast and human cells, Ribo-seq reveals smORFs whose translation is specifically 

induced or repressed by stress, including those involved. 

1.1 Definition, nomenclature, and genomic prevalence  
Small open reading frames (smORFs/sORFs) are generally defined as coding sequences of ≤100 codons, a definition that 

was historically used in genome annotation to separate “true” coding regions from ORF-like sequences that are likely to 

be without function (Schlesinger & Elsässer, 2021); (Tong et al., 2024). In many bacterial and proteogenomic studies, 

however, even stricter limits of ≤50 amino acids are used, which reflects both the ubiquity of such ORFs and the 

difficulties of proving the existence of very small hydrophobic peptides with current experimental techniques (Weaver et 

al., 2019); (Hadjeras et al., 2023). Small open reading frames are ubiquitous; millions of potential smORFs are predicted 

in metazoan genomes, and a significant proportion of the proteins produced by bacteria also have fewer than 100 amino 

acids (Schlesinger & Elsässer, 2021); (Miravet-Verde et al., 2019); (Tong et al., 2024).  

Terminology in the field distinguishes between the genomic elements and their translation products. The DNA or RNA 

elements are usually called smORFs/sORFs, while the proteins that are encoded by them are called microproteins, sORF-

encoded proteins (SEPs), or sORF-encoded peptides (sPEPs) (Leong et al., 2022); (Dong et al., 2023). In eukaryotes, 

smORFs are often located in annotated non-coding regions, such as long noncoding RNAs, primary miRNAs, and 

circular RNAs (Y. Li et al., 2021); (Dong et al., 2023). The most common type of smORF, however, is an upstream ORF 

(uORF), which is located in the 5′ untranslated region (UTR) of a mRNA and can encode a peptide while also regulating 

the scanning of the ribosome by downstream ORFs (Y. Li et al., 2021); (Chothani et al., 2022). Variants in genes that 

create or abolish uORFs are strongly negatively selected, which indicates that their regulatory functions are essential (Y. 

Li et al., 2021). 

Systematic searches for smORFs have shown that the number of translated smORFs is numerically equivalent to or 

greater than that of canonical ORFs. High-resolution Ribo-seq analysis in human tissues identified 7,767 translated 

smORFs with cell-type-specific expression and evolutionary conservation levels that are comparable to those of longer 

proteins (Chothani et al., 2022). In bacteria, integrated genomics suggests that ~16 ± 9% of all proteins per genome are 

≤100 aa SEPs (Miravet-Verde et al., 2019). A large-scale resource, however, has confirmed that small proteins are 

ubiquitous features of proteomes: The SmProt database currently catalogs 638,958 unique small proteins (<100 aa) that 

are expressed in eight species, and this number is likely to be a small fraction of the true number of expressed small 

proteins (Y. Li et al., 2021). 

 

1.2 Technological breakthroughs enabling discovery  
The re-evaluation of small proteins has been made possible by Ribosome profiling (Ribo-seq) and optimized proteomics. 

The Ribo-seq technique involves sequencing ribosome-protected mRNA fragments to empirically identify translated 

regions without bias towards the length of ORFs; the technique has overcome the ≥100 codon bias of earlier annotation 

methods (Chothani et al., 2022);  (Tong et al., 2024). Variants of the Ribo-seq method that stall the initiation of 

ribosomes at start codons enrich for short newly initiated ORFs, which enables the detection of a high number of 

smORFs and reveals hundreds of new small proteins in bacteria and human cells (Weaver et al., 2019); (Stringer et al., 

2021). Comparative benchmarking studies show that the detection of smORFs is critically dependent on high-quality 

Ribo-seq data and that careful choice of analysis tool is required; thus, multiple algorithms (e.g., RibORF, RiboCode, 

ORFquant, Ribo-TISH, smORFer) should be used to avoid missing true ORFs (Tong et al., 2024); (Gelhausen et al., 

2021); (Bartholomäus et al., 2020). 

 

Optimized proteomics provides orthogonal evidence for the existence of small proteins, but specific protocols must be 

used to detect them because standard bottom-up proteomics methods are not effective for the analysis of small proteins: 

They are low in mass, hydrophobic, and often present in low abundance (Leong et al., 2022); (Miravet-Verde et al., 

2019); (Hadjeras et al., 2023). Proteogenomic pipelines that use custom ORF databases for searches and Ribo-seq-

informed search spaces (e.g., Rp3, iPtgxDB-based approaches) increase the confidence of detecting microproteins that 

are normally not visible in standard searches (De Souza et al., 2024); (Hadjeras et al., 2023). 

 

Finally, resources and catalogues that consolidate the discoveries have been established. The SmProt database currently 

contains ~600,000 small proteins that are expressed in human cells, as well as ~10,000 small proteins that are encoded by 

uORFs in mRNAs of different species; these resources identify non-AUG initiation sites, associations with disease states, 

and uORF-mediated regulation of protein synthesis (Y. Li et al., 2021). Other reference sets have been generated from 

large-scale Ribo-seq compendia and curated smORF atlases in human and model organisms. These sets can be used as 

community standards for the annotation of the “small proteome” (Chothani et al., 2022); (Chothani et al., 2023); 

(Martinez et al., 2019). Together, these new methods and resources have transformed smORFs and their products from a 
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potentially noise population noise phenotype into a systematically mappable and experimentally tractable subset of the 

stress-responsive proteome. 

 

1.3 Key concepts and enabling methods 
Table 1 below summarized the concept and enabling methods 
 

Table 1: Key concepts and enabling methods 

Concept/Method Role for small proteins Reference 

smORF/sORF (≤100 codons) 

definition 

Formal size cutoffs; millions 

genome-wide 

(Schlesinger & Elsässer, 2021); (Tong et al., 

2024); (Leong et al., 2022) 

SEPs / microproteins / sPEPs Names for encoded small proteins (Leong et al., 2022); (Miravet-Verde et al., 

2019); (Dong et al., 2023) 

uORFs in 5′ leaders Encode peptides; regulate 

downstream translation 

(Y. Li et al., 2021); (Chothani et al., 2023); 

(Martinez et al., 2019) 

Ribo-seq (incl. 

initiation-stalling) 

Length-independent detection of 

translated smORFs 

(Chothani et al., 2023); (Chothani et al., 2022); 

(Weaver et al., 2019); (Stringer et al., 2021) 

Specialized proteogenomics 

(Rp3, iPtgxDB) 

Confirms SEPs; overcomes MS 

blind spots 

(Miravet-Verde et al., 2019); (De Souza et al., 

2024); (Hadjeras et al., 2023) 

SmProt and related atlases Catalog hundreds of thousands of 

small proteins 

(Y. Li et al., 2021); (Chothani et al., 2023); 

(Martinez et al., 2019) 

 

1.4 Identification and Characterization of Stress‑Induced Small Proteins 
Stress‑induced small proteins are discovered by high‑resolution ribosome profiling and functionally characterized by 

genetics and proteomics. These approaches show selective translation of smORFs under nutrient, heat, and oxidative 

stress and quantify their levels and activities. 

 

1.5 Ribosome profiling and Ribo‑RET for smORF discovery 
Standard ribosome profiling (Ribo‑seq) maps ribosome‑protected RNA fragments across the genome to detect translation 

and defines ORF length independence of changes in expression that may occur due to the small size of smORFs (Weaver 

et al., 2019); (Vellappan, Sun, Favate, Jagadeesan, Cerda, & Yadavalli, 2025); (Pietras et al., 2024). In bacteria, 

combined elongation‑stalling and Ribo‑RET/Ribo‑init approaches use antibiotics such as retapamulin or Onc112 to 

enrich 70S ribosomes that are trapped at start codons and provide high yield of initiating ribosomes that reveal many 

small proteins that are stress response factors and which would not be detected in proteomics analyses  (Weaver et al., 

2019). The resulting data are combined with RNA‑seq and transcriptional reporter fusions and targeted tagging 

approaches to confirm expression (Vellappan, Sun, Favate, Jagadeesan, Cerda, & Yadavalli, 2025); (Weaver et al., 

2019). 
 

1.6 Accumulation under nutrient starvation and Mg²⁺ limitation 
Nutrient starvation induces a specific set of small proteins. Under low Mg²⁺ conditions, ribosome profiling shows that E. 

coli has 17 small proteins (≤50 aa) that are upregulated in response to Mg²⁺ starvation (Vellappan, Sun, Favate, 

Jagadeesan, Cerda, & Yadavalli, 2025). Most of these small proteins are transcribedally activated through the PhoQ–

PhoP two‑component system that is the primary regulator of Mg²⁺ homeostasis in E. coli. Deletion of individual smORFs 

causes growth defects and results in altered cell sizes in low Mg²⁺ conditions, showing that these small proteins do have 

clear functions in the adaptation of E. coli to low Mg²⁺ conditions (Vellappan, Sun, Favate, Jagadeesan, Cerda, & 

Yadavalli, 2025). However, one small transmembrane protein, YoaI, accumulates in response to Mg²⁺ limitation even in 

the absence of the PhoQ–PhoP two‑component system, and it is only activated through the phosphate responsive PhoR–

PhoB two‑component system. YoaI activates EnvZ–OmpR osmoregulatory signaling, showing that starvation‑induced 

small proteins can cross‑talk different stress response pathways (Vellappan, Sun, Favate, Jagadeesan, Cerda, & 

Yadavalli, 2025). Global proteomic studies on bacteria and mycobacteria have shown that nutrient limitation causes 

widespread remodelling of stress response modules in the proteome, including toxin–antitoxin pairs and proteases, 

although specific smORFs escape detection in these studies without Ribo‑seq‑guided searches (Albrethsen et al., 2013); 

(Yeom & Groisman, 2021). 

 

1.7 Heat shock and oxidative stress‑induced small proteins 
Heat and oxidative stress cause the induction of small heat shock proteins (sHSPs; ~12–40 kDa) that act as ATP 

independent chaperones that prevent the irreversible aggregation of damaged proteins (Singh et al., 2024); (Banzet et al., 

1998); (Wu et al., 2022). In plants, exposure to oxidative treatments such as H₂O₂, γ‑irradiation and superoxide generated 

by chloroplasts causes the accumulation of sHSPs in chloroplasts and mitochondria. Different treatments induce different 

sHSPs with expression patterns that overlap but are not identical to classical heat shock responses (Banzet et al., 1998); 
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(Scarpeci et al., 2008); (Lee et al., 2000). sHSPs are associated with acquired thermotolerance and protection against 

oxidative damage, and their induction also confers cross protection against subsequent stresses (Lee et al., 2000). In 

animals, oxidative stress activates heat shock factors (HSFs) and additional transcription factors such as FOXO that 

coordinately upregulate both large HSPs and multiple sHSP genes to maintain proteostasis (Donovan & Marr, 2016); 

(Singh et al., 2024).  

 

Although most work on heat and oxidative stress has focused on canonical sHSPs, Ribo‑seq analyses increasingly reveal 

smORFs whose translation is selectively enhanced or repressed under these conditions, often in 5′ leaders or noncoding 

RNAs, suggesting a parallel layer of microprotein‑mediated control that remains largely uncharacterized (Pietras et al., 

2024); (Weaver et al., 2019); (Vellappan, Sun, Favate, Jagadeesan, Cerda, & Yadavalli, 2025). 

 

1.8 Experimental pipelines for functional characterization 
After stress‑induced small proteins are identified, their functions are examined using: 

Chromosomal tagging and immunoblotting to show that target proteins are induced at the protein level under specified 

stress conditions (e.g. Mg²⁺ withdrawal, H₂O₂ exposure, heat shock) (Weaver et al., 2019); (Vellappan, Sun, Favate, 

Jagadeesan, Cerda, & Yadavalli, 2025); (Banzet et al., 1998). Loss‑ and gain‑of‑function genetics to link smORF 

perturbation with growth, morphology or survival under starvation or oxidative/heat stress conditions (Vellappan, Sun, 

Favate, Jagadeesan, Cerda, & Yadavalli, 2025); (Banzet et al., 1998); (Mackei et al., 2021). Signaling readouts such as 

reporter fusions or phospho‑specific assays to check whether small proteins modulate two‑component systems, 

FOXO/HSF or other signaling kinases (Vellappan, Sun, Favate, Jagadeesan, Cerda, & Yadavalli, 2025); (Donovan & 

Marr, 2016); (Crawford et al., 2021). In bacteria, these approaches have established small membrane proteins like YoaI 

as signal integration nodes, while in plants and animals, stress‑induced sHSPs and candidate microproteins are emerging 

as key components of chaperone and redox pathways (Vellappan, Sun, Favate, Jagadeesan, Cerda, & Yadavalli, 2025); 

(Donovan & Marr, 2016); (Banzet et al., 1998); (Wu et al., 2022); (Scarpeci et al., 2008). 

 

Table 2: Representative methods and stress contexts 

Aspect Example / Role References 

Ribo-RET / initiation-stall 

profiling 

Maps smORF start sites and stress-responsive 

initiation in E. coli 

(Weaver et al., 2019); (Vellappan, 

Sun, Favate, Jagadeesan, Cerda, & 

Yadavalli, 2025) 

Ribo-seq + RNA-seq under low 

Mg²⁺ 

Identifies 17 Mg²⁺-starvation-induced small 

proteins; PhoQ–PhoP and PhoR–PhoB control 

(Vellappan, Sun, Favate, 

Jagadeesan, Cerda, & Yadavalli, 

2025) 

Small transmembrane protein 

YoaI 

Accumulates in Mg²⁺ limitation; activates 

EnvZ–OmpR osmotic signaling 

(Vellappan, Sun, Favate, 

Jagadeesan, Cerda, & Yadavalli, 

2025) 

Oxidative-inducible 

mitochondrial / chloroplast 

sHSPs 

HSP22 in tomato, Oshsp26 in rice protect 

organelles against ROS and heat 

(Banzet et al., 1998); (Lee et al., 

2000); (Scarpeci et al., 2008) 

FOXO-dependent sHSP and 

Hsp70 induction 

Coordinates large and small HSP expression 

during oxidative stress in Drosophila 

(Donovan & Marr, 2016) 

 

1.9 Mechanisms of Action: Regulation of Signaling Networks 
Small stress‑induced proteins function as allosteric modulators of larger, membrane‑based signaling complexes, rather 

than as enzymes. Through their interactions with histidine kinases, transporters, and the membrane itself, they reorganize 

stress signaling networks and alter their dynamics and connectivity. 
 

1.9.1 Small proteins as stabilizers or modifiers of large targets  
Bacterial small proteins generally interact with larger partners and modify their behavior. They can protect transporters 

from degradation (e.g., MgtS prevents the degradation of the Mg²⁺ transporter MgtA, while (Yadavalli et al., 2020); 

(Burton et al., 2024), or can target virulence factors for degradation (e.g., MgtR degrades the MgtC protein; (Yadavalli et 

al., 2020), thereby controlling the fluxes through metal homeostasis and virulence pathways (Yadavalli et al., 2020); 

(Burton et al., 2024). Other small proteins modify activity without catalysis: MgrB binds to the histidine kinase PhoQ 

and causes conformational changes that repress its activity (Jiang et al., 2023); (Yadavalli et al., 2020); (Salazar et al., 

2016). More generally, small proteins often act as modules for protein–protein interactions, and modify the assembly, 

localization or stability of large complexes (Steinberg & Koch, 2021); (Burton et al., 2024). 
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1.9.2 Modulation of two‑component systems  
Two‑component systems (TCSs) are preferred targets. In enterobacteria, various membrane microproteins are integrated 

into the TCS regulons, and interact with each other in feedback loops or connector loops: 

 

MgrB (47 aa): induced by PhoP; binds to PhoQ, which represses its kinase activity but stimulates its phosphatase 

activity, producing partial adaptation of PhoP target genes after Mg²⁺ shift (Jiang et al., 2023); (Yadavalli et al., 2020);  

B1500/SafA‑like connector microprotein (65 aa): induced by EvgS–EvgA; directly interacts with PhoQ in the inner 

membrane and activates the PhoQ–PhoP TCS; links to Mg²⁺/antimicrobial sensing and acid sensing (Eguchi et al., 2007); 

(Mao et al., 2025) 

YoaI (27 aa): transmembrane smORF that is induced by PhoR–PhoB but accumulates in the absence of Mg²⁺; activates 

EnvZ–OmpR, the osmotic‑stress TCS, and mediates cross‑talk between phosphate sensing, Mg²⁺ sensing, and osmotic 

sensing (Vellappan, Sun, Favate, Jagadeesan, Cerda, & Yadavalli, 2025)  

The connector logic underlies the reprogramming of stress response hierarchies (Vellappan, Sun, Favate, Jagadeesan, 

Cerda, & Yadavalli, 2025); (Jiang et al., 2023); (Yadavalli et al., 2020); (Eguchi et al., 2007); (Mao et al., 2025) 

1.9.3 Transmembrane small proteins and membrane stress  
A large fraction of stress‑induced small proteins are single‑pass transmembrane proteins that interact with and remodel 

the lipid membrane. Mechanisms of action include:  

Direct binding to membrane sensors: MgrB interacts with PhoQ in its TM region and periplasmic anchoring region, 

leading to changes in its orientation in membrane mini‑domains that alter its sensitivity to antimicrobial peptides (Jiang 

et al., 2023). 

Modifying membrane properties: Insertion of YohP (27 aa) proteins depolarizes the membrane, increases the levels of 

cardiolipin, decreases its fluidity and triggers accumulation of ppGpp, leading to a “metabolic silencing” program that 

enables cells to survive under adverse conditions (Natriashvili et al., 2025); (Steinberg & Koch, 2021) 

Increasing stress resistance: ElaB, an inner membrane protein anchored via its C‑terminal tail, increases resistance to 

oxidative and heat stress. Increased levels of this protein increases persister formation (Guo et al., 2017).   

Conceptually, these transmembrane microproteins act as local rheostats at the lipid membrane, regulating signaling 

network components such as sensor kinase activity, efflux transporters, respiratory complexes, and membrane energetics 

(Yadavalli et al., 2020); (Steinberg & Koch, 2021); (Natriashvili et al., 2025); (Burton et al., 2024). 
 

Table 3: Examples of signaling modulation by small membrane proteins 

Small protein Target / Pathway Effect on signaling References 

MgrB (47 aa) PhoQ–PhoP Inhibits PhoQ kinase activity; establishes 

negative feedback and enables partial 

adaptation of the signaling pathway 

(Jiang et al., 2023); (Yadavalli 

et al., 2020); (Salazar et al., 

2016). 

B1500 / SafA EvgS–EvgA → 

PhoQ–PhoP 

Activates PhoQ and links acid stress 

signaling to Mg²⁺ and antimicrobial 

peptide responses 

(Eguchi et al., 2007); (Mao et 

al., 2025) 

YoaI (27 aa) EnvZ–OmpR Activates the osmotic-stress two-

component system and contributes to 

signaling cross-talk under Mg²⁺ limitation 

(Vellappan, Sun, Favate, 

Jagadeesan, Cerda, & 

Yadavalli, 2025) 

YohP (27 aa) Membrane; stringent 

response 

Depolarizes the membrane and induces 

(p)ppGpp accumulation, leading to 

metabolic downshift 

(Steinberg & Koch, 2021); 

(Natriashvili et al., 2025) 

ElaB Inner membrane; 

RpoS-regulated 

Enhances resistance to oxidative and heat 

stress while reducing cellular persistence 

(Guo et al., 2017).   

 

1.10 Small proteins in proteostasis: sHSPs, degradation pathways, and SUMO 
Small proteins are central to protein quality control (PQC) by buffering misfolded proteins, routing them to refolding or 

degradation, and remodeling stress‑response factors via SUMO modification. 
 

1.10.1 Small heat‑shock proteins (sHSPs) as chaperones 
sHSPs are ATP‑independent “holdase” chaperones (12–42 kDa) that bind early unfolding intermediates, preventing 

irreversible aggregation and keeping clients in a refolding‑competent state (Reinle et al., 2021); (Janowska et al., 2019); 

(Mogk et al., 2019); (Treweek et al., 2014). They form large, dynamic oligomers that act as inactive reservoirs; stress 
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triggers oligomer remodeling, exposing binding sites and activating chaperone function (Reinle et al., 2021); (Janowska 

et al., 2019); (Mogk et al., 2019); (Peters et al., 2024). Bound substrates are sequestered into sHSP–client assemblies, 

which can then be handed off to Hsp70/Hsp100 systems for refolding, or routed to degradation (Reinle et al., 2021); 

(Albinhassan et al., 2025) Albinhassan et al., 2025; (Mogk et al., 2019); (Treweek et al., 2014). sHSPs are widely 

protective in neurodegeneration and aging by suppressing toxic aggregates (Albinhassan et al., 2025); (Hu et al., 2022); 

(Peters et al., 2024). 
 

1.10.2 Coupling to proteasome and autophagy 
PQC uses a triage: refold, sequester, or degrade. sHSP‑built deposits (e.g., yeast Hsp42 foci) serve as sorting hubs that 

direct clients toward Hsp70‑dependent refolding or selective autophagy (Reinle et al., 2021); (Mogk et al., 2019); When 

refolding fails, ubiquitin tagging targets substrates to the 26S proteasome or to autophagy; chaperones (Hsp70/Hsp90) 

help decide between these fates (Y. Li et al., 2022); (Marshall & Vierstra, 2019). Autophagy receptors such as 

p62/SQSTM1 bridge ubiquitinated aggregates to autophagosomes and also influence proteasome function, tightly 

coupling both degradation systems under proteotoxic stress (Liu et al., 2016); (Y. Li et al., 2022). 
 

1.10.3 SUMOylation and modification of stress-response components 
SUMO (a 97-aa ubiquitin-like modifier) is a small protein PTM that rapidly increases on thousands of targets during heat 

and proteotoxic stress, especially on proteins involved in folding, degradation, and nuclear quality control (Vertegaal, 

2022);  (Guo & Henley, 2014); (Cheng et al., 2023); (Sahin et al., 2022). SUMO chains on misfolded proteins recruit 

SUMO-targeted ubiquitin ligases (STUbLs) such as RNF4, promoting their ubiquitylation and proteasomal or autophagic 

clearance (Sahin et al., 2022). In plants and animals, stress-regulated SUMO conjugation and deconjugation fine-tune 

transcription, DNA repair, and nuclear condensates to maintain proteostasis under drought, salt, heat, and ischemic stress 

(Vertegaal, 2022);  (Guo & Henley, 2014);  (Sahin et al., 2022); (Ghimire et al., 2020); (Banda et al., 2025); (Augustine 

& Vierstra, 2018). 

 

Table 1: Functional Roles of Small Proteins in Protein Quality Control (PQC) 

PQC strategies involving 

small proteins 

Mechanism References 

Holdase chaperone Small heat shock proteins (sHSPs) bind 

misfolded client proteins and prevent their 

aggregation 

(Reinle et al., 2021); 

(Janowska et al., 2019); (Mogk 

et al., 2019); (Treweek et al., 

2014) 

Sequestration hubs sHSP foci organize misfolded proteins into 

compartments that facilitate triage toward 

refolding or autophagic degradation 

(Reinle et al., 2021); (Mogk et 

al., 2019) 

UPS vs autophagy decision Chaperones together with ubiquitin E3 

ligases determine whether damaged proteins 

are directed to the proteasome (UPS) or to 

autophagy pathways 

(Liu et al., 2016); (Y. Li et al., 

2022); (Marshall & Vierstra, 

2019) 

 

Small stress‑responsive proteins are crucial for survival under stress, and their loss often causes specific growth defects 

and impaired local adaptation. 
 

1.10.4 Loss‑of‑function phenotypes under stress 
Across bacteria, yeast, and plants, the inactivation of stress-induced small proteins is generally without effect in 

unstressed conditions but causes extreme phenotypic defects upon the onset of stress, demonstrating their conditionally 

essential roles.  
 

In E. coli, many small proteins (≤50 aa) only accumulate in response to specific types of stresses; their levels must be 

tightly regulated for proper growth and morphology only in those specific conditions (Hemm et al., 2009); (Yuan et al., 

2025). For Mg²⁺ starvation in E. coli, deletion or overexpression of several small proteins regulated by the PhoQ/PhoP 

two-component system causes growth defects and changes in cell size under low Mg²⁺ conditions, demonstrating the 

conditionally important role of these proteins in adjusting to specific environmental conditions (Vellappan et al., 2025). 

The small membrane protein YohP causes sublethal depolarization of the cell membrane, condensation of the nucleoid, 

and decreased metabolic activity; the resulting “metabolic silencing” state protects cells from various types of damage, 

including antimicrobial peptides; thus any mis-regulation of this protein would impair survival in the face of envelope 

stress (Natriashvili et al., 2025); (Yuan et al., 2025). In plants, the small heat shock proteins (sHSPs) of mitochondria are 

also essential for proper growth and development in the absence of any applied stress; the triple knockdown of five 

different sHSP encoding genes in Arabidopsis thaliana causes severe phenotypic defects including chlorosis, growth 

inhibition, and decreased yield of seeds, as well as widespread reprogramming of photosynthetic and antioxidant enzyme 
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pathways (Escobar et al., 2021). Preventing the assembly of sHSP proteins into granules in tobacco plants causes cell 

death at even low sublethal levels of heat stress exposure (Miroshnichenko et al., 2004). Genome-wide expression 

analyses in plants have also revealed that many sHSP/small peptide encoding genes are expressed at very low baseline 

levels (or are nearly silent) in the absence of stress but are rapidly up-regulated within one hour upon exposure to heat, 

salt or plant hormones (Y. Li et al., 2022); (Wu et al., 2022); (Chang & Xiao, 2025); (Datta et al., 2024). 
 

Context Localized function of small proteins References 

Inner membrane 

(bacteria) 

Small transmembrane proteins (e.g., YohP, YoaI) modulate 

membrane potential and regulate specific two-component 

signaling systems, enabling localized responses to Mg²⁺ limitation, 

osmotic stress, and envelope stress at the membrane 

(Natriashvili et al., 

2025); (Yuan et al., 

2025). (Vellappan et al., 

2025).  

Mitochondria (plants) Mitochondrial small heat shock proteins (M-sHSPs) stabilize 

mitochondrial proteins and membranes, indirectly influencing 

photosynthesis, ROS detoxification, and overall plant 

development 

(Escobar et al., 2021) 

Stress granules / 

cytosol (plants) 

Cytosolic sHSPs assemble into heat-stress granules that sequester 

damaged proteins; disruption of this localized assembly can lead 

to membrane failure and cell death under moderate heat stress 

(Miroshnichenko et al., 

2004) 

Apoplast / tissues 

(plants) 

Small signaling peptides (<100 aa) act in specific tissues and 

extracellular spaces to regulate root growth, stomatal behavior, 

and other stress-adaptive physiological responses 

(Wu et al., 2022); 

(Chang & Xiao, 2025); 

(Datta et al., 2024) 
 

Future perspectives 
Future work on small proteins will focus on improved purification and recovery methods and on multiscale models that 

link their low-molecular-weight properties to whole-cell behavior. 
 

Overcoming purification and detection challenges 
Small proteins (<~50 aa) are easily lost or obscured in standard protocols due to poor retention on columns, premature 

elution with the dye front, limited proteolytic fragments, and nonspecific binding to hydrophobic membrane proteins 

(Weaver et al., 2019). Strategies to overcome these issues include: 

Modified MS protocols: No precipitation steps, optimized digestion, LC conditions, ionization parameters, and rigorous 

FDR analysis in project-specific databases allow for recovery of up to 99% of small proteins (Ahrens et al., 2021); 

(Weaver et al., 2019). 

Top-down and nanopore methods: Intact small protein and proteoform analysis by top-down MS and emerging 

protein/nanopore analyses enable direct analysis without peptide coverage dependence (Ahrens et al., 2021); (Rukes & 

Cao, 2025). 

Specific isolation technologies: Complexed diafiltration with amino acids keeps peptides in solution and minimizes 

aggregation (Elena et al., 2021); microfluidic nanobody-based affinity purification (μNANEX) automatically extracts 

sub-microgram amounts of tagged protein complexes from milliliter-scale lysates (De Keyser et al., 2024). 

Trendy purification design: High-throughput screening and computational design of purification conditions is a strong 

trend in future purification design to minimize trial-and-error impact on active proteins (Du et al., 2022); (Tang et al., 

2023); (Buyel, 2025). 

 

Technological directions for system-level integration 

Aim Approach for Integrating Small Proteins Sources 

Augmenting 

Structure & 

Function 

Utilizing homology models, structural proteomes (GEM-PRO), 

coevolutionary analysis, and deep learning to predict the 3D folds 

and binding interfaces of uncharacterized small proteins. 

(Murray et al., 2021); (Brunk et 

al., 2016); (Braberg et al., 2022) 

Embedding 

in Networks 

Integrating small-protein datasets into genome-scale metabolic and 

regulatory networks, structural interactomes, and proteomic 

networks to establish physiological context. 

(Murray et al., 2021); (Brunk et 

al., 2016); (Janes & 

Lauffenburger, 2006); (Liang et 

al., 2019) 

Multi-scale 

Modeling 

Coupling protein-level dynamics and allosteric models with 

network-level simulations to quantify the systemic impact of small 

regulatory proteins on cellular flux and stability. 

(Murray et al., 2021); (Brunk et 

al., 2016); (Böde et al., 2007); 

(Liang et al., 2019) 



Global J Res Agri Life Sci. 2026; 6(2), 9-20 

          @ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA  
 

17 

References 
1. Ahrens, C., Wade, J., Champion, M., & Langer, J. (2021). A Practical Guide to Small Protein Discovery and 

Characterization Using Mass Spectrometry. Journal of Bacteriology, 204. https://doi.org/10.1128/jb.00353-21 

2. Albinhassan, T., Alharbi, B., Alsuhaibani, E., Mohammad, S., & Malik, S. (2025). Small Heat Shock Proteins: 

Protein Aggregation Amelioration and Neuro- and Age-Protective Roles. International Journal of Molecular 

Sciences, 26. https://doi.org/10.3390/ijms26041525 

3. Albrethsen, J., Agner, J., Piersma, S., Højrup, P., Pham, T., Weldingh, K., Jiménez, C., Andersen, P., & 

Rosenkrands, I. (2013). Proteomic Profiling of Mycobacterium tuberculosis Identifies Nutrient-starvation-responsive 

Toxin–antitoxin Systems. Molecular \& Cellular Proteomics: MCP, 12, 1180–1191. 

https://doi.org/10.1074/mcp.m112.018846 

4. Augustine, R., & Vierstra, R. (2018). SUMOylation: re-wiring the plant nucleus during stress and development. 

Current Opinion in Plant Biology, 45, 143–154. https://doi.org/10.1016/j.pbi.2018.06.006 

5. Banda, J., Ghosh, S., Roy, D., Ingole, K., Clark, L., Sharma, E., Kakkunath, S., Sue-Ob, K., Bhosale, R., Band, L., 

Ghosh, S., Wells, D., Atkinson, J., Provart, N., Bennett, M., Lilley, K., Jones, A., De Lucas, M., Bishopp, A., & 

Sadanandom, A. (2025). Elucidating tissue and subcellular specificity of the entire SUMO network reveals how 

stress responses are fine-tuned in a eukaryote. Science Advances, 11. https://doi.org/10.1126/sciadv.adw9153 

6. Banzet, N., Richaud, C., Deveaux, Y., Kazmaier, M., Gagnon, J., & Triantaphylidès, C. (1998). Accumulation of 

small heat shock proteins, including mitochondrial HSP22, induced by oxidative stress and adaptive response in 

tomato cells. The Plant Journal: For Cell and Molecular Biology, 13(4), 519–527.  

https://doi.org/10.1046/j.1365-313x.1998.00056.x 

7. Bartholomäus, A., Kolte, B., Mustafayeva, A., Goebel, I., Fuchs, S., Engelmann, S., & Ignatova, Z. (2020). 

smORFer: a modular algorithm to detect small ORFs in prokaryotes. Nucleic Acids Research, 49, e89--e89. 

https://doi.org/10.1093/nar/gkab477 

8. Böde, C., Kovács, I., Szalay, M., Palotai, R., Korcsmáros, T., & Csermely, P. (2007). Network analysis of protein 

dynamics. FEBS Letters, 581. https://doi.org/10.1016/j.febslet.2007.05.021 

9. Braberg, H., Echeverria, I., Kaake, R., Sali, A., & Krogan, N. (2022). From systems to structure — using genetic 

data to model protein structures. Nature Reviews Genetics, 23, 342–354.  

https://doi.org/10.1038/s41576-021-00441-w 

10. Brunk, E., Mih, N., Monk, J., Zhang, Z., O’Brien, E., Bliven, S., Chen, K., Chang, R., Bourne, P., & Palsson, B. 

(2016). Systems biology of the structural proteome. BMC Systems Biology, 10.  

https://doi.org/10.1186/s12918-016-0271-6 

11. Burton, A. T., Zeinert, R., & Storz, G. (2024). Large roles of small proteins. Annual Review of Microbiology, 78(1), 

1–22. https://doi.org/10.1146/annurev-micro-112723-083001 

12. Buyel, J. (2025). Developing downstream processes for the purification of recombinant proteins and small molecules 

from Nicotiana benthamiana biomass. Plant Biotechnology Journal. https://doi.org/10.1111/pbi.70231 

13. Chang, S., & Xiao, F. (2025). Comprehensive review of plant small signaling peptides: From stress adaptation 

mechanisms to practical solutions for crop resilience. International Journal of Biological Macromolecules, 139971. 

https://doi.org/10.1016/j.ijbiomac.2025.139971 

14. Cheng, X., Yang, W., Lin, W., & Mei, F. (2023). Paradoxes of Cellular SUMOylation Regulation: A Role of 

Biomolecular Condensates? Pharmacological Reviews, 75, 979–1006. https://doi.org/10.1124/pharmrev.122.000784 

15. Chothani, S., Adami, E., Widjaja, A., Langley, S., Viswanathan, S., Pua, C., Zhihao, N., Harmston, N., D’Agostino, 

G., Whiffin, N., Mao, W., Ouyang, J., Lim, W., Lim, S., Lee, C., Grubman, A., Chen, J., Kovalik, J., Tryggvason, 

K., … Schafer, S. (2022). A high-resolution map of human RNA translation. Molecular Cell.  

https://doi.org/10.1016/j.molcel.2022.06.023 

16. Chothani, S., Ho, L., Schafer, S., & Rackham, O. (2023). Discovering microproteins: making the most of ribosome 

profiling data. RNA Biology, 20, 943–954. https://doi.org/10.1080/15476286.2023.2279845 

17. Crawford, R., Ashe, M., Hubbard, S., & Pavitt, G. (2021). Cytosolic aspartate aminotransferase moonlights as a 

ribosome-binding modulator of Gcn2 activity during oxidative stress. ELife, 11. 

https://doi.org/10.1101/2021.09.10.459737 

18. Datta, T., Kumar, R., Sinha, H., & Trivedi, P. (2024). Small but mighty: Peptides regulating abiotic stress responses 

in plants. Plant, Cell \& Environment. https://doi.org/10.1111/pce.14792 

19. De Keyser, P., De Waard, M., Jimidar, I., Verloy, S., Janvier, S., Kalichuk, V., Zögg, T., Wohlkönig, A., Pardon, E., 

Steyaert, J., & Desmet, G. (2024). A nanobody-based microfluidic chip for fast and automated purification of protein 

complexes. Lab on a Chip. https://doi.org/10.1039/d4lc00728j 

20. De Souza, E., Bookout, A., Barnes, C., Miller, B., Machado, P., Basso, L., Bizarro, C., & Saghatelian, A. (2024). 

Rp3: Ribosome profiling-assisted proteogenomics improves coverage and confidence during microprotein discovery. 

Nature Communications, 15. https://doi.org/10.1038/s41467-024-50301-4 

21. Delcourt, V., Staškevičius, A., Salzet, M., Fournier, I., & Roucou, X. (2018). Small Proteins Encoded by 

Unannotated ORFs are Rising Stars of the Proteome, Confirming Shortcomings in Genome Annotations and Current 

Vision of an mRNA. PROTEOMICS, 18. https://doi.org/10.1002/pmic.201700058 



Global J Res Agri Life Sci. 2026; 6(2), 9-20 

          @ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA  
 

18 

22. Dong, X., Zhang, K., Xun, C., Chu, T., Liang, S., Zeng, Y., & Liu, Z. (2023). Small Open Reading Frame-Encoded 

Micro-Peptides: An Emerging Protein World. International Journal of Molecular Sciences, 24.  

https://doi.org/10.3390/ijms241310562 

23. Donovan, M., & Marr, M. (2016). dFOXO Activates Large and Small Heat Shock Protein Genes in Response to 

Oxidative Stress to Maintain Proteostasis in Drosophila. The Journal of Biological Chemistry, 291, 19042–19050. 

https://doi.org/10.1074/jbc.m116.723049 

24. Du, M., Hou, Z., Liu, L., Xuan, Y., Chen, X., Fan, L., Li, Z., & Xu, B. (2022). Progress, applications, challenges and 

prospects of protein purification technology. Frontiers in Bioengineering and Biotechnology, 10. 

https://doi.org/10.3389/fbioe.2022.1028691 

25. Eguchi, Y., Itou, J., Yamane, M., Demizu, R., Yamato, F., Okada, A., Mori, H., Kato, A., & Utsumi, R. (2007). 

{B1500}, a small membrane protein, connects the two-component systems {EvgS/EvgA} and {PhoQ/PhoP} in 

\textit{Escherichia coli}. Proceedings of the National Academy of Sciences of the United States of America, 104(46), 

18712–18717. https://doi.org/10.1073/pnas.0705768104 

26. Elena, K., Chernukha, I., & Kovalyov, L. (2021). PSVI-26 Optimized small tissue specific protein isolation trough 

complexed diafiltration technique. Journal of Animal Science. https://doi.org/10.1093/jas/skab235.708 

27. Escobar, M., Feussner, I., & Valle, E. (2021). Mitochondrial Small Heat Shock Proteins Are Essential for Normal 

Growth of Arabidopsis thaliana. Frontiers in Plant Science, 12. https://doi.org/10.3389/fpls.2021.600426 

28. Fijalkowski, I., Willems, P., Jonckheere, V., Simoens, L., & Van Damme, P. (2022). Hidden in plain sight: 

challenges in proteomics detection of small ORF-encoded polypeptides. MicroLife, 3. 

https://doi.org/10.1093/femsml/uqac005 

29. Gelhausen, R., Müller, T., Svensson, S., Alkhnbashi, O., Sharma, C., Eggenhofer, F., & Backofen, R. (2021). 

RiboReport - benchmarking tools for ribosome profiling-based identification of open reading frames in bacteria. 

Briefings in Bioinformatics, 23. https://doi.org/10.1101/2021.06.08.447495 

30. Ghimire, S., Tang, X., Zhang, N., Liu, W., & Si, H. (2020). SUMO and SUMOylation in plant abiotic stress. Plant 

Growth Regulation, 91, 317–325. https://doi.org/10.1007/s10725-020-00624-1 

31. Guo, C., & Henley, J. (2014). Wrestling with stress: Roles of protein SUMOylation and deSUMOylation in cell 

stress response. IUBMB Life, 66. https://doi.org/10.1002/iub.1244 

32. Hadjeras, L., Heiniger, B., Maaß, S., Scheuer, R., Gelhausen, R., Azarderakhsh, S., Barth-Weber, S., Backofen, R., 

Becher, D., Ahrens, C., Sharma, C., & Evguenieva-Hackenberg, E. (2023). Unraveling the small proteome of the 

plant symbiont Sinorhizobium meliloti by ribosome profiling and proteogenomics. MicroLife, 4.  

https://doi.org/10.1093/femsml/uqad012 

33. Hemm, M., Paul, B., Miranda-Ríos, J., Zhang, A., Soltanzad, N., & Storz, G. (2009). Small Stress Response Proteins 

in Escherichia coli: Proteins Missed by Classical Proteomic Studies. Journal of Bacteriology, 192, 46–58. 

https://doi.org/10.1128/jb.00872-09 

34. Hu, C., Yang, J., Qi, Z., Wu, H., Wang, B., Zou, F., Mei, H., Liu, J., Wang, W., & Liu, Q. (2022). Heat shock 

proteins: Biological functions, pathological roles, and therapeutic opportunities. MedComm, 3.  

https://doi.org/10.1002/mco2.161 

35. Janes, K., & Lauffenburger, D. (2006). A biological approach to computational models of proteomic networks. 

Current Opinion in Chemical Biology, 10(1), 73–80. https://doi.org/10.1016/j.cbpa.2005.12.016 

36. Janowska, M., Baughman, H., Woods, C., & Klevit, R. (2019). Mechanisms of Small Heat Shock Proteins. Cold 

Spring Harbor Perspectives in Biology. https://doi.org/10.1101/cshperspect.a034025 

37. Jiang, S., Steup, L. C., Kippnich, C., Lazaridi, S., Malengo, G., Lemmin, T., & Yuan, J. (2023). The inhibitory 

mechanism of a small protein reveals its role in antimicrobial peptide sensing. Proceedings of the National Academy 

of Sciences of the United States of America, 120(41), e2309607120. https://doi.org/10.1073/pnas.2309607120 

38. Jordan, B., Weidenbach, K., & Schmitz, R. (2023). The power of the small: the underestimated role of small proteins 

in bacterial and archaeal physiology. Current Opinion in Microbiology, 76, 102384. 

https://doi.org/10.1016/j.mib.2023.102384 

39. Lee, B., Won, S., Lee, H., Miyao, M., Chung, W., Kim, I., & Jo, J. (2000). Expression of the chloroplast-localized 

small heat shock protein by oxidative stress in rice. Gene, 245(2), 283–290.  

https://doi.org/10.1016/s0378-1119(00)00043-3 

40. Leong, A., Lee, P., Mohtar, M., Syafruddin, S., Pung, Y., & Low, T. (2022). Short open reading frames (sORFs) and 

microproteins: an update on their identification and validation measures. Journal of Biomedical Science, 29. 

https://doi.org/10.1186/s12929-022-00802-5 

41. Li, N., He, B., & Cao, Z. (2025). Genome-Wide Analysis and Functional Characterization of Small Heat Shock 

Proteins in Allium sativum L. Under Multiple Abiotic Stresses. Biology, 14. 

https://doi.org/10.3390/biology14101326 

42. Li, Y., Li, S., & Wu, H. (2022). Ubiquitination-Proteasome System (UPS) and Autophagy Two Main Protein 

Degradation Machineries in Response to Cell Stress. Cells, 11. https://doi.org/10.3390/cells11050851 



Global J Res Agri Life Sci. 2026; 6(2), 9-20 

          @ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA  
 

19 

43. Li, Y., Zhou, H., Chen, X., Zheng, Y., Kang, Q., Hao, D., Zhang, L., Song, T., Luo, H., Hao, Y., Chen, Y., Chen, R., 

Zhang, P., & He, S. (2021). SmProt: A Reliable Repository with Comprehensive Annotation of Small Proteins 

Identified from Ribosome Profiling. Genomics, Proteomics \& Bioinformatics, 19, 602–610. 

https://doi.org/10.1016/j.gpb.2021.09.002 

44. Liang, Z., Verkhivker, G., & Hu, G. (2019). Integration of network models and evolutionary analysis into high-

throughput modeling of protein dynamics and allosteric regulation: theory, tools and applications. Briefings in 

Bioinformatics. https://doi.org/10.1093/bib/bbz029 

45. Liu, W., Ye, L., Huang, W., Guo, L., Xu, Z., Wu, H., Yang, C., & Liu, H. (2016). p62 links the autophagy pathway 

and the ubiqutin–proteasome system upon ubiquitinated protein degradation. Cellular \& Molecular Biology Letters, 

21. https://doi.org/10.1186/s11658-016-0031-z 

46. Loaiciga, C., Li, W., Zhao, X., & Li, J. (2025). Comprehensive profiling of ribo-seq detected small sequences in 

yeast reveals robust conservation patterns and their potential mechanisms of origin. BMC Genomics, 26.  

https://doi.org/10.1186/s12864-025-12064-0 

47. Mackei, M., Mátis, G., Molnár, A., Sebők, C., Vörösházi, J., Pál, L., Dublecz, K., Husvéth, F., & Neogrády, Z. 

(2021). The relationship between small heat shock proteins and redox homeostasis during acute heat stress in 

chickens. Journal of Thermal Biology, 100, 103040. https://doi.org/10.1016/j.jtherbio.2021.103040 

48. Mao, M., Huang, L., & Yang, Q. (2025). An updated overview on the bacterial {PhoP/PhoQ} two-component signal 

transduction system. Frontiers in Cellular and Infection Microbiology, 15, 1509037. 

https://doi.org/10.3389/fcimb.2025.1509037 

49. Marshall, R., & Vierstra, R. (2019). Dynamic Regulation of the 26S Proteasome: From Synthesis to Degradation. 

Frontiers in Molecular Biosciences, 6. https://doi.org/10.3389/fmolb.2019.00040 

50. Martinez, T., Chu, Q., Donaldson, C., Tan, D., Shokhirev, M., & Saghatelian, A. (2019). Accurate annotation of 

human protein-coding small open reading frames. Nature Chemical Biology, 16, 458–468. 

https://doi.org/10.1038/s41589-019-0425-0 

51. Miravet-Verde, S., Ferrar, T., Espadas-García, G., Mazzolini, R., Gharrab, A., Sabidó, E., Serrano, L., & Lluch-

Senar, M. (2019). Unraveling the hidden universe of small proteins in bacterial genomes. Molecular Systems 

Biology, 15. https://doi.org/10.15252/msb.20188290 

52. Miroshnichenko, S., Tripp, J., Nieden, U., Neumann, D., Conrad, U., & Manteuffel, R. (2004). Immunomodulation 

of function of small heat shock proteins prevents their assembly into heat stress granules and results in cell death at 

sublethal temperatures. The Plant Journal: For Cell and Molecular Biology, 41(2), 269–281. 

https://doi.org/10.1111/j.1365-313x.2004.02290.x 

53. Mogk, A., Ruger-Herreros, C., & Bukau, B. (2019). Cellular Functions and Mechanisms of Action of Small Heat 

Shock Proteins. Annual Review of Microbiology. https://doi.org/10.1146/annurev-micro-020518-115515 

54. Murray, D., Petrey, D., & Honig, B. (2021). Integrating 3D structural information into systems biology. The Journal 

of Biological Chemistry, 296. https://doi.org/10.1016/j.jbc.2021.100562 

55. Natriashvili, A., Mohammadsadeghi, N., Smudde, E., Berghoff, B., Ulbrich, M., & Koch, H. (2025). The small 

bacterial membrane protein YohP induces nucleoid condensation in E. coli and inhibits oligomerization of 

antimicrobial peptides. MicroLife, 6. https://doi.org/10.1093/femsml/uqaf030 

56. Peters, C., Haslbeck, M., & Buchner, J. (2024). Catchers of folding gone awry: a tale of small heat shock proteins. 

Trends in Biochemical Sciences. https://doi.org/10.1016/j.tibs.2024.08.003 

57. Pietras, P., Wasilewska-Burczyk, A., Pepłowska, K., Marczak, Ł., Tyczewska, A., & Grzywacz, K. (2024). Dynamic 

protein composition of Saccharomyces cerevisiae ribosomes in response to multiple stress conditions reflects 

alterations in translation activity. International Journal of Biological Macromolecules, 132004. 

https://doi.org/10.1016/j.ijbiomac.2024.132004 

58. Reinle, K., Mogk, A., & Bukau, B. (2021). The diverse functions of small heat shock proteins in the proteostasis 

network. Journal of Molecular Biology, 167157. https://doi.org/10.1016/j.jmb.2021.167157 

59. Rukes, V., & Cao, C. (2025). Advancing nanopore technology toward protein identification and sequencing. Trends 

in Biochemical Sciences. https://doi.org/10.1016/j.tibs.2025.05.005 

60. Sahin, U., de Thé, H., & Lallemand-Breitenbach, V. (2022). Sumoylation in physiology, pathology and therapy. 

Cells, 11(5), 814. https://doi.org/10.3390/cells11050814 

61. Salazar, M. E., Podgornaia, A. I., & Laub, M. T. (2016). The small membrane protein {MgrB} regulates {PhoQ} 

bifunctionality to control {PhoP} target gene expression dynamics. Molecular Microbiology, 102(3), 430–445. 

https://doi.org/10.1111/mmi.13471 

62. Sandmann, C., Schulz, J., Ruiz-Orera, J., Kirchner, M., Ziehm, M., Adami, E., Marczenke, M., Christ, A., Liebe, N., 

Greiner, J., Schoenenberger, A., Muecke, M., Liang, N., Moritz, R., Sun, Z., Deutsch, E., Gotthardt, M., Mudge, J., 

Prensner, J., … Hubner, N. (2023). Evolutionary origins and interactomes of human, young microproteins and small 

peptides translated from short open reading frames. Molecular Cell, 83, 994--1011.e18. 

https://doi.org/10.1016/j.molcel.2023.01.023 

63. Scarpeci, T., Zanor, M., & Valle, E. (2008). Investigating the role of plant heat shock proteins during oxidative 

stress. Plant Signaling \& Behavior, 3, 856–857. https://doi.org/10.4161/psb.3.10.6021 



Global J Res Agri Life Sci. 2026; 6(2), 9-20 

          @ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA  
 

20 

64. Schlesinger, D., & Elsässer, S. (2021). Revisiting sORFs: overcoming challenges to identify and characterize 

functional microproteins. The FEBS Journal, 289. https://doi.org/10.1111/febs.15769 

65. Singh, M., Shin, Y., Ju, S., Han, S., Choe, W., Yoon, K., Kim, S., & Kang, I. (2024). Heat Shock Response and Heat 

Shock Proteins: Current Understanding and Future Opportunities in Human Diseases. International Journal of 

Molecular Sciences, 25. https://doi.org/10.3390/ijms25084209 

66. Steinberg, R., & Koch, H.-G. (2021). The largely unexplored biology of small proteins in pro- and eukaryotes. The 

FEBS Journal, 288(24), 7002–7024. https://doi.org/10.1111/febs.15845 

67. Stringer, A., Smith, C., Mangano, K., & Wade, J. (2021). Identification of Novel Translated Small Open Reading 

Frames in Escherichia coli Using Complementary Ribosome Profiling Approaches. Journal of Bacteriology, 204. 

https://doi.org/10.1128/jb.00352-21 

68. Tang, S., Tao, J., & Li, Y. (2023). Challenges and solutions for the downstream purification of therapeutic proteins. 

Antibody Therapeutics, 7, 1–12. https://doi.org/10.1093/abt/tbad028 

69. Tong, G., Hah, N., & Martinez, T. (2024). Comparison of software packages for detecting unannotated translated 

small open reading frames by Ribo-seq. Briefings in Bioinformatics, 25. https://doi.org/10.1093/bib/bbae268 

70. Treweek, T., Meehan, S., Ecroyd, H., & Carver, J. (2014). Small heat-shock proteins: important players in regulating 

cellular proteostasis. Cellular and Molecular Life Sciences, 72, 429–451. https://doi.org/10.1007/s00018-014-1754-5 

71. Valdivia-Francia, F., & Sendoel, A. (2024). No country for old methods: New tools for studying microproteins. 

IScience, 27. https://doi.org/10.1016/j.isci.2024.108972 

72. Vellappan, S., Sun, J., Favate, J., Jagadeesan, P., Cerda, D., Shah, P., & Yadavalli, S. (2025). Analysis of stress-

induced small proteins in Escherichia coli reveals that YoaI mediates cross-talk between distinct signaling systems. 

Science Signaling, 18(901), eadu7253. https://doi.org/10.1126/scisignal.adu7253 

73. Vellappan, S., Sun, J., Favate, J., Jagadeesan, P., Cerda, D., & Yadavalli, S. (2025). Analysis of stress-induced small 

proteins in Escherichia coli reveals that YoaI mediates cross-talk between distinct signaling systems. Science 

Signaling, 18(901), eadu7253. https://doi.org/10.1126/scisignal.adu7253 

74. Vertegaal, A. (2022). Signalling mechanisms and cellular functions of SUMO. Nature Reviews Molecular Cell 

Biology, 23, 715–731. https://doi.org/10.1038/s41580-022-00500-y 

75. Wacholder, A., & Carvunis, A. (2023). Biological factors and statistical limitations prevent detection of most 

noncanonical proteins by mass spectrometry. PLOS Biology, 21. https://doi.org/10.1371/journal.pbio.3002409 

76. Wang, B., Hao, J., Pan, N., Wang, Z., Chen, Y., & Wan, C. (2020). Identification and analysis of small proteins and 

short open reading frame encoded peptides in Hep3B cell. Journal of Proteomics, 103965. 

https://doi.org/10.1016/j.jprot.2020.103965 

77. Weaver, J., Mohammad, F., Buskirk, A., & Storz, G. (2019). Identifying Small Proteins by Ribosome Profiling with 

Stalled Initiation Complexes. MBio, 10. https://doi.org/10.1128/mbio.02819-18 

78. Wu, J., Gao, T., Hu, J., Zhao, L., Yu, C., & F. (2022). Research advances in function and regulation mechanisms of 

plant small heat shock proteins (sHSPs) under environmental stresses. The Science of the Total Environment, 

154054. https://doi.org/10.1016/j.scitotenv.2022.154054 

79. Yadavalli, S. S., Goh, T., Carey, J. N., Malengo, G., Vellappan, S., Nickels, B. E., Sourjik, V., Goulian, M., & Yuan, 

J. (2020). Functional determinants of a small protein controlling a broadly conserved bacterial sensor kinase. Journal 

of Bacteriology, 202(16), e00305-20. https://doi.org/10.1128/JB.00305-20 

80. Yeom, J., & Groisman, E. (2021). Reduced ATP-dependent proteolysis of functional proteins during nutrient 

limitation speeds the return of microbes to a growth state. Science Signaling, 14. 

https://doi.org/10.1126/scisignal.abc4235 

81. Yuan, J., Koch, H., & Berghoff, B. (2025). Functional diversity and molecular interactions of small membrane 

proteins in bacteria. MicroLife, 6. https://doi.org/10.1093/femsml/uqaf035 

CITATION 

Ibrahim, A., Buhari, S. B., Sade, S. M., & Glen, E. (2026). Small Proteins: The Missing Link in Cellular Stress 

Response. In Global Journal of Research in Agriculture & Life Sciences (Vol. 6, Number 2, pp. 9–20). 

https://doi.org/10.5281/zenodo.19023276 

 

https://doi.org/10.5281/zenodo.19023276

