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The gut microbiome is a complex habitat with many bacterial species, each playing crucial roles in regulating various physiological 
processes in the body. As the use of probiotics to combat human disease continues to increase, it is important to understand the 
mechanisms by which probiotic bacteria regulate their interactions with other bacteria and their host. Our exploration of the 
physiological functions of probiotic bacteria hopes to elucidate the role of small regulatory RNA (sRNA) in regulating gene expression 
within the microbiome. The goal of this project was to characterize the structure and function of the sRNA, UspS, which is found in 
probiotic, lactic acid bacteria. In Lactobacillus, UspS is closely associated with a downstream universal stress protein and contains an 
orphaned Lacto-usp RNA motif of unknown function. Computational methods have been used to study the UspS sRNA sequences from 
two Lactobacillus species in order to predict the secondary structures, generate 3D models, and search for potential mRNA interactions. 
Comparative sequence alignments and covariance analysis within the secondary structures predict a pseudoknot structure. The UspS 
sequence was isolated from two Lactobacillus species and sRNAs were synthesized by in vitro transcription with a T7 RNA 
polymerase. In preliminary studies, differential scanning fluorimetry of the UspS sRNA was able to confirm the presence of stable 
secondary structures. Future work will be focused on the structure of the pseudoknot region of UspS and its role in regulating the 
expression of the downstream universal stress protein.  

Introduction 
 
 The completion of the human genome project in 2003 revealed that 
the human genome consists of about 20,000 genes.1–3 This project 
marked a historical scientific achievement in studying the human body 
and advanced the field of medicine by accelerating our understanding of 
human diseases. Some of the major advancements resulting from the 
sequencing and identification of gene locations have been the improved 
comprehension of diseases such as breast cancer, cystic fibrosis, age-
related macular degeneration, Alzheimer’s disease, and Huntington’s 
disease.2,4,5 Two decades later, scientists continue to dedicate extensive 
efforts to studying these genes and their impact on human health, but in 
doing so we have overshadowed nearly eight million other genes present 
in the human body (Fig. 1).6 These overlooked genes originate from the 
gut microbiome, which refers to the presence of small microbial species 
residing on and within the body. 

 The composition of the microbiome is influenced by an array of 
factors including diet, environment, antibiotic usage, familial genetics, 
and age.7 Among the many types of bacteria inhabiting the microbiome 
are probiotic bacteria. These beneficial microorganisms are frequently 
encountered in everyday food staples such as yogurt, pickles, bread, 
milk, and cheese (Fig. 2). Their ubiquity in our diet adds an intriguing 
dimension to the intricate workings of our bodies.  

 The production of these foods involves a fermentation process that 
utilizes yeast or lactic acid bacteria. These tiny microorganisms have 
been recognized for their ability to benefit the host through various 
mechanisms, such as reducing intestinal pH, safeguarding against 
pathogenic organisms by means of competition, and regulating the 
immune response.8,9 Furthermore, there is the proposition that probiotics 
can serve as preventative and therapeutic agents in combating human 
diseases, such as acute diarrhea, Clostridium difficile infection, and 
Crohn’s disease.8 One possible mechanism by which probiotic bacteria 
influence human molecular physiology is through small non-coding 
RNAs or sRNAs.  

 The central dogma of molecular biology describes the process by 
which DNA is transcribed into RNA, and, in turn, RNA is translated into 
proteins.10 These proteins play vital roles in the molecular mechanisms 
of both human bodies and bacteria. However, recent research has 
unveiled a fascinating discovery: not all RNA molecules undergo 
translation into proteins; instead, they persist as non-coding RNA, 
typically ranging from 50 to 400 nucleotides in length.11,12 These sRNAs 
assume the role of regulators within bacteria, exerting post-
transcriptional control over gene expression and post-translational 
control over protein function. By interacting with mRNA through base- 

 

 

 

 

 

 

 

pairing, sRNA can modulate gene expression by influencing the 
termination of transcription, the accessibility for translation, or the long-
term stability of the mRNA (Fig. 3).13  

 Extensive research spanning several decades had primarily focused 
on studying sRNAs in Gram-negative bacteria, such as Escherichia coli 
and Salmonella enterica.14 In Gram-negative pathogenic bacteria, 
sRNAs exert significant influence on cell physiology, virulence, and 
pathogenesis systems.13 Interestingly, recent investigations suggest that 
bacteria-derived sRNAs can impact the host by being exported within 
extracellular vesicles.12 In the case of pathogenic bacteria, extracellular 
vesicles, transmembrane proteins, and gap junctions serve as conduits for 
delivering sRNAs to hosts, thereby suppressing host immunity. 
Consequently, hosts may respond by expressing their own sRNAs to 
counteract the virulence.15 Considering that Gram-negative bacteria and  

Fig. 1.  The number of human genes in the body (~22,000), 
and the number of microbial genes in the human body 
(~8,000,000). Graphical representation prepared in Adobe 
Illustrator by Zarah Fowler.55  

Fig. 2.  Examples of probiotic foods: bread, milk, cheese, yogurt, 
and pickles. Graphical representation prepared in Adobe Illustrator 
by Zarah Fowler.55  
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host employ mechanisms for cross-kingdom exchange of sRNAs, it is 
reasonable to assume that Gram-positive bacteria also possess the 
potential to interact with the host through similar mechanisms. 

 Given the growing interest in probiotics and their widespread usage, 
it becomes crucial to delve into the realm of sRNAs within lactic acid 
bacteria. There exists limited research focused on sRNAs in Gram-
positive bacteria, leaving it unclear whether sRNAs in Gram-positive 
bacteria are homologous to those in Gram-negative bacteria. However, 
recent studies in Gram-positive bacteria have shown a similar reliance 
on mRNA-sRNA interactions, but limited use of RNA-binding proteins 
to chaperone these interactions.14 These findings highlight the 
significance of investigating sRNAs across a diverse range of bacterial 
species.  

 Considering the profound impact of the human gut microbiome on 
human health, it becomes imperative to unravel the intricate mechanisms 
employed by various bacteria in controlling gene expression and protein 
function. For the scope of this study, we have included two prominent 
probiotic Gram-positive bacteria frequently found in the gut and in 
consumer products. In this research project, we selected an sRNA found 
in Lactobacillus bulgaricus and Lactobacillus acidophilus. This sRNA 
was named UspS due to the presence of a downstream usp gene that 
codes for the universal stress protein, UspA. The purpose of this project 
was to identify and explore the conservation of function and structure of 
the UspS sRNA within L. bulgaricus and L. acidophilus.  

 The identification of sRNA roles often necessitates expensive and 
time-consuming experiments. As a result, computational methods have 
been developed to identify and characterize sRNAs before experimental 
techniques are undertaken.16 In this study, a variety of bioinformatic 
techniques were employed to explore the function and structure of UspS. 
First, NCBI blast analysis was successful in identifying homologues of 
UspS in sixteen Lactobacillus species.17 These homologous sequences 
were aligned within Jalview to examine nucleotide conservation and 
identify the promoter elements.18 Subsequently, the secondary structure 
of UspS in L. bulgaricus and L. acidophilus was predicted via mfold and 
RNApdbee, while the tertiary structures were generated using 
FARFAR2 algorithm in Rosetta.19–22  

 Analysis of the secondary structure of UspS revealed structural 
similarity in the P4 region, which is predicted to form a pseudoknot 
structure (Fig. 4). A sequence alignment of UspS exhibited 56% 
conservation in the P4 region, which suggests that the P4 region may be 
evolutionarily conserved, serving as an essential site for mRNA 
interactions. Previous studies have noted the similarity between the P4 
region of UspS and 6S RNA, which binds to the sigma subunit of RNA 
polymerase and inhibits transcript under nutrient stress conditions.23–25 
Alternate regulatory functions of UspS have been explored using 
IntaRNA and CopraRNA to predict potential sRNA-mRNA 
interactions.26–30 The results indicated that UspS may initiate changes in 
bacterial membrane structure, nucleotide metabolism, and amino acid 
metabolism that is associated with a response to environmental stress. In 
preliminary structural studies, the UspS sequence was isolated from both  

L. bulgaricus and L. acidophilus using PCR to create DNA templates for 
transcription. The UspS sRNA has been synthesized by in vitro 
transcription using T7 RNA polymerase. Initial characterization by 
differential scanning fluorimetry shows evidence of stable secondary 
structures within the UspS sRNA transcripts, which can now be used for 
structural studies and interaction assays. 

 
Methods 
 
Selection of the UspS sRNA Sequence 

 The UspS sequence was selected as part of a broad search for 
regulatory RNA elements in lactic acid bacteria that have not been fully 
characterized in terms of structure and function. The UspS sequence 
includes the Lacto-usp motif, which was first reported by Weinberg and 
others, based on a computational screen that used covariation analysis to 
identify bacterial RNA motifs.31 The motif was first identified in six 
sequences from the order Lactobacillales and appears within the 
5'‑untranslated region (UTR) of the usp gene, which codes for the 
universal stress protein.31 Based on some structural similarity, the Lacto-
usp motif was proposed to play the role of 6S RNA, which inhibits the 
activity of RNA polymerase during stationary growth to ensure cell 
survival.31 However, the Lacto-usp motif is smaller than other described 
6S RNA motifs and may instead be a cis-regulatory element for the 
expression of the universal stress protein.31  

 The UspS sequence was characterized using computational methods 
to delineate the boundaries of the regulatory RNA elements. The 
nucleotide BLAST algorithm from NCBI was used to find homologous 
UspS sequences that contain the Lacto-usp motif within intergenic 
regions of lactic acid bacteria.17 Representative UspS sequences were 
identified in sixteen different species of Lactobacillus: L. acidophilus, 
L. delbrueckii subsp. bulgaricus (a.k.a. L. bulgaricus), L. crispatus, 
L. amylovorus, L. ultunensis, L. helveticus, L. acetotolerans, L. jensenii, 
L. delbrueckii subsp. indicus, L. delbrueckii subsp. lactis, L. delbrueckii 
subsp. jakobensii, L. johnsonii, L. gasseri, L. paragasseri, 
L. taiwanensis, and L. kefiranofaciens. The representative UspS 
sequences from Lactobacillus were aligned within Jalview using the 
Clustal algorithm.32,33 The approximate transcription start site for each 
UspS sequence was identified by mapping the promoter sequences. The 
consensus promoter sequences of Lactobacillus include two hexameric 
sequences at ‑35 (TTGACA) and ‑10 (TATAAT) nucleotides upstream 
of the transcription start site and allowed for mapping of the start site 
within 5-6 nucleotides without experimental data.34 For each of the UspS 
sequences from Lactobacillus, a rho-independent intrinsic terminator 
was identified from a preliminary prediction of the RNA secondary 
structure using mfold.35  

UspS sRNA Secondary Structure Prediction and 3D Structure Modeling 

 UspS sequences from L. bulgaricus and L. acidophilus were selected 
for secondary structure predictions and modeling of the 3D structure. 
The web-based server for mfold was used to predict secondary structures 
of the UspS sequences with 5' end set at the transcription start site and 
the 3' end set immediately after the intrinsic terminator.35 The core 
secondary structures were also predicted for each UspS sequence with 
the intrinsic terminator hairpin loop excluded. The lowest energy 
structures from mfold were used to generate a dot-bracket format file to 
describe the core secondary structure prediction results. The R-scape 
optimized structure of the Lacto-usp motif in Rfam was used to identify 
two pseudoknot contacts within the UspS sequences.36,37 For each UspS 
sequence, both pseudoknot (PK) contacts were included in the dot-
bracket format file with square brackets to denote the PK1 base pairing 
and curly brackets to denote the PK2 base pairing. In some cases, the 
predicted base pairing from mfold was adjusted to match the predictions 
from R-scape in order to include the pseudoknot contacts. The secondary 
structure figures were created with RNApdbee to include lines indicating 
the predicted pseudoknot contacts.38,39 The 3D structures of the core 
UspS sequences from both L. bulgaricus and L. acidophilus were 
modeled using the FARFAR2 algorithm within the Rosetta molecular 
modeling suite.40 The input for FARFAR2 included the FASTA format 
sequence files and modified dot-bracket format files to define the base-
pairing and pseudoknot contacts. The secstruct_general flag was used to 

Fig. 3.  The central dogma of molecular biology and transcription 
of sRNA. The central dogma depicts transcription of DNA into 
mRNA by RNA polymerase and translation of mRNA into 
proteins. Alternatively, DNA can be transcribed into sRNA. This 
sRNA then interacts with mRNA to control gene expression or 
proteins to control function. Graphical representation prepared in 
Adobe Illustrator by Zarah Fowler.55  
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obligate base pairing as specified within the dot-bracket format file. For 
each 3D model, 10,000 structures were calculated and the lowest energy 
structure was extracted as the best model for each. The 3D models were 
visualized in PyMOL (Schrödinger) using the RiboVis representation of 
the RNA backbone and nucleotide structure (Das lab, Stanford).41 

Identification of Potential UspS sRNA:mRNA Interactions 

 The UspS sequence appears to be contained within the 5'‑UTR of the 
usp mRNA and may play a cis-regulatory role. However, in most of the 
UspS sequences, the intrinsic terminator resides downstream of the 
Lacto-usp motif, which would allow this UspS transcript to act as a 
regulator sRNA. In order to identify potential regulatory targets, 
CopraRNA and IntaRNA were used to search the genomes of both 
L. bulgaricus and L. acidophilus for genes with mRNA sequences that 
are complementary to the respective UspS sRNA transcripts from each.26

–30 The predicted interactions were screened using the CopraRNA web 
server to determine the potential regulatory regions within the UspS 
sRNA and to identify genes that may be targeted for regulation. 

Growth of Lactic Acid Bacteria  

 Lactobacillus delbrueckii subsp. bulgaricus strain Lb14 (ATCC 
11842) and Lactobacillus acidophilus strain Scav (ATCC 4356) were 
purchased as freeze-dried stocks from American Type Culture 
Collection (Manassas, VA). Both bacterial strains were initially 
propagated in Lactobacilli MRS media (Difco). An aliquot of the freeze-
dried bacterial cells was removed with a pipet tip and transferred to 
0.5 mL of MRS broth for resuspension. For each bacterial strain, a streak 
plate was prepared from the resuspended cells with an inoculation loop 
using MRS agar. The remaining resuspended cells were then added to 
5 mL of MRS broth in 14 mL polypropylene culture tube with a dual 
position snap-cap (Falcon). All plates and broth cultures were incubated 
overnight at 37 °C under anaerobic conditions using an 0.4 L anaerobic 
jar, a gas generating sachet, and an oxygen indicator (Mitsubishi). The 
growth of bacterial cultures was monitored by measuring culture 
turbidity at 600 nm using a UV-Vis spectrophotometer (Thermo 
Scientific). The growth cultures were harvested during the exponential 
growth phase. Overnight growth cultures were used for genomic DNA 
extraction, detailed below. For glycerol stocks, 0.5 mL of growth culture 
was combined with 0.5 mL of 50% glycerol in polypropylene screw-top 
tube and stored at -74 °C. 

Extraction of Genomic DNA from Lactic Acid Bacteria 

 Genomic DNA was extracted from both L. bulgaricus and 
L. acidophilus using the Wizard Genomic DNA Purification Kit 
(Promega). For each strain, a 1 mL aliquot of exponentially growing 
culture was harvested by centrifuging for 2 minutes at 16,000 × g. The 
protocol for isolating genomic DNA from Gram Positive bacteria was 
followed. After removing the supernatant, each cell pellet was 
resuspended in 480 µL of 50 mM EDTA pH 8.0 and 120 µL of 10 mg/
mL of lysozyme (Sigma) was added to each microfuge tube. The 
lysozyme reactions were incubated at 37 °C for 45-50 minutes, then 
centrifuged for 2 minutes at 16,000 × g. The supernatant was removed 
and the cells were resuspended in 600 µL of Nuclei Lysis solution 
(Promega). The solution was incubated at 80 °C for 5 minutes and 
cooled to room temperature. After cooling, 3 µL of RNase A solution 
(Promega) was added and the sample was incubated at 37 °C for 
15 minutes, then cooled to room temperature. After cooling, 200 µL of 
the Protein Precipitation solution (Promega) was added, and the solution 

was vortexed followed by incubation in ice for 5 minutes. The sample 
was centrifuged at 16,000 × g for 3 minutes. The supernatant was mixed 
with room temperature isopropanol and centrifuged at 16,000 × g for 
2 minutes. After removing the supernatant, the DNA pellet was washed 
by with 600 µL of room temperature 70% ethanol and then centrifuged. 
Pellets were left to air dry for 12-20 minutes and then resuspended in 
100-200 µL of DNA Rehydration solution (Promega). After incubation 
at room temperature overnight, the genomic DNA samples were stored 
at 4 °C. 

Isolation of the UspS sRNA Genes by PCR 

 The UspS sRNA genes were isolated and amplified from the 
genomic DNA of both L. bulgaricus (Ldb) and L. acidophilus (Lac) 
using polymerase chain reaction (PCR) to prepare DNA templates for in 
vitro transcription. Two template constructs were designed for the UspS 
sRNA genes from each Lactobacillus species. The P16 constructs 
include all predicted paired regions of UspS from P1 through P6. The 
P15 constructs exclude the P6 stem-loop, which is predicted to form an 
intrinsic rho-independent terminator. The DNA primers (IDT) were 
designed using Primer3 to optimize specificity and minimize PCR 
byproducts.42 The forward and reverse primers include the restriction 
sites, BamHI and HindIII, respectively, to allow for cloning into a 
pUC18 vector. The forward primer includes a 17-nucleotide promoter 
element for T7 RNA polymerase. The reverse primer includes an 
additional restriction site, either DraI or SwaI, to allow for blunt end 
cutting of the DNA template prior to in vitro transcription. The PCR 
reactions were prepared in 0.2 mL thin-walled tubes (Neptune) with 
20 mL total volume with 1 mL of genomic DNA template, 0.5 mM of 
each primer, 0.2 mM of each dNTP (NEB), 0.4 units of Phusion High-
Fidelity DNA polymerase (NEB), and the supplied HF buffer (NEB). 
The reaction protocol started with 30 seconds at 95 °C prior to 30 cycles 
of melting for 10 seconds at 95 °C, annealing for 30 seconds at the 
optimal temperature for each primer pair (from 59.9 °C to 63.9 °C), and 
polymerization for 45 seconds at 72 °C. The amplification cycles were 
followed by 5 minutes of extension time at 72 °C. The optimal annealing 
temperatures were maintained using the gradient heating block of the 
T100 Thermocycler (Bio-Rad). After completion, all reactions were 
stored at 4 °C. 

Purification of UspS PCR Products 

 Purification of the four PCR products (Ldb P16, Ldb P15, Lac P16, 
and Lac P15) was done using the Wizard SV Gel and PCR Clean-Up 
System (Promega). For each 20 µL PCR reaction, an equal volume of 
Membrane Binding solution was added. Each sample was transferred to 
the silica membrane of an SV mini-column inserted into a collection 
tube. The protocol for the Wizard SV Gel and PCR Clean-Up System 
(Promega) was followed. After loading the sample onto the column, the 
silica membrane was washed twice with 700 µL and 500 µL of 
Membrane Wash solution and centrifuged at 16,000 × g for 1 minute and 
4 minutes, respectively. After the last wash, the column assembly was 
centrifuged at 16,000 × g for 2 minutes with the lids open to allow any 
remaining ethanol to evaporate. Each DNA sample was incubated with 
35 µL of ultrapure water (Millipore) at room temperature for 10 minutes. 
Samples were eluted from the column by centrifugation at 16,000 × g for 
1 minute. The purified PCR products were stored at -20 °C. The four 
PCR products were assayed by gel electrophoresis using a 1.5% agarose 
gel prepared in TAE buffer with 0.25 mg/mL of ethidium bromide 
(EtBr) for staining. For each sample, 1 µL of PCR product was dilute to 

Fig. 4. A sequence alignment of the P4 region in UspS orthologous sequences from sixteen different 
bacterial species made using Jalview multiple sequence alignment.32 The alignment of L. bulgaricus 
and L. acidophilus showed 56% sequence conservation. 
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6 µL with water and Purple gel loading dye (NEB). The gel 
electrophoresis was run at 80 V for 45 minutes after loading all four 
samples and a 100 bp DNA ladder (NEB) for a size reference. The gel 
was placed on a UV transilluminator to visualize the EtBr stained DNA 
bands and capture images using a Molecular Imager ChemiDoc XRS+ 
system (Bio-Rad).  

Preparation of UspS DNA Templates for Transcription  

 DNA templates for transcription were prepared from the purified 
PCR products by using either DraI or SwaI restriction enzymes (NEB) to 
create blunt ends defining the 3' end of the transcript. For the Ldb P1-6 
and Lac P1-6 constructs, 15 µL of each PCR product (about 1.5 µg) was 
digested with 20 units of DraI with the supplied rCutSmart buffer and 
the total volume adjusted to 30 µL with ultrapure water (Millipore). The 
DraI reactions were incubated overnight at 37 °C. For the Ldb P1-5 and 
Lac P1-5 constructs, 15 µL of each PCR product (about 1.5 µg) was 
digested with 10 units of SwaI with the supplied NEBuffer r3.1 and the 
total volume adjusted to 30 µL with ultrapure water (Millipore). The 
SwaI reactions were incubated overnight at room temperature, 23 °C. 
The digest reactions were purified using the Wizard SV Gel and PCR 
Clean-Up System (Promega) following the protocol described above for 
the four PCR products. The volume of the membrane binding solution 
was increased to match the 30 µL volume of each digest reaction. All 
other steps in the protocol were unchanged. The DNA was eluted with 
35 µL of ultrapure water (Millipore).  

Synthesis of UspS sRNA Transcripts 

 The four UspS sRNA constructs (Ldb P16, Ldb P15, Lac P16, and 
Lac P15) were synthesized by in vitro transcription using T7 RNA 
polymerase (NEB) and the supplied T7 reaction buffer (40 mM TrisHCl 
pH 7.9, 6 mM MgCl2, 2 mM spermidine, and 1 mM DTT). For each 
construct, two 10 µL reactions were setup with variations in the final 
concentration of MgCl2 (24 mM and 36 mM). The total concentration of 
NTPs for all reactions was 25 mM. The proportion of UTP, GTP, CTP, 
and ATP added to each reaction was adjusted to match base composition 
of the synthesized RNA. For each reaction, 0.25 µg of the blunt end 
digest DNA template and 1 unit of RNasin, ribonuclease inhibitor 
(Promega). The transcription reactions were incubated at 37°C for one 
hour. All transcription reactions were treated with 4 units of RNase-free 
TURBO DNase I with the supplied buffer (Invitrogen) adjusted with 
autoclaved ultrapure water (Millipore) to a total volume of 100 µL. The 
DNase digestion was incubated for 1 hour at 37°C.  

Gel Electrophoresis of UspS sRNA Transcripts 

 Both UspS sRNA transcripts and DNA templates were assayed 
together by native polyacrylamide gel electrophoresis (PAGE) using a 4-
20% Tris-glycine gel with the supplied buffer (Invitrogen). Each of the 
RNA samples included 5 µL of the DNase treated transcription reaction 
with RNA gel loading dye (Thermo Scientific). The DNA samples 
included 1 µL of the purified, digested DNA template with Purple gel 
loading dye (NEB). Both the RiboRuler low range RNA ladder (Thermo 
Scientific) and 100 bp DNA ladder (NEB) were included in the gel for 
size referencing. The gel electrophoresis was run at 200 V for 45 
minutes. The gel was stained with SYBR Green II (Molecular Probes), 
which was diluted 1:10,000 with the native Tris-glycine gel running 
buffer (Invitrogen). After staining for 1 hour with agitation on a rocking 
platform, the gel was destained for another hour with ultrapure water 
(Millipore). The gel was visualized using a UV transilluminator with 
images captured by a Molecular Imager ChemiDoc XRS+ system (Bio-
Rad). 

Purification of the UspS sRNA Transcripts 

 The UspS sRNA transcripts of the four constructs (Ldb P16, Ldb 
P15, Lac P16, and Lac P15) were purified using the RNeasy MinElute 
Cleanup Kit (QIAGEN). For each construct, the DNase I treated 
transcription reactions at two different concentrations of MgCl2 (24 mM 
and 36 mM) were combined and the volume of each combined construct 
sample was adjusted to 200 µL with ultrapure water (Millipore). For 
each construct sample, 700 µL of guanidine-thiocyanate lysis buffer 
RLT (QIAGEN) and 500 µL of ethanol were added with mixing after 
each addition. The protocol for the RNeasy MinElute Cleanup Kit was 

followed. Each RNA sample was eluted from the silica membrane with 
14 µL of RNase-free water (QIAGEN). The purified RNA for each 
construct was stored at –20°C.  

Structural Characterization of the UspS Transcripts 

 The tertiary structures of the UspS sRNA transcripts for all four 
constructs (Ldb P16, Ldb P15, Lac P16, and Lac P15) were measured by 
differential scanning fluorimetry (DSF), also known as thermal melt 
assays.43 For each construct, two different MgCl2 concentrations were 
used: 0 mM and 0.5 mM. Each sample included 1 mg of RNA in 50 mL 
of total volume. The sample buffer was 20 mM TrisHCl at pH 7.5 with 
10 mM NaCl. A fluorescent reporter dye, SYBR Green II RNA 
(Molecular Probes), was added to each sample at 1X concentration with 
max excitation at 497 nm and max fluorescence at 520 nm. The samples 
were prepared on ice in a clear 96‑well clear polypropylene PCR plate 
(Bio-Rad) and then sealed with optically clear film (Bio-Rad). The plate 
was centrifuged briefly to remove bubbles and collect sample volume at 
the bottom of the wells. The plate was transferred to a CFX96 Touch 
RT‑PCR (Bio-Rad) to measure the fluorescence intensities with the plate 
initially incubated at 5°C. The temperature was increased in steps of 0.5°
C from 5°C to 95°C. At each 0.5°C increment, the temperature was held 
for 30 seconds before measuring the fluorescence intensity of every 
sample in the plate using the SYBR Green settings for excitation (450-
490 nm) and detection (515-530 nm). The raw data was processed with 
the CFX Maestro software (Bio-Rad) using the melt curve analysis 
features to plot the first derivative of the fluorescence versus 
temperature. The temperature with the maximum change in fluorescence 
was used to determine the melting temperature for each sample. 

 
Results and Discussion 
 
Conservation of Sequence and Secondary Structure 

 The investigation into the sRNA UspS in Lactobacillus species has 
yielded significant findings regarding its conservation and potential 
molecular functions. Through multiple sequence alignment, a high level 
of conservation is observed among the sixteen Lactobacillus species 
examined. Sequence alignment of the P4 region of L. bulgaricus and 
L. acidophilus show 56% sequence conservation (Fig. 4). Structural 
conservation of UspS in the P4 region between L. bulgaricus and 
L. acidophilus is confirmed through secondary structure predictions 
using mfold, which highlights two matching internal loops, three stem 
areas, and one hairpin loop (Fig. 5).35 The structural conservation of 
UspS in the P4 region is visually shown highlighted in pink. This 
conservation strongly indicates that UspS sRNA is essential for some 
molecular function of Lactobacillus and may be a significant site for 
mRNA interactions.  

 To further explore the structural characteristics of the P4 region, a 
secondary structure schematic was created using the conserved regions 
identified through multiple sequence alignment and secondary structure 
predictions (Fig. 6). In this figure, nucleotides that are >93% conserved 
between all sixteen Lactobacillus species are highlighted with a blue 
bubble. The nucleotides that are identical between L. bulgaricus and 
L. acidophilus are highlighted with a yellow circle. Additionally, 
pseudoknot sequences are described using a blue bracket notation. The 
high degree of conservation within the predicted PK1 contacts suggests 
that this interaction is important for tertiary structure within the P4 
region. The variability within the PK2 contacts may play a functional 
role allowing for other factors to bind to the internal loop or terminal 
hairpin of P4. 

Modeling the Tertiary Structure of UspS  

 The tertiary structures of the P4 region of UspS were modeled using 
the FARFAR2 algorithm within the Rosetta suite of molecular modeling 
programs (Fig. 7).40 The predicted secondary structure and pseudoknot 
contacts were used as constraints to build the model structures. The 
models are colored to highlight pseudoknot contacts with purple (PK1) 
and pink (PK2) nucleotides. These 3D models, along with mapping 
regions of sequence conservation, enabled the identification of potential 
sites for regulation of protein expression. The presence of pseudoknots 
gives P4 a unique 3D structure as pseudoknots are caused by nucleotides 



 

Journal of the South Carolina Academy of Science, [2023], 21(2) | 11 

Undergraduate Research Article 

Fig. 5. Secondary structure comparison of UspS sRNA sequences. Structural regions are labeled P1 through P6. The P4 regions highlighted 

in pink are highly conserved between species. Pseudoknot sequences are identified by attaching lines on the P4 region. Secondary structures 

showed conservation of the P4 region in a) L. bulgaricus and b) L. acidophilus. Figures made using mfold and RNApdbee.35,38,39,56,57  

Fig. 6. Conservation of the UspS P4 region in sixteen species from the pairwise alignment using Jalview. The high degree of conservation in 
the predicted PK1 region suggests this interaction is important for tertiary structure in the P4 region, and variability within PK2 suggests it 
may play a functional role in allowing other factors to bind. Graphical representation prepared in Adobe Illustrator by Zarah Fowler based on 
secondary structure predictions with mfold.32,35,55  
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from both sides of the large internal loop that interact with the region 
preceding the P4 domain (PK1) and with the terminal hairpin loop that 
defines the middle of the P4 domain (PK2).44,45  

 The 3D models of UspS from L. bulgaricus and L. acidophilus were 
evaluated using PyMOL (Schrödinger) to identify nucleotides that are 
exposed for interactions with regulatory proteins or targeted mRNA 
sequences.41 In the model of UspS P4 region from L. bulgaricus, both 
pseudoknot regions are close to each other within a compact structure 
that includes most of the large internal loop and the terminal hairpin 
loop. However, there are two loop regions of highly conserved 
nucleotides that are available for interactions in the tertiary structure. 
Using the numbering from Fig. 6, both Ade30 and Ura32 bases within 
the large internal loop are exposed. Within the 2:1 internal loop, both 
Ade70 and Ura71 bases are also exposed. All four positions are 
completely conserved in the sixteen sequences from Lactobacillus. The 
model of the UspS P4 region of L. acidophilus appears quite different 
within a very open structure involving both the P3 and P4 regions of the 
predicted secondary structure. The pseudoknot contacts of PK2 are quite 
similar in both models. However, the large internal loops that involve 
PK2 have very different predicted secondary structures, which dictates 
the more open structure in the model of L. acidophilus. Additional 
experimental data is needed to confirm either or both of these models of 
the tertiary structure of UspS, which will help to identify potential 
regulatory interactions. 

Predicting sRNA:mRNA Interactions 

 CopraRNA and IntaRNA were used to predict potential sRNA-
mRNA interactions within the P4 region of the UspS sequence.26–30 The 
top ten sRNA and mRNA interactions (Table 1) were identified for 
L. bulgaricus and L. acidophilus. For both searches, the sRNA query 
was limited to the P4 region that contains the Lacto-usp motif. The 
genomic DNA sequence of either L. bulgaricus or L. acidophilus was 
used as the search basis to map potential mRNA targets with the query 
limited to ±200 nucleotides around the translation start site. A common 
theme emerged with nearly all of the top ten interactions of each sRNA 
mapping to the pseudoknot contacts of PK1. Within the UspS sRNA of 
L. bulgaricus, most of the mRNA interactions mapped to the region 1-21 
just preceding the P4 structure. For L. acidophilus, the majority of 
predicted mRNA interactions were mapped to the PK1 side of the 
internal loop, encompassing residues 73-89.  

 The potential mRNA targets for regulation by the UspS sRNA are 
generally related to a stress response involving activation of proteolytic 
enzymes and amino acid transporters. Notably, there are no regulated 

genes associated with carbohydrate metabolism or the stringent 
response. The activation of proteolytic agents may be related to either 
resource scavenging or remodeling the organism to adapt to a changing 
environment. Other potential mRNA targets include membrane 
associated factors such as YfhO family proteins46 and S-layer proteins47 
that may mediate remodeling of the cell surface in response to 
environmental changes. The regulation of remodeling by UspS sRNA 
would then correlate with the predicted interactions with the mRNA 
genes for primosomal protein N, dihydroorotate dehydrogenase, and 
carbamoyl phosphate synthase, which may inhibit DNA replication 
while activating nucleotide synthesis in response to an environmental 
stress.48 

 The universal stress protein is a nucleotide binding domain that 
plays a multifaceted role in bacterial stress response (Fig. 8).49,50 The 
coding region of a usp gene in Lactobacillus is located just downstream 
of the Lacto-usp motif. The UspS sequence is predicted to be within the 
5'‑UTR of the usp gene and may act as a cis-regulator from the 
expression of usp. However, the presence of an intrinsic terminator prior 
to the start of the usp gene would also allow the UspS sequence to act as 
an independent sRNA. Either mode of RNA-directed regulation of usp 
expression would require interactions between the UspS sequence and 
the usp mRNA. The IntaRNA algorithm was used to predict potential 
interactions between the P4 region of UspS and the coding region of the 
usp mRNA.28,29 For L. acidophilus, IntaRNA predicted three possible 
interaction sites within the P4 region at positions 53-61 
(5'‑GCCUUGUUG‑3'), 69-75 (5'‑CAUAUUC‑3'), and 35-41 
(5'‑CUACCGA‑3').26–30 In the case of L. bulgaricus, two possible 
interaction sites were predicted at positions 13-23 
(5'‑GGACGUGGUGG‑3') and 45-57 (5'‑GGAAUGCUGCUCA‑3'). For 
both species, the predicted interaction with the most favorable energy 
involves the terminal hairpin loop of P4 that is also predicted to form the 
PK2 pseudoknot contacts. As such, the pseudoknot structures of the P4 
region of UspS could mediate a switching mechanism to control sRNA 
to mRNA interactions. 

Structural Homology between UspS and 6S RNA 

 The P4 region of UspS exhibits a structural resemblance to 6S RNA 
found in E. coli.31 In other species, 6S RNA is typically associated with 
increased expression of universal stress proteins.51 Interestingly, all of 
the Lactobacillus species that possess UspS, lack a predicted 6S RNA.31 
The predicted 6S RNA is only observed in some species of 
Lactobacillus, namely L. sp. 1.1424, L. plantarum, L. backi, 
L. salivarius, and L. fermentum. Although 6S RNA was among the first 
non-coding RNA molecules to be sequenced, its function remained a  

Fig. 7. Tertiary structures of the P4 pseudoknot regions of a) L. bulgaricus and b) L. acidophilus from FARFAR2 modeling in Rosetta with 
pseudoknot contacts highlighted in pink and purple.40 Tertiary structures identified nucleotides exposed for interactions with regulatory proteins 
or targeted mRNA sequences. The P4 RNA models were visualized in PyMOL (Schrödinger) using RiboVis (Das lab, Stanford) for 
representation of the nucleic acid structures.41  
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Table 1 Predicted UspS sRNA:mRNA interactions within Lactobacillus  
  L. bulgaricus ATCC 11842 L. acidophilus ATCC 4356 

Ranka 
Position 
sRNAb mRNA associated gene Position 

sRNAb mRNA associated gene 

1 1-20 glutamine ABC transporter 1-10 glutamine ABC transporter 
2 12-21 type I methionyl aminopeptidase 56-66 type I methionyl aminopeptidase 
3 13-19 YfhO membrane protein 78-88 YfhO membrane protein 
4 1-17 dihydroorotate dehydrogenase 1-17 dihydroorotate dehydrogenase 
5 12-20 C40 family peptidase 76-89 C40 family peptidase 
6 9-21 primosomal protein N 74-87 SLAP domain surface protein 
7 13-91 putative ABC transporter 73-89 primosomal protein N 
8 1-21 YqgQ serine endopeptidase 37-58 purine permease 
9 66-80 HD domain serine endopeptidase 52-88 carbamoyl phosphate synthase 

10 13-19 ATP subunit of Clp protease 1-21 putative ABC transporter 

a Predicted interactions were ranked by the CopraRNA p-value. 
bThe UspS numbering of the sRNA query sequence matches the numbering in Fig. 6 at the 5' end. Note, that 

the L. bulgaricus sequence has two less residues in the terminal hairpin loop of P4, so the 3’ end 
numbering after residue 54 will differ by two residues. 

a The PCR primer sequences include restriction sites for cloning (red), the promoter for T7 RNA 
polymerase (green), and blunt-end restriction sites (cyan) to prepare the DNA template for in vitro 
transcription. The PCR product sizes and annealing temperatures are shown in the table. 
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mystery for more than three decades.52,53 In response to starvation in 
E. coli, the increasing accumulation of 6S RNA allows it to form a 
complex with the sigma specificity factor (σ70) bound to the holoenzyme 
of RNA polymerase.53 As the cells enter stationary phase, 6S RNA 
inhibits the transcription of σ70-dependent genes by RNA polymerase.53 
The large internal loop of the 6S RNA structure mimics the transcription 
bubble allowing RNA polymerase to bind and even synthesize short 
pRNA transcripts by RNA-directed transcription.25 While there is some 
resemblance between 6S RNA and the Lacto-usp motif, the predicted 
structure of entire the UspS sequence is both smaller and more complex. 
The central region of 6S RNA forms a large 13:17 nucleotide loop that 
mimics that transcription bubble. The P4 region of UspS in L. bulgaricus 
has a conserved internal loop at the junction of two stems, but the size of 
this 9:6 nucleotide loop may be too small to mimic a transcription 
bubble. The unpaired residues on both strands of this internal loop are 
predicted to form pseudoknot contacts with other parts of the P4 
pseudoknot structure (Fig. 5 and Fig. 6). The other predicted large 
internal loops in both UspS sequences contain three way junctions, 
which are unlikely to be transcription bubble mimics (Fig. 5). 

Synthesis and Characterization of UspS RNA  

 For initial structural characterization of UspS, the genomic DNA of 
L. bulgaricus (Ldb) and L. acidophilus (Lac) was extracted from cultures 
grown under anaerobic conditions. The UspS constructs were generated 
by PCR from genomic DNA using primers that incorporated the 
promoter for T7 RNA polymerase and a blunt-end restriction site 
(Table 2). Two constructs were made for each species, one full length 
that included P1 through P6 regions (P16) and one truncated that 
removed the intrinsic terminator at P6 (P15). The PCR products were 
assayed on an agarose gel and the bands observed were consistent with 
the expected sizes with Ldb P16 at 272 bp, Ldb P15 at 238 bp, Lac P16 
at 277 bp, and Lac P15 at 238 bp (Fig. 9). 

 Prior to in vitro transcription, the downstream end of each construct 
was cleaved with a blunt-end restriction enzyme to define the end point 
of transcription. RNA was synthesized by in vitro transcription using T7 
RNA polymerase (NEB). Both the RNA transcripts and the DNA 
templates were assayed simultaneously on a polyacrylamide gel with 
appropriate size markers for each (Fig. 10). The observed bands for the 
cleaved DNA templates were as expected. The RNA transcripts for both 
constructs from L. acidophilus (Lac) were consistent with the expected 
sizes for Lac P16 at 235 nt and Lac P15 at 195 nt. However, the 
observed sizes of the RNA transcripts from L. bulgaricus (Ldb) were 
significantly longer than the expected lengths for Ldb P16 at 229 nt and 
Ldb P15 at 194 nt. Both bands for the L. bulgaricus transcript were 50-
60 nt larger than the expected size, which may be due to self-priming at 
the 3' end of the transcript followed by RNA template directed 
extension.54 The Ldb P16 and P15 constructs will be redesigned with 

Fig. 8. Universal stress protein is associated with an mRNA that is 
predicted to interact with UspS in L. bulgaricus and L. acidophilus. 
CopraRNA and IntaRNA were used to find the predicted the 
sRNA:mRNA interactions. NCBI Blast and Uniprot were used to 
identify the protein functions. The graphical representation was 
prepared in Adobe Illustrator by Zarah Fowler based on the Alpha 
Fold model of the universal stress protein from L. bulgaricus strain 
ATCC 11842 (UniProt Q1GAV8).17,26,41,49,50,55  

Fig. 9. The UspS sRNA genes were isolated by PCR from 
L. acidophilus (P15 and P16) and L. bulgaricus (P15 and P16). 
The PCR products were assayed by electrophoresis using a 1.5% 
agarose gel in TAE with ethidium bromide staining (Bio-Rad), run 
for 45 minutes at 80 V. Gel loading dye Purple (NEB) was 
included in the samples. The 100 bp DNA Ladder (NEB) was used 
for reference. 

Fig. 10. Transcription reactions and DNA templates were assayed 
by native PAGE for four UspS constructs: Lac P16 and P15, and 
Ldb P16, and P15. RNA transcripts: Reactions for each construct at 
24 mM and 36 mM MgCl2. Digests: DNA templates digested by a 
blunt-end restriction enzyme prior to transcription. Both RNA and 
DNA products were assayed by electrophoresis on a 4‑20% Tris-
glycine native PAGE gel with Tris-glycine buffer (Invitrogen) for 
45 minutes at 200 V. The RiboRuler Low Range RNA Ladder 
(Thermo Scientific) and the 100 bp DNA Ladder (NEB) were used 
as reference. The gel was stained with SYBR Green II (Molecular 
Probes). 
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sequence variations at the 3' end to find a better template for these RNA 
transcripts. 

Structural Stability of UspS RNA  

 The initial characterization of the RNA transcripts used differential 
scanning fluorimetry to assay for secondary or tertiary structure.43 All 
four constructs were assayed for thermal stability in the presence of a 
fluorescent reporter dye at two different concentrations of MgCl2. The 
fluorescence intensity was observed for each RNA sample as the 
temperature increased. A non-linear change in the decrease fluorescence 
intensity with temperature is correlated with the thermal denaturation of 
a structured RNA molecule either due to the loss of base-pairing 
interactions or tertiary contacts between nucleotides. The analysis of the 
thermal melt curves uses the negative of the first derivative of the 
change in fluorescence intensity with temperature to create and easy to 
interpret graph where peaks may indicate the melting temperature of 
various secondary or tertiary structure domains within an RNA 
molecule. For all four UspS constructs, the first derivative graphs show a 
well-defined unfolding transition near 54°C for both Lab constructs and 
at 52°C for both (Lac) constructs. For both species, the addition of the 
intrinsic terminator (P6) does not affect the melting temperature but does 
improve the intensity of the derivative peak, perhaps by minimizing 
single-stranded regions of the construct that may influence the dynamics 
of interactions with the fluorescence dye. The thermal stability of the 
UspS constructs indicates the presence of the predicted secondary 
structural elements, which can be further assayed by other methods, such 
as RNase T1 digests to map the loop regions. Smaller UspS constructs 
that focus on the P4 pseudoknot domain can be assayed for stability by 
differential scanning fluorimetry in preparation for structural studies by 
either X-ray crystallography or NMR spectroscopy. 

 
Conclusion 
 
 The investigation into the sRNA UspS in Lactobacillus species has 
provided valuable insight into its conservation and potential molecular 
functions. Multiple sequence alignment revealed significant 
conservation of sequences between Lactobacillus species, suggesting 
that this sRNA is essential for the molecular functions of lactobacilli.32 
Furthermore, secondary structure predictions show structural 
conservation of UspS P4 region between L. acidophilus and 
L. bulgaricus suggesting this is a significant site for mRNA 
interactions.26–30 The conserved structure of the P4 region suggests a 
potential correspondence between UspS and 6S RNA in Lactobacillus 
species, as most lactobacilli lack a predicted 6S RNA. Consequently, 

UspS may function similarly to 6S RNA in E. coli by forming a complex 
with the sigma subunit of RNA polymerase and inhibiting 
transcription.25,36,51 Through three-dimensional modeling and genetic 
mapping, potential sites for translational control of protein synthesis 
were identified, providing further insight into the functional implications 
of UspS.40 Notably, the presence of a universal stress protein 
downstream of UspS in both L. acidophilus and L. bulgaricus suggests 
that UspS may interact with the mRNA of a universal stress protein. 
Other predicted mRNA interactions indicate that UspS may activate a 
change in the bacterial membrane structure in response to stress.26–30 In 
future studies, the structure of the P4 pseudoknot will be further 
characterized for a better understanding of the possible homology with 
6S RNA. 
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