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Abstract: The clustered regularly interspaced short palindromic repeats (CRISPR) are genetic
sequences that conventionally confer immunity to prokaryotes against invading genetic elements. The
objective of this work was to perform an analysis of these sequences at the thermodynamic level,
determining the minimum free formation energy (MFE) of the direct repeats (DR) and of the complete
CRISPR structures that include the spacer sequences (DRSP), and to analyze the possible relationship
between the energetics of formation and the associated non-canonical mechanism in 30 prokaryotic
reported genomes, to understand their biological significance. We found that all non-conventional
CRISPR was thermodynamically more stable and spontaneous in their formation than the rest of the
adjacent CRISPRs. The bioinformatics strategy applied allowed us to conclude that all nonconventional CRISPR were those with MFE values of higher magnitude and negative sign, that is, the
structures most favored thermodynamically for their formation. These findings could only be
established reliably with DRSP, in contrast to results obtained with their respective DR. Moreover,
spontaneity was seen as not only associated with a particular function but with aspects related to
transcription. We propose to consider the analysis of the DRSP as a strategy to discriminating that
CRISPR with determinant roles in microorganisms.are not presented and substantiated in the main text
and should not exaggerate the main conclusions.
Keywords: MFE; CRISPR; transcription.
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1. Introduction
The bioadhesion of Pseudomonas aeruginosa and the study of DMS3 warm phage
infections have been characterized in different ways [1,2,3], especially by studying the CRISPR
influence in those processes; nevertheless, the thermodynamics formation properties of
associated CRISPR matrices is not yet understood. A wide variety of virulence factors has been
described in the bacteria P. aeruginosa. These include the ability to adhere to surfaces and
mucous membranes. This adherence gives the bacteria the strength to invade and proliferate in
the host organism defending itself from immune systems and being unnoticed, especially in
fibrocystic patients (CF) [4,5,6].
However, previous works have not considered predicting the secondary structure of the
RNA species from prokaryotic precursors associated with bioadhesion in P. aeruginosa. On
the other hand, determining the thermodynamic stability of CRISPR systems should be
considered. This can be done by calculating the minimum free energy (MFE) of formation,
either from the sequences called direct repeats (DR) [7-13] or from the complete CRISPR
structure composed by DR and the spacer sequences (DRSP) [14]. In P. aeruginosa, one of the
CRISPR structures has shown to be responsible for modulating behaviors associated with
bioadhesion in the DMS3 lysogens instead of conferring immunity against invasive genetic
material [16,17,18]. So, understanding the relationship between the depicted processes and the
thermodynamic properties on the CRISPR structures would give a distinct perspective.
In CF patients, the strains of P. aeruginosa that produce biofilms colonize the
respiratory tract very efficiently by promoting the appearance of mucoid variants of this
bacterium. Once the infection of those mucoid variants is established in the patient lungs, it
persists until the final stage of the disease because the immune system is unable to eliminate
the bacteria. Up today, there are no effective treatments against strains with a mucoid
phenotype. The characterization of these variants CRISPR is important. Their ability to
modulate bioadhesion, as well as the production of exopolysaccharides, can be a determining
factor in indicating both the stages of diseases such as CF and their possible treatments [19].
Also, several authors have hypothesized an association between the presence of the CRISPR
system and their role in microbial genetic regulation and group behaviors in prokaryotes
[20,21,22].
The possibility of the existence of CRISPR structures with non-conventional functions
was initially explored by several authors. This was done by searching spacers with homology
in their sequences (or self-directed spacers) in prokaryotic genomes, a phenomenon known as
“autoimmunity” [23]. The possibility of the existence of self-directed spacers associated with
some type of regulation has been ignored, especially since the possible mechanisms of selfregulation of “autoimmunity” have already been suggested [24,25]. The role of CRISPR in the
prevention of the induction of latent viruses, the control of the expansion of mobile genetic
elements [26], genetic regulation, control of group behavior, expression of virulence genes,
genome remodeling, and DNA repair [27,28,29] have proposed the idea of a duality function
of these systems [30]. This duality could partially explain why this valuable system created to
combat invading genetic materials (i.e., phages and plasmids) is not present in all prokaryotic
genomes. Some bacterial genomes [31,32] lack the conventional function of immunity and has
perhaps adapted to selective pressures such as the use of antibiotics [33,34] fulfilling other
roles from symbiosis [35] to their path to becoming part of the regular microbiota of the human
being [36]. Therefore, in this study, we consider the not immunity-related CRISPR structures
https://biointerfaceresearch.com/

10382

https://doi.org/10.33263/BRIAC113.1038110392

as unconventional ones, including those associated with the so-called “autoimmunity” for
presenting atypical mechanisms.
As mentioned before, the understanding of CRISPR biology at the transcriptional level
is important. As far as we have known, there are no studies of CRISPR structures and their
association with non-conventional functions. Also, the prediction of the secondary structure
and determination of the thermodynamics of the formation of those CRISPR structures is still
unknown [20,22,27,28]. Since a possible structural and functional relationship between the
secondary structures derived from the DRs of various CRISPRs has been postulated [26], the
objectives of this work were to determine if the CRISPR structure associated with bioadhesion
in P. aeruginosa is thermodynamically the most stable concerning the rest of the CRISPR
structures present in the genome and to evaluate any relationship between the thermodynamics
of CRISPR structure formation and its non-conventional functions.
2. Materials and Methods
A thermodynamic and bioinformatic theoretical study of CRISPR structures related to
reported unconventional functions [20,22] was performed. The complete genomic sequences
were obtained from the GenBank/NCBI database (https://www.ncbi.nlm.nih.gov/) [36-39].
The CRISPR loci were identified using CRISPRFinder (http://crispr.i2bc.paris-saclay.fr/) and
the CRISPRdb information (http://crispr.i2bc.paris-saclay.fr/crispr/) [40]. Genomes with a
minimum of two CRISPR structures were considered for comparison. The resulting matrices
were designated in this work as CRISPR1 and CRISPR2 according to their association with
non-conventional/conventional functions, respectively (see Table 1). These results were
obtained after the prediction of the psiRNA transcribed by the CRISPR loci as described for
the analysis of the complete structures [14].
The prediction of secondary RNA structures, as well as the minimum free energy
(MFE) of formation, were determined by RNAfold (http://rna.tbi.univie.ac.at/cgibin/RNAWebSuite/RNAfold.cgi) [41]. The proposed criterion for the study of the secondary
structures of prokaryotic siRNA precursors (psiRNA) transcribed by the CRISPR loci was
based on the comparison of the thermodynamic formation of the DR [7,12,26] and the DRSP
structures [14]. The organisms, as well as the MFE of the psiRNAs are shown in Table 1. The
correlation coefficient was determined, and a T-Test was applied to establish whether there are
correlations and differences between the thermodynamic parameters calculated after the
determination of the MFE of formation of their DRs and DRSP matrices, respectively. All
analyzes were performed with the IBM SPSS-23 statistical package.
3. Results and Discussion
3.1. Thermodynamics of unconventional CRISPR structures.

The resulting sequences (30 strains) reported in the literature were characterized by
presenting CRISPR structures associated with unconventional functions or not involved with
the mechanism of acquired immunity [42,43]. We found that all non-conventional CRISPR
structures, including the one associated with modulation of the bioadhesion of P. aeruginosa,
had the highest MFE values with a negative sign. These results reveal the most favored
structures for their formation in terms of thermodynamics. The calculation of MFE associated
with the spontaneity of the CRISPR structures formation suggests that the secondary RNA
structures predicted with unconventional functions are thermodynamically more stable than the
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other neighboring structures related to the conventional role. For example, comparing two of
the CRISPR structures found in the mucoid variant of P. aeruginosa with an associated matrix
for the modulation of bioadhesion, an increase of the thermodynamic formation can be seen
compared with those structures not associated with the formation of biofilms.
In P. aeruginosa we also examined the MFE for each probable structure, the TA
(thermodynamic assembly of the RNA structures), and the position of the centroid (CP) (Figure
1A,B). No significant disparity between the thermodynamic characteristics calculated in the
matrix designated as CRISPR1 was found and can be considered as evidence of the stability of
the secondary structure transcribed from the pre-psiRNA related to the formation of biofilms.
In contrast, the predicted variations in the CRISPR2 structure. Similar results were obtained in
most of the DRSP structures in this study. In all cases, CRISPRs with possible non-canonical
functions were always the most favored thermodynamically compared to adjacent matrices.
These results were observed independently of whether the DRSP structure was directly
involved in possible regulatory functions or if its DR participated indirectly as possible
ribosomal binding sites [44], the presence of self-directed spacers [22,45], or the intervention
of their cas genes [46,47,48].

Figure 1. Secondary predicted RNA structure of the loci CRISPR in P. aeruginosa. The prediction of secondary
RNA structures, as well as the minimum free energy (MFE) of formation, was determined by RNAfold. (A) and
(B) loci CRISPR1 and 2, and the DR consensus sequence of CRISPR1 (C) and CRISPR2 (D) in P. aeruginosa,
respectively. It is also shown on the left side of each structure a graphic representation of the MFE, the
thermodynamic set of RNA structures, and the centroid structure. In addition, positional entropy for each position
and ΔG in Kcal/mol are also shown.

The results allow explaining that the CRISPR structure associated with bioadhesion in
P. aeruginosa corresponds to the thermodynamically more stable structure (MFE<0) compared
to the rest of the CRISPR structures present in its genome. On the other hand, our results show
a relationship between the lowest value of MFE for the formation of CRISPR structures
(thermodynamically more stable structures) and their non-canonical functions. These results
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could provide information based on energetic characteristics to elucidate these results, provide
some information based on energetic characteristics, and elucidate the influence of some
CRISPR structures present in systems associated with modulation of group behavior. Also,
they can be used for other structures whose participation is not clear yet, as in the case of M.
Xanthus [44], which is a microorganism with four CRISPR systems. In M. xanthus, the I-C
type CRISPR system is responsible for regulating the sporulation cascade, but no clear
participation of any of its CRISPR matrices have been found. Even though their cas genes have
been associated with a matrix with 22 DR classified as CRISPR3 [20].
Interestingly, the calculation of the thermodynamics of formation of the four structures
in M. xanthus, showed that the CRISPR thermodynamically most favored for its formation
corresponds to CRISPR1 and 4 (classified in this study as CRISPR1 and 2, respectively). The
CRISPR3 (with a matrix with DR 22) represented one of the least thermodynamically favored
in this organism [38]. CRISPR3 has been reported as a type I-A recently and suggested that the
I-C type corresponds to the CRISPR1 matrix (the energetically most favored) and that the
cluster of genes involved in unconventional function is adjacent to CRISPR4 type III-B.
Therefore, regardless of the correct classification of the CRISPR systems present in M. xanthus,
the most favored thermodynamically CRISPR structures were found flanking the genes
associated with the modulation of group behavior. Possibly their spontaneity of formation
influences the transcriptional activity of the non-canonical loci.
3.2. Biological role of the adequate determination of the thermodynamic of CRISPR structures.

After the thermodynamic calculation based on the DR [7-12] for the comparative
analysis of the MFE of formation of the CRISPR matrices and the consequent establishment
of the thermodynamically more spontaneous structures, we observe magnitudes for the
thermodynamic difference ∆𝐺𝑑 = ⃓∆𝐺(𝐷𝑅1) − ∆𝐺(𝐷𝑅2) ⃓, which are in the range of 0 ≤ ΔGd
≤ 15.6 Kcal/mol, and the average was 2.5 Kcal/mol. This small difference makes difficult the
discrimination from a thermodynamic point of view between the CRISPR structures from those
that are not, according to our criteria. These results agree with the reported thermodynamic
values of MFE formation, considering only the DR sequences. On the other hand, applying the
same strategy and considering the DRSP [10] for the structures found in the 30 resulting
sequences of this work, an MFE with clear differences between the values for the CRISPR1
and CRISPR2 structures was obtained. This difference in free energy, ∆𝐺𝐷 = ⃓∆𝐺(𝐶𝑅𝐼𝑆𝑃𝑅1) −
∆𝐺(𝐶𝑅𝐼𝑆𝑃𝑅2) ⃓, was in the range of 21.4 ≤ ΔGD ≤ 2678.8 Kcal/mol, and with an average of ΔGD
750.03 Kcal/mol (see Table 1).
These magnitudes clearly allow us to discern the stability between different CRISPR
structures. This observation is reinforced because we found no significant differences between
the formation thermodynamics from DR1 and DR2 (p>0.01), whereas, conversely, significant
differences between the formation thermodynamics calculated energies of DRSP matrices
(p<0.01) was observed.
Table 1.Thermodynamic stability of CRISPR structures associated with unconventional functions.
Sp.

CRISPR–
Cas type

Bad

Dvulg

Blo

Nmeni

Cje

Nmeni

Description of the target gene or
associated function
Self-targeting for 3-Phosphoshikimate
1-arboxyvinyltransferase
Self-targeting
for
fhu
operon
transcription regulator
Cas9‑dependent
cell
surface
modification

https://biointerfaceresearch.com/

●ΔGDRi (Kcal/mol)
DR1
DR2
ΔGd

ΔGCRISPRi (Kcal/mol)
CRISPR1 CRISPR2

ΔGD

Ref.

-15.9

-9.20

6.7

-2455.80

-65.50

2390.3

11

-4.50

-0.60

3.9

-748.30

-29.50

718.8

11

0.00†

0.00

0.0

-36.70

-7.50

29.2

10
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●ΔGDRi (Kcal/mol)
DR1
DR2
ΔGd

ΔGCRISPRi (Kcal/mol)
CRISPR1 CRISPR2

ΔGD

Ref.

-1.90

-0.70

1.2

-1891.70

-413.50

1478.2

11

-16.0

-0.40

15.6

-1143.90

-162.90

981.0

11

Csx.tneap

Description of the target gene or
associated function
Self-targeting
for
succinyl-CoA
synthetase, beta subunit
Self-targeting
for
amidophosphoribosyltransferase
Self-targeting for several genes*

0.00

1.3

-442.00

-103.60

338.4

11

E sp.

Y pest

Self-targeting for FdrA family protein

-8.60

0.0

-420.80

-354.77

66.0

11

Eco

E coli

DNA repair by Cas1

-1.30
8.60†
4.20†

-14.2

0.0

-361.80

-168.30

193.5

10,11

Sp.

CRISPR–
Cas type

Cli

Csx.RAMP

Cph

Unknown

Cte

Objective of self-targeting not
-3.00 0.00
3.0
-265.30
-46.00
219.3
11
determined
Cas9‑mediated downregulation of
Ftu
Nmeni
-2.70 -4.20 1.5
-165.30
-97.60
67.7
10
BLP production
Self-targeting for putative acyl-CoA Fal
E coli
-15.1 0.0
-3380.00
-976.40
2403.6 11
dehydrogenase
5.10†
Self-targeting
for
amino
acid
F sp.
Dvulg
-15.5 -22.2 6.7
-1284.20
-875.20
409.0
11
adenylation
Self-targeting for 2-methylisocitrate
Gre
Unknown
-14.3 -12.9 1.4
-940.40
-863.10
77.3
11
lyase
Mhu
Csc.apern
Dihydroorotate dehydrogenase 1B
-8.60 -3.80 4.8
-1554.30
-1189.00
365.3
11
Sgr
E coli
PII uridylyl-transferase
-12.3 -13.2 0.9
-771.10
-660.10
111.0
11
Orphan/CRI
Regulation of feoAB operon by partial
Lmo
-1.20 -9.60 8.4
-51.90
-30.50
21.4
10
SPR
complementarity
Self-targeting for glycosyltransferase,
Mﬂ
Dvulg
-13.1 -14.4 1.3
-2806.30
-797.70
2008.6 11
group 1
Self-targeting
for
ParC/GyrA;
Mga
Nmeni
-5.10 -0.30 4.8
-1051.20
-9.80
1041.4 11
topoisomerase IV subunit A
Mxa
Dvulg
Regulation of fruiting body formation
-12.5 -7.80 4.7
-1755.40
-908.00
847.4
10,11
Self-targeting
for
transcriptional
Nfa
E coli
-15.1 -14.5 0.6
-968.70
-378.80
589.9
11
regulator
Removal of genomic regions by selfPat
Y pest
-9.10 -8.60 0.5
-646.20
-199.10
447.1
10
targeting
Ppr
Ecoli
Self-targeting for several genes**
-14.3 -12.2 2.1
-1267.10
-42.00
1225.1 11
Self-targeting
for
saccharopine
Pgi
RAMP
-3.90 -3.80 0.1
-406.30
-152.00
254.3
11
dehydrogenase
Pae
Y pest
Based on partial complementarity
-9.10 -8.60 0.5
-557.80
-399.10
158.7
10
Objective of self-targeting not
Pho
Unknown
-2.10 -3.40 1.3
-1235.00
-495.40
739.6
11
determined
Pfu
RAMP
Cleavage of complementary mRNA
0.00
0.00
0.0
-743.05
-571.70
171.4
10
Self-targeting for PAS domainRte
M tube
-8.10 -6.10 2.0
-5416.70
-3428.20
1988.5 11
containing protein
Objective of self-targeting not
Sar
E coli
-13.4 -11.6 1.8
-1197.40
-857.90
339.5
11
determined
Self-targeting for multidrug resistance
Sav
E coli
-12.6 -10.9 1.7
-1971.70
-1213.80
769.4
11
efflux protein
Self-targeting for phosphotransferase
Ype
Y pest
-9.10 -8.60 0.5
-141.10
-53.30
87.8
11
enzyme II, a component
Bad (NC_008618.1), Blo (NC_004307.2), Cje (NC_002163.1), Cli (NC_010803.1), Cph (NC_010831.1), Cte (NC_004557.1), Esp.
(NC_009436.1), Eco (NC_007779.1), Fps (NC_009613.3), Ftu (NC_008601.1), Fal (NC_008278.1), Fsp. (NC_007777.1), Gre
(NC_009483.1), Mhu (NC_007796.1), Sgr (NC_010572.1), Lmo (NC_003210.1), Mfl (NC_007947.1), Mga (NC_004829.2), Mxa
(NC_008095.1), Nfa (NZ_LN868938.1), Pat (NZ_CP007744.1), Ppr (NC_008609.1), Pgi (NC_010729.1), Pae (NC_002516.2), Pho
(NC_000961.1), Pfu (NC_003413.1), Rte (NC_009767.1), Sar (NC_009953.1), Sav (NC_003155.5), Ype (NC_003143.1), are the acronyms
of Biﬁdobacterium adolescentis, Biﬁdobacterium longum, Campylobacter jejuni, Chlorobium limícola, Chlorobium phaeobacteroides,
Clostridium tetani, Enterobacter sp., Escherichia coli, Flavobacterium psychrophilum, Francisella tularensis, Frankia alni, Frankia sp.,
Geobacteruranii reducens, Methanospirillum hungatei, Streptomyces griseus, Listeria monocytogenes, Methylobacillus ﬂagellatus,
Mycoplasma gallisepticum, Myxococcus xanthus, Nocardia farcinica, Pectobacterium atrosepticum, Pelobacter propionicus, Porphyromonas
gingivalis, Pseudomonas aeruginosa, Pyrococcus horikoshii, Pyrococcus furiosus, Roseiﬂexuscas tenholzii, Salinispora arenicola,
Streptomyces avermitilis, and Yersinia pestis respectively species (Sp) found by their respectively accesion number at the GenBank.
●ΔGDRiwhere i ₌ 1 or 2, CRISPR–Cas, clustered regularly interspaced short palindromic repeats–CRISPR-associated proteins; DR1 and DR2,
direct repeats (DR) of CRISPR1 and CRISPR2; CRISPR1 and CRISPR2, CRISPR structures designated by the authors as 1 and 2; •ΔGDRi;
minimum free energy (MFE) of the consensus sequence of DRi; ΔGCRISPRiwhere i ₌ 1 or 2, MFE of the complete CRISPR structure.; DR1 vs
DR2, (p > 0.01); CRISPR1 vsCRISPR2, (p < 0.01); DR1 vs CRISPR1, (r < 0.4); DR2 vs CRISPR2, (r < 0.2); ΔG of similar DR1 and DR2 in
the same CRISPR structure and, therefore, this are not thermodynamically differentiable with the determination of the MFE starting only from
the DR; ∆𝐺𝑑 = ⃓∆𝐺(𝐷𝑅1) − ∆𝐺(𝐷𝑅2) ⃓; ∆𝐺𝐷 = ⃓∆𝐺(𝐶𝑅𝐼𝑆𝑃𝑅1) − ∆𝐺(𝐶𝑅𝐼𝑆𝑃𝑅2) ⃓; *Self-targeting for putative S-layer, stage IV sporulation
protein A,DNA mismatch repair protein, phosphoribosylformylglycinamidine synthase II, and putative sporulation sigma-E factor
processing;**Self-targeting for histidyl-tRNAsynthetase, hydrophobe/amphiphile efflux-1 (HAE1) family, DNA topoisomerase I and RND
efflux system outer membrane lipoprotein.
Fps

Nmeni

These results demonstrate that the discriminative biological value of the DRSP
structures is strong and should not be ignored, especially because we found a very low
correlation between the formation thermodynamics calculated from the DR and its
corresponding CRISPR matrix (r<0.4 for CRISPR1 and r<0.2 for CRISPR2). Therefore, we
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consider determining ΔGD in future studies to establish stability between CRISPR matrices.
Additionally, when carrying out an APC, we found that the thermodynamic stability of the
complete CRISPR matrices can explain about 40% of the variability observed. A result that
corresponds to the obtained through a DCA with which we were able to determine that the
thermodynamic stability of complete CRISPRs has the highest qualifying and discriminatory
weight of the phenomenon, under the conditions of our study.
Studies on the entropic contribution to the formation of DRSP structures are being
carried out by our group. In this direction, we present a preliminary analysis of the difference
in entropy of the DRSP structures of P. aeruginosa. The results show that the entropic
contribution to the formation of the structure as a function of the position of the nucleotides in
the CRISPR1 matrix has a higher magnitude and lower fluctuation compared to the behavior
of positional entropy per nucleotide for CRISPR2, whose magnitude is lower and has a greater
fluctuation of this property with the position of the nucleotides (see Figure 1A, B).
Interestingly, in the same figure, the positional entropy per nucleotide associated with the DR
structures reach lower values as expected due to their size and less flexibility (few degrees of
freedom) than those obtained for the larger CRISPR structures with greater flexibility. Also,
the difference in entropy between the DR structures has a value very close to zero with respect
to the position of the nucleotides (see Figure 1C,D). Relating entropy as a parameter of
structural and transcriptional flexibility with the activity of CRISPR systems becomes of
interest to us.
3.3. Discussion.

Sequences of P. aeruginosa did not show significant differences between the
thermodynamic characteristics in the matrix CRISPR1, contrasting to variations in the
CRISPR2, and analogous results obtained in most of the DRSP. These patterns have been
described in other CRISPR with thermodynamic characteristics that have been related to
stability [14,15,45]. Determining ΔGD to establish stability between CRISPR matrices
becomes evident if we take into account that the formation MFE exhibited by DR1 and DR2
of the species Enterobacter sp., F. alni, C. jejuni, P. furiosus, and E. coli present very similar
ΔG to each other (Table 1). This could be due to the fact that although DR can be used to
establish evolutionary relationships [46] and although they can present mutations that generate
sequences that are not always true palindromes or symmetrical in their entirety [33] with an
important epidemiological and typing value [47]. However, DRs are families of repetitions
formed by identical sequences in prokaryotes with constant sizes between 15 and 50
nucleotides, with highly conserved functional relationships [35,48,49]. Therefore, the
developed algorithms look for sequences with these characteristics [36,50-55].
This fact would partially explain the lack of differences between the thermodynamics
of DR formation. Other studies have observed that RDs can be variable and that several
organisms can be grouped based on sequence similarity. Some of these groups have
pronounced secondary structures with compensatory base changes [56]. The conservation of
RD causes that CRISPR-like transcripts, which are more active or with more spontaneous
formation, can be differentiated correctly when evaluating the DRSP that integrates such DR
and the spacer sequences [57,58]. The discriminative aspect is more conspicuous in the case of
the species M. flagellatus, P. horikoshii, G. bethesdensis, F. novicida, and L. monocytogenes,
which present DR with ΔG that do not correspond with the thermodynamically more stable
CRISPR structures (see Table 1). Therefore, an analysis based only on the thermodynamics of
https://biointerfaceresearch.com/
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DR formation would lead to an unreliable determination of the most active CRISPR structures.
This is important at the biological level because CRISPR transcripts play the role of long
crRNA precursors. These precursors must then be excised to generate mature RNAs serving as
guides for the direction of nucleic acid degradation in both the canonical mechanism
[43,50,59,60] and the unconventional [11,29,61].
Our results are consistent with those described in the literature in terms of that structures
with a longer stem tend to have a lower MFE representing more stable structures [8,62]. In
other words, the longer the stem, the greater the stability of the predicted transcribed secondary
structure. The increase in the length of the stem is probably related to an increase in the entropy
of the system (ΔS ≥ 0). This would be associated with a greater number of electronic, rotational,
and vibrational degrees of freedom for a more flexible structure (less rigid). Also, the entropic
term (-TΔS) would contribute favorably to the feasibility of the formation of the structure,
matching a decrease in the free energy of the system, and possibly favoring the transcription of
the CRISPR matrices. Moreover, our results could be related to those obtained in other studies
on RNA species such as microRNAs (miRNA) and small interfering RNAs (siRNAs) that show
an association between thermodynamic stability and their mechanisms. These studies suggest
that the thermodynamic properties of these RNA molecules play a central role in the
determination of their functionality, facilitating various aspects associated with the
mechanisms of interference [63,64,65].
These observations recall the role of the so-called pre-siRNA [10] or crRNA (CRISPRRNA) [66,67], which must be cleaved enzymatically to generate RNA guides for the direction
and degradation of nucleic acids [43,68], analogously to interfering RNA (siRNA)
[42,50,51,69,70]. This aspect has allowed other authors to formulate the hypothesis that the
CRISPR system in prokaryotes could also participate in the regulation of genes based on the
conceptual analogy between iRNA and CRISPR [20,69]. Beyond this well-established
function, CRISPR-Cas systems have been observed to play alternative roles in physiology.
These functions of unconventional CRISPR-Cas systems playing important biologic roles in
oxidative stress tolerance, antibiotic resistance, extracellular structure formation, DNA repair,
and host-microbe interactions; however, the molecular mechanism of many alternative
CRISPR-Cas functions has not yet been fully elucidated [71], that is why, it is important to
highlight that although the results obtained in this work are interesting, and highlight a possible
correlation or thermodynamic characteristic for the discrimination between the canonical
CRISPR structures and the unconventional ones, associated predominantly with virulence
factors for the 30 strains considered in the present study, it would be necessary to corroborate
through a broader study if our observations on a potential “thermodynamic trace” in CRISPR
unconventional, as described in other RNA species [72], are also maintained in canonical
CRISPR structures.
Hence, we are currently working on this orientation since it is now possible to assume
that the spontaneity involved in the formation of the CRISPR matrices is not associated with a
particular function, but with aspects related to the transcription of the loci, that is, probably the
most favored thermodynamically minimum energy structures always turn out to be the most
active or those with the highest transcriptional activity in response to stress between the
systems present in a genome, but regardless of whether these structures have been selected to
fulfill a function of immunity or any other of those described as part of their possible duality.
Deeper studies to verify the generality of our results are necessary and pertinent due to the fact
that the same CRISPR matrix can mediate the immune or regulatory response [73], and this
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phenomenon could be influenced by the structural and longitudinal characteristics of each
CRISPR structure due to the spacer sequences stored in these matrices. These sequences of
high variability impact the thermodynamics of the overall formation of the primary transcript,
and in this sense, if all the CRISPR structures present are transcribed [73], they probably
compete with each other through the thermodynamic stability of their formation.
4. Conclusions
The bioinformatics strategy applied in this work allows us to conclude that all the nonconventional CRISPR structures, including the one associated with the modulation of the
bioadhesion of P. aeruginosa, turned out to be those matrices with higher MFE values and
negative sign. The results also show that the spontaneity involved in the formation of CRISPR
structures is not associated only with a particular function but with aspects related to the
transcription of the DRSP. In the absence of experimental data, this strategy would allow
discriminating considering both the DRSP and the thermodynamics of formation in those
CRISPRs that have determinant roles in the microorganisms from those that do not.
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