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Abstract

Microorganisms react to the rapid temperature dowfinsvith a specific
adaptative response that ensures their survivainfavorable conditions. Adaptation
includes changes in membrane composition, in tadéinsl and transcription machinery.
Cold shock response leads to overall repressianaoglation. However, temperature
downshift induces production of a set of specifiotpins that help to tune cell
metabolism and readjust it to the new environmeadalditions. ForEscherichia coli
the adaptation process takes only about four heudts a relatively small set of
specifically induced proteins involved. After thisne, protein production resumes,
although at a slower rate.

One of the cold inducible proteins is RNase R, afethe mainE. coli
ribonucleases involved in RNA degradation. RNage & exoribonuclease that digest
double stranded RNA, serves important functiond)RMA maturation and turnover,
release of stalled ribosomes by trans-translaaod, RNA and protein quality control.
The level of this enzyme increases about ten-féier aold induction, and it is also
stabilised in cells growing in stationary phasee RNase R ability to digest structured
RNA is important at low temperatures where RNA diites are stabilized but the exact
role of this mechanism remains unclear.

Although specific bacterial cold shock response wigscovered over two
decades ago and the number of proteins involvedesuig that this adaptation is fast
and simple, we are still far from understanding fhriocess.

In our work we aimed to discover the proteins iaténg with RNase R in
different environmental conditions using TAP tagthnoel and mass spectrometry
analysis. The information obtained can be usecethude some of the new functions of
RNase R during adaptation of bacteria to cold andtationary growth phase. Most
importantly RNase R can be recruited into a higheaudar mass complex of protein in

cold shock.
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Resumo

Os microrganismos reagem a subita descida de tatoperatravés de uma
resposta adaptativa especifica que assegura a dluaviséncia em condicdes
desfavoraveis. Esta adaptagcdo inclui alteracdescamaposicdo da membrana, na
maquinaria de traducéo e transcricdo. A resposthague térmico pelo frio induz uma
repressao da transcricdo. No entanto, a descitieng®eratura induz a producdo de um
grupo de proteinas especificas que ajudam a djestgustar o metabolismo celular as
novas condi¢cdes ambientais. Encoli o processo de adaptacdo demora apenas quatro
horas, no qual um grupo de proteinas especifiaasngézidas. Depois desde periodo
recomeca lentamente a producao de proteinas.

A ribonuclease R, uma das proteinas induzidas tei@rchoque térmico pelo
frio, € uma das principais ribonucleases Ensoli envolvidas na degradacdo do RNA.
E uma exoribonuclease que degrada RNA de cadeia,cagssui fungdes importantes
na maturacao e “turnover” do RNA, libertacdo desdomas e controlo de qualidade de
proteinas e RNAs. O nivel celular desta enzinmaeguia até dez vezes ap0s exposicao
ao frio e estabiliza em células na fase estacianéricapacidade de degradar RNA de
dupla cadeia é importante a baixas temperaturasdquas estruturas de RNA estdo
mais estaveis. No entanto, este mecanismo é de=zidoh

Embora a resposta especifica ao “cold shock” teid@ descoberta ha mais de
duas décadas e o numero de proteinas envolvidasremg que esta adaptacao é rapida
e simples, continuamos longe de compreender este$so.

No nosso trabalho pretendemos descobrir protein@s imferactuem com a
RNase R em condicdbes ambientais diferentes atraésmétodo “TAP-tag” e
espectrometria de massa. A informacéo obtida pedetsizada para deduzir algumas
das novas funcdes da RNase R durante a adaptagi@oidraa ao frio e durante a fase
estacionaria. Mais importante ainda, RNase R posleraecrutada para um complexo

de proteinas de elevado peso molecular duranteld-s&thock”.
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1. Introduction

Microorganisms have to constantly adapt to differenvironmental changes.
These changes include nutrient and oxygen avatigbdhanges in temperature and
osmotic stress. To survive and adapt to these @sargacteria induce or repress the
expression of certain genes leading to changeselh pghysiology. Capacity of
adaptation is one of the reasons why bacteria oarive under extreme conditions.
Understanding mechanisms of bacterial adaptationhedp developing strategies to
avoid bacterial proliferation in unfavorable comalis like cold, with important
applications in food and pharmaceutical industry.

1.1 Cold shock response

One of the environment changes that bacteria haviace is the temperature
change. With a downshift of the temperature, b&cteract with a specific response
called the cold shock. This mechanism is triggebgdan abrupt shift of a culture
growing exponentially from its optimum growth temgieire (37°C) to a lower
temperature (15°C). The cold shock response altbersell to react and adapt to these
changes.

After temperature decrease a number of changesr oecuthe cellular
physiology. These effects include a decrease imtambrane fluidity, stabilization of
secondary structures of nucleic acids, which lgada reduced efficiency of mRNA
translation and transcription, inefficient foldirgf some proteins and inhibition of
ribosomal translation(68, 116, 117, 137).

Upon temperature downshift there is a transiemsawof cell growth. This period
is termed acclimation phase. Translation of mostegestops and protein synthesis is
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blocked (82) except for a group of cold inducibtetpins (CIP) that are even induced.
During this adaptation period the expression ofdblel shock proteins increases. After
acclimation phase cells become adapted to low teatyre and resume growth at a rate
that is slower than the one before the cold shadkgtion. The expression of the cold

inducible proteins declines and the bulk proteintisgsis restarts, adapted to the cold
(Fig.1).

cold shock

!

physiological growth = acclimation ' cold adapted growth

non - CIPs
CIPs

Protein synthesis

Time

Figure 1 —Representation of the protein expression pattaar abld shock induction
(Adapted from Kalbitzer et al. (73)).

Bacteria sense the change in temperature mairtlyeaevel of cell membrane,
nucleic acid and ribosomes (116).

Different environmental conditions can change thtered of DNA supercoiling,
which affects the expression of several genes.stipercoiling of DNA presumably can
act as a thermosensor and its regulation is impbitia maintain the DNA related
functions. These functions include replicationngeription and recombination (53, 72).
After temperature downshift the usual negative stgkng state of DNA transiently

increases (108). Consequently, the arrangemeneketthe -10 and -35 region of some
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promoters is modified affecting the recognitiorsofmes’® promoters such as the cold
inducibleEscherichia coli recA promoter (145).

Bacteria also sense the temperature decrease #&evikleof ribosomes (141).
Artificially inducing high levels of the guanosiré triphosphate-3’ diphosphate and
guanosine 5 diphosphate-3’ diphosphate the exjessf cold shock proteins
decrease. However, at low concentration increabes fproduction affecting the
magnitude of the cold shock response (77).

The membrane composition is also affected by thmpé&zature downshift. There
is a decrease in the membrane fluidity which lezedls to lose viability. IrEscherichia
coli a rapid temperature downshift can induce phasaragpn of phospholipids. This
causes an increase in membrane permeability arsibppdeath (30).

The membrane of Gram negative cells is composedipopolysaccharides
(LPS), which consist of a distal polysaccharideafi¥gen), a core polysaccharide and
lipid A. E. coli Lipid A is required for growth (125, 126), and ewsis of two
glucosamine with attached acyl chains (fatty acida) normally contain one phosphate
group on each carbohydrate. Laurate (glyceryl k&)iia the fatty acyl chain of lipid A,
usually detected in cells growing at 37°C. Howear|ow temperatures, there is a
decrease in laurate counterbalanced by the apmea@npalmitoleate (palmitoleate
acid) (35). In contrast with laurate, that is ausatied fatty acid, palmitoleate is an
unsaturated fatty acid. Unsaturated fatty acidsegame membrane fluidity and lower its
phase transition temperature. Palmitoleate hasubledond ligation, which causes the
bending of fatty acid molecules and leads to a peseking (Fig. 2).

LpxL is an acyltransferase that attaches lauratéhéolipid A (134) and is
important for lipid A synthesis at normal growth nditions. However, at low
temperatures, LpxP (LpxL orthologue) is also exgpeds LpxP is a cold inducible
protein involved in cold-adapted replication. lrexuired for the production of lipid A
adapted to the cold, because attaches palmitoledatee Lipid A molecule instead of
laurate (134, 143). LpxP was also foundShewanella oneidensis and described to be

induced during cold shock (59).
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Palmitoleic acid Glyceryl laurate

o
T ey AN N NN N NN OH

Figure 2 — Representation of membrane fluidity according te lipid composition.
Palmitoleic acid has a double bond ligation thatises the bending of fatty acid

molecules, while glyceryl laurate has only a singad ligation.

In Bacillus subtilis, adaptation to the cold shock also triggers changete
membrane. The adaptation of membrane fluidity t® stress condition involves a rapid
desaturation of fatty acids in existing phosphd&iThis happens by induction of fatty
acid desaturase (Des) due to an increase of faily @&he induction of Des is regulated
by the sensor kinase DesK and the response regida&R (4) The trans-membrane
domain of DesK was described as a probable serisgbe asnembrane fluidity (5With
an abrupt shift to a lower temperature, DesK phosgates the transcriptional activator
DesR which subsequently binds to the promoter & dbs gene and activates
transcription of the D5-desaturase. This enzymalygzads the reaction to introduce a
double bound into preexisting fatty acids tails pffospholipids inside the cellular
membrane. This will increase the fluidity of themiane bilayer, as a response to the
decrease in temperature (3, .64) Legionella pneumophila, during adaptation to cold
shock, bacteria increase the levels of unsatufatgdacids and lipid A (135).
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1.2 Cold induced proteins

After the cold shock induction, cells enter in #exlimation period in which a
group of cold inducible proteins (CIP) are exprées$dost of these cold shock proteins
are essential for the cell to survive at low terapaes and they are involved in

different cellular processes (80, 82, 137). Pratemith described or presumptive

functions during cold shock response are listetdlie 1.

Gene Product Description/Function in cold shock Refrences
acekE AceE Pyruvate dehydrogenase, decarboxylase. (78)
aceF AceF Pyruvate dehydrogenase, dihydrolipoamide acetyfesase. (78)
CSpA CspA Cold-inducible RNA chaperone and anti-terminat@nscriptional enhancer. | (19, 20, 63, 76,
90, 132)
cspB CspB Cold shock inducible; Function unknown. (78, 119)
cspE CspE RNA chaperone; transcriptional antitermination. (71, 119, 149)
cspG CspG Cold shock protein homolog, cold-inducible; Funatimknown. (105)
cspl Cspl Cold shock protein, cold shock inducible; Functimknown. (146)
deaD DeaD /CsdA | ATP-dependent RNA helicase, facilitates translatioh mRNAs with 5'| (17, 81, 109)
secondary structures.
dnaA DnaA DNA binding and replication initiator, global tramption regulator. (11)
oyrA GyrA DNA gyrase, subunit A; DNA-binding/cleaving/rejaig subunit of gyrase. (80)
hns H-NS Nucleoid protein, transcriptional repressor, Regsesupercoiling. (12, 51, 80, 90)
hscA Hsc66 DnaK-like chaperone (93)
hscB HscB DnaJ-like co-chaperone for HscA. (93)
hupB Hup Nucleoid protein, DNA supercoiling. (61, 108)
infA IF1 Protein chain initiation factor IF1, Translatioritiation. (49, 147)
infB IF2 Protein chain initiation factor IF2, Translationtiation, fMet-tRNA binding, | (29, 70, 78)
protein chaperone.
infC IF3 Protein chain initiation factor IF3, Translationitiation, stimulates mRNAS (69)
translation.
IpxP LpxP Lipid A synthesis; cold temperature inducible. (35, 134, 143)
nusA NusA Transcription termination/antitermination/elongatiofactor. (58, 78)
OtsA OtsA Trehalose phosphate synthase; cold- and heat-eéddadtical for viability at (83)
low temperatures.
otsB OtsB Trehalose phosphate phosphatase; cold- and heaieed, critical for viability| (83)
at low temperatures.
pnp PNPase 3'-5' exoribonuclease; component of RNA degradosawld shock protein (52, 78, 154, 156)
required for growth at low temperatures.
rnr RNase R 3’ -5’exonucleases; increases 10-fold in cold shock (9, 14, 28, 41)
rbfA RbfA Ribosome binding factor required for efficient pgesing of 16s rRNA; cold- (24, 50, 79, 151)
shock adaptation protein.
recA RecA General recombination and DNA repair; inductiorthef SOS response. (78, 144)
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tig Trigger factor | Protein folding chaperone, multiple stress protébgsome binding. (83, 84)

ves Ves Cold and stress-inducible protein, function unknown (152)

ViiA pY Protein Y, associated with 30S ribosomal subumihilits translation at the (2)
elongation stage.

Table 1 — Representation of th&. coli cold shock genes, products and respective

functions.

The cold shock proteins can be divided in differgraups according to their
functions.

Several of these proteins are involved in RNA melial. A group of cold
shock proteins is involved in transcription: thddcehock proteins (Csp) family, that
can work as RNA chaperones but are also involvettanscriptional antitermination
(19, 20, 63, 76, 90, 132), DeaD helicase, that w@k RNA chaperone and facilitates
translation of MRNAs with 5’ secondary structure do its RNA unwinding activity
(17, 81, 109, 139) , histone-like protein H-NS ranscriptional repressor (12, 51, 80,
90), and the transcription factor NusA (58) thatinwolved in the transcription
termination, antitermination and elongation of tctta (58, 78).

During the cold shock response two 3’ -5’ exonusésaare involved in the RNA
degradation. Polynucleotide phosphorylase (PNPases) shown to be required for
growth at low temperature (13, 52, 78, 154, 15ékcively degradesspA mRNA at
15°C and represses the CspA homologues productithreand of the lag phase (114,
154), and the ribonuclease R (RNase R) increasdgvel about 10-fold in the cold
shock (9, 14, 28, 41).

The RNA translation process involves the ribosonmelibhg factor RbfA that
works in maturation of ribosome at low temperat(#¢, 50, 79, 151), the translation
initiation factors 1F1(49, 147), IF2 (29, 70, 78)dalF3 (69), and the protein Y (pY) that
inhibits translation at the elongation phase (¥).ipa protein with 12.7 kDa shown to
stabilize ribosomes against dissociation (1). Iha$ detected in ribosomes from cells
growing at physiological temperature. This prot&nonly found in ribosomes from
cells growing at low temperatures, or in ribosorfresn cells that have reached the
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stationary phase at a physiological temperatureispable to inhibit translation at the
elongation stage by blocking the binding of amind@RNA to the ribosomal A site
and subsequently decline the protein synthesisexample, during cold shock. When
growth is resumed, pY is no longer detected in stmes which suggests that it
function is to arrest translation in response toeamironmental stress such as cold
shock (2).

The cold shock proteins are also required for DNétabolism. These proteins
are: a DNA binding and replication initiator (Dnaf}1), a DNA gyrase subunit A
(GyrA) (80), the DnaK-like chaperone (Hsc-66) (28)d the DnaJ-like co-chaperone
(HscB) (93), the nucleoid protein Bunvolved in the DNA supercoiling (61, 108) and
the general recombination and DNA repair proteioARE/8, 144).

The cold shock proteins that are not grouped inRN& or DNA metabolism
are divided in two functional categories accordingheir targets: lipids or proteins. To
the lipid group belong LpxP that is involved in theid A synthesis. In the protein
group are described the OtsA and OtsB trehalossptates and the trigger factor. The
OtsA and OtsB contain a cold box characteristithefcold shock mRNAs, are critical
for cell viability at low temperatures (83) and ithenduction is dependent on RpoS,
increasing 8-fold upon temperature downshift (118)e trehalose mRNAs were also
shown to enhance stability at low temperature (83)was suggested that, at low
temperatures trehalose acts by preventing denmturand aggregation of proteins,
functioning as a free radical scavengevivo, protecting against oxidative damage and
stabilizing cell membranes (83). The trigger fagtoa protein folding chaperone that is
induced after a lag period of 2-3 hours upon ctldck and maintains cell viability at
low temperatures (83, 84). This protein can assecwth ribosomes and has an
important role in co-translational protein foldii8, 103). The cell viability at 4°C
revealed direct correlation with the intracellulavels of the trigger factor, which is
presumably due to its ability to help protein sw#ils and folding at low temperature
(84). Other cold shock proteins are induced at temvperatures but their functions are
not determined yet. They are two pyruvate dehydrages, AceE and AceF (78), and
Ves a cold and stress inducible protein (152).
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The induction levels of the cold shock proteins @iféerent. InE. coli, CspA,
CspB, CspG, Cspl, DeaD, RbfA, NusA, PNPase and BNasre the most increased

proteins comparing to the other CIP.

1.3 RNA metabolism under cold shock

Accordingly to the Central Dogma of Biology, thengéc information is
processed from DNA to RNA to Protein. DNA is replied while cell divides, is
transcribed into RNA and subsequently translatéal pmotein. The gene expression is
determined by the efficiency of transcription of Bfb mRNA, the stability of mRNA,
and the frequency of mMRNA translation into proteilmsgeneral the RNA population
can be divided in four different categories: megserRNA (MRNA), ribosomal RNA
(rRNA), transfer RNA (tRNA) and small non-coding R8I However, these molecules
can have different cellular functions, like workirag enzymes (ribozymes) or as
regulators of genetic expression.

The RNA metabolism at 37°C can be different from ¢ime at low temperatures.
With the decrease of the temperature, RNA secondamyctures are more stable.
Presumably, with RNA stabilization the transcripticlongation, the ribosomal
movement on RNA and then translation, slows dowonsgquently, it requires proteins

that destabilize these structures and allow thededic processes to proceed.

1.3.1 Cold shock proteins — Csp

Csp is a family of small structurally related nuclacid-binding proteins (115)
which are composed of the typical cold shock dom@&@®D). These proteins bind
preferentially to single-stranded RNA or DNA (7®11 157). The Csp i&. coli family
includes nine members, CspA (63), CspB (92), C$pEpD, CspE, CspF, CspG (112),
CspH and Cspl (146). From these, only CspA, CspghE; CspG and Cspl are cold
inducible (63, 92, 112, 146).
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The Csps have been functionally linked to the nemabhce of chromosome
structure and DNA replication (36) and also affécanscription by acting as
transcription antiterminators. The majority of t@sp are able of binding DNA (76,
119, 153). At low temperatures, with the stabii@atof RNA structures the protein
translation is hampered. The Csp proteins functamchaperones, is crucial due to
MRNA stability in cold conditions. CspA, the majoold induced Csp, function as an
RNA chaperone and destabilize the secondary stegt{r6). The CspE protein melts
partially double stranded and hairpin structure®0f1 CspE was also shown to bind
poly-A tails and thereby, stabilizing mRNA by retug degradation by PNPase and
RNaseE (56). CspE and CspC are expressed at lgithahd low temperatures (155)
and have a critical impact on the stabilizatiortrahscripts for a global stress response
regulator (rpoS) and the universal stress respprwtein (uspA) (118).

In B. subtilis three proteins homologous o coli CspA were identified (CspB,
CspC and CspD), which are induced at low tempezat67, 148) In many other

bacterial microorganisms this type of cold shoak@ns were also described (66, .68)

1.3.2 CspA

CspA was originally identified as the major coldbek protein (63). After the
cold shock induction, its level increases up to 18Rthe total protein content of the
cells (63).

The regulation of CspA and its homologues expressiaring the cold shock
induction occurs at the levels of transcription, MfRstability and translation.

The induction ofcspA, at low temperatures, does not require any additiona
transcription factors (116). ThespA, cspB, cspG and cspl have an unusually long 5'
untranslated region (5-UTR). The 5-UTR containsighly conserved unique 11-base
sequence called the cold box (75, 150). The coll iboa presumed transcriptional
pausing site and is involved in the repressiorspA expression (116). ThespA 5'-
UTR is thought to be responsible for the extrensainility of cspA mMRNA at 37°C,
but has a positive effect on mMRNA stabilizatioritie cold shock (107).
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The pA mRNA is dramatically but transiently stabilized iradiately
following cold shock. Its promoter is active at 87 However, CspA is hardly detected
at 37°C due to the instability of its mRNA.

The cspA mMRNA also contains a unique sequence located ldskdmvnstream
of the initiation codon, the downstream box. Ipresent in CspB, CspG, Cspl, CsdA
and RDfA and is presumed to enhance translatidiation in the cold shock mRNAs by
facilitating the formation of translation preinti@n complex through binding to 16S
rRNA. However, the exact mechanism of the enhaneiifgct on translation initiation
by the downstream box remains unknown (107, 110).

CspA and its homologues have been characteriz&Naschaperones, and this
function is thought to facilitate translation atdemperatures (19, 65, 76, 78). These
structures of RNA stabilize at low temperatures I&gpA and its homologues
presumably can destabilize the secondary structaneks facilitate transcription and
translation by acting as RNA chaperones. At lowgderatures, the secondary structures
of RNA stabilize, which presumably slows down thanscription elongation and the
ribosomal movement on RNA and thus translation. ACsnd its homologues
presumably can destabilize the RNA secondary strest and thus facilitate
transcription and translation. The increased lew¢I€spA after cold shock may be
important for compensating the higher stabilitysetondary structures in RNA at low
temperatures (116). IB. coli, CspA and its homologudsnds RNA without apparent
sequence specificity and with low binding affin{§6). CspB, CspC and Csyatte able
to more selectively bind RNA/ssDNA (116). The rgpecific and weak binding of
CspA homologues to RNA/ssDNA are also importanttfee chaperone function, as
binding of the protein would not hamper ribosomeseroent on mRNA (116).

CspA was also shown to be a transcription antiteator by preventing the
formation of secondary structures in the nascenARKbhb, 76). At low temperatures,
due to the stabilization of RNA structures, thenfation of an artificial terminator can
occur. Modulation of transcription termination byNR-binding proteins involves the
formation of a new structure that can prevent faromaof this artificial terminator, thus

leading to transcript elongation.

10
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1.3.3 DeaD

The other group of proteins that can act as RNAelanes are the DEAD-box-
family of helicases (48). It is a family of RNA dapdent ATPases able to unwind
double-stranded nucleic acids and characterizedldpnserved motifs (81) (Fig 3).

Motif 1l

N-terminus = Qmotif |4 Motif1 [ Motif1a [ Motif1b |= '© \ b

Motif [l f= Motif IV = MotifV = Motif VI j==C-terminus

Figure 3 - Overview of the nine conserved motifs (Q to VI}tloeé DEAD-box family of

E. coli.

Proteins from the DEAD-box family are involved iiffdrent processes of RNA
metabolism such as translation initiation, ribosdon@genesis and assembly or RNA
degradation (38, 55, 131, 13@. coli has 5 identified DEAD-box proteins, SrmB,
DeaD, DbpA, RhIB and RhIE. SrmB and DeaD are dtdest low temperature (39),
(34) and DeaD is overexpressed in cold shock. De¢édd named CsdA) is involved in
many different processes in the cell. It was désctithat the deletion of DeaD results
in the deficiency in free 50S subunits at low terapgre. This results shows that this
protein participates in the biogenesis of the 568somal subunit, probably by binding
and changing the RNA structure of a 50S precui@dy. (t is also required for initiation
of translation of MRNAs with an extensive secondstrycture (102), and it interacts
with poly(A) polymerase (127). DeaD has the abitdyunwind double-stranded RNA
in the presence or absence of ATP (81). It is wmedlin the mRNA degradation of cold
shock genes (154). It was proposed that DeaD danatt with RNase E, PNPase and
other components of the RNA degradosome understaidk conditions (123, 124).

DeaD plays a role in mRNA degradation at low terapge but the precise role

of this helicase is not completely clear. DeaD dasde was described to be associated

11



The Role of Ribonuclease R in Bacterial adaptatiorold shock

with the RNA chaperone Hfg, but they did not revagbhysical interaction (129)n
vitro assays showed that it associates directly withdeNig but not with PNPase (123).
However we can not exclude the possibility to iatérwith other ribonucleases. This

hypothesis remains to be solved and more workgsired to clarify this question.

1.4 RNA degradation

RNA degradation is the major process that contftgsRNA levels in the cell.
Degradation is required for elimination of defeetiRNAs and superfluous transcripts
whose expression is no longer required. Ribonueke@RNases) are enzymes with the
strongest role in this process. They can be se&aiid sensitive to specific elements of
the RNA molecule and are involved in the qualityittol of all types of RNAs. They
are involved not only in RNA degradation but alsdRNA processing and maturation.
There are other enzymes that act synergisticallth wibonucleases within these
processes, like helicases, polymerases and RNAngmioteins. RNases can act alone
or can be part of RNA degradation complexes lilkkedagradosome. Ribonucleases are
divided in two main groups, endonucleases and exteases.

Endonucleases are the enzymes that cleave RNAnaiterby digesting
phosphodiester bonds of the RNA molecule. Elrcoli, eight endoribonucleases have
been identified, RNase E, RNase G, RNase lll, RNadseNase HI, RNase HIl, RNase
| and RNase P (7, 89). They play an important mo@®RNA metabolism and i&. coli,
the major endoribonucleases are RNase E and RNase |

Exoribonucleases are the enzymes that degrade RNAfemnoving terminal
nucleotides in the 3’-5’ or 5’- 3'direction (9, 1p8n prokaryotes, most RNases cleave
the RNA in the 3’-5'direction. These proteins aeteasing nucleotides that can be
reutilized for the synthesis of new RNA moleculesE. coli, seven exoribonucleases
were identified, PNPase, RNase Il, RNase R, oligariease (Orn), RNase D, RNase
PH and RNase T, all 3-5 exoribonucleases. Howgvenly the first four

exoribonucleases appear to accomplish all RNA dizgnge activity in the cell.

12
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RNase R, RNase Il and PNPase are considering itae thajor 3’ -5’ processing
exoribonucleases k. coli. RNase R, together with RNase Il belongs to theBRN
family (85), while PNPase is a member of the PDXifg. RNase R (28) and PNPase
(82, 156), are cold shock inducible and were sugge® be responsible for degradation
of structured RNA in the cell at low temperaturé4,(95).

1.4.1 PNPase

Polynucleotide phosphorylase (PNPase) is an exwiitlease encoded by the
pnp gene (128and belongs to the PDX family of nucleases. Ingeeome it is located
downstream of thepsO gene (122). Its expression is controlled bothratscriptional
and post-transcriptional levels (9, 74). PNPasaldito the 5' end of RNase llI-
processegnp transcript, resulting in inhibition of translati@nd leadingonp mMRNA
into the degradation pathway (60, 121). It is noeasential enzyme for the cell at 37°C
however, it becomes extremely important at lowengeratures (13) . PNPase can be
incorporated into the degradosome, a complex oftiptel proteins, which also
comprises RNase E (33, 99).

The resolution of the crystal structure revealeat tANPase is a homotrimer.
Each subunit is constituted by two RNase PH domamtstwo RNA binding domains,
KH and S1 domains, located at the C-terminal regibthe polypeptide (Fig. 4). Both
of the phosphorolytic and RNA binding activitieg aequired for autogenous regulation
of PNPase (21) and it has been described that tHeakKd S1 domains of this
exoribonuclease are important for its activity etvItemperature (106). PNPase PH
domains were described to be important for PNPasetibn in the cold shock, which
suggests that the ribonuclease activity is critifial its essential function at low

temperatures (13).
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A)

PNPase

s
RNase PH | a-helical RNase PH 2 KH s1

B)

PNPase (Monomer) PNPase (Trimer conformation)

Figure 4 — Representation oE. coli PNPase. A) Linear representation E&f coli
PNPase domains. B) View of PNPase crystal strudturdne monomer organization
(133). C) PNPase trimer structure.

Most mMRNAs that are already present in the cellrwbeld shock is induced,
cannot be efficiently translated until specific ¢@hock factors like CspA, RbfA and
DeaD, are produced (76, 79, 139). However, mRNAnfreold shock genes at low
temperatures are translatable and, tkeA transcripts, can become more stable (19,
62).

It was described that translationmfp mMRNA after cold shock may not be very
efficient (156). During the acclimation phase PNPasems to restore intragenic
transcription termination and regulate its own esggion at the level of transcription
elongation (156). With this autogenous regulatipmp mMRNA becomes more stable.
However, the levels of PNPase protein do not irsgeacordingly (104, 156).

At the end of the acclimation phase, PNPase isifsgaly required for the
degradation of unnecessary transcripts. During phiase, the level of CspA and its
homologues decrease due to the selective degrad#tosp RNAs by PNPase. PNPase

14
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has been implicated in virulence in several pathegaamely irSalmonella, Yersinia,
Campylobacter jgjuni and Streptococcus pyogenes. Interestingly, while in some
microorganisms PNPase seems to act as a viruleapeessor, in others this

ribonuclease takes an important role in the esthblent of virulence (10).

1.4.2 The Degradosome

TheE. coli RNA degradosome has been described as an RNA Gezehine”
due to its function in mMRNA degradation and RNAgassing (33). This complex or its
individual components can target specific gene pctsl or affect the relative
composition of different transcripts through difatial decay rates (32).

The degradosome is mainly composed by RNase E, $&8\RhIB (a DEAD-
box RNA helicase) and the glycolytic enzyme enol€38). The complex was
discovered during the purification of RNase E (38),endoribonuclease that mediates
the principal pathway for the mRNA degradation En coli. This ribonuclease is
essential for bacteria. RNase E inactivates padbgaimal mRNA by
endoribonucleolytic cleavage, producing mRNA fragtse These are subsequently
digested to nucleotides by exonucleases (PNPas#)ed by RhIB and poly(A)
polymerase. In the presence of ATP, the RhIB heécunwinds stem-loops to help
PNPase digestion (86). The RNA degradosome is buila region of RNase E that
shows high sequence variation among closely relatetteria, the carboxy-terminal
half, where PNPase, RhIB and enolase bind (88,.1Qfh)y RNase E, PNPase, and
RhIB are essential to reconstitute the activityhef degradosomia vitro (47). E. coli
mutants in which degradosome assembly is disrupte@ a slow-growth phenotype
and altered metabolic profiles (22). This resultsnf the incapacity to degrade a
number of degradosome substrates (88, 111) andlsetieat this protein complex is
essential in gene regulation.

The degradosome composition changes during the siubdk (123). At low
temperatures, DeaD helicase, a cold shock prosssyciates with RNase E and other
components of the degradosome. This helicase wapfoposed to replace RhIB when

cells are shift to low temperatures. However, ttudd inducible protein binds to a
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distinct RNase E binding site (87, 123). To explhi@ association of DeaD with RNase
E two theories were proposed (123). RhIB and Desfb@ate with RNase E at the
same time but each one bind to a separate site d87fold shocked cells have
heterogeneous population of the degradosome, sbatecan contain both DeaD and
RhIB helicase and others with only one of the tvetidase proteins (123). Structured
MRNA is more difficult to degrade at low temperasiand it may require two RNA
helicases (33). These findings showed that the adiegome is capable to adapt

depending on the environmental conditions (123).

1.4.3 RNase R

Ribonuclease R (RNase R) belongs to the RNB familyenzymes. The
members of RNB family are widely conserved in bptbkaryotes and eukaryotes and
serve several important functions. In eukaryotey ttan be developmentally regulated
(25) and mutations in its genes have been relaigdmitotic control, and cancer (98).
In prokaryotes, this family of enzymes is importantstress responses, RNA and
protein quality control, and it was shown to beuieged for virulence in different
organisms (8, 28, 40, 44, 45).

Proteins of this family are hydrolytic exonucleasieat degrades RNA in the 3’
to the 5’ direction (9). The best know bacteriadtpin of this family is RNase Il which
structure has been solved and mechanism of cataess proposed. At the moment,
RNase R structure remains unknown and therefonand to completely understand its
mechanism of action. However, based on the 3D tstrecof RNase 1l, a RNase R
model was built (16, 57). RNase R follows the tgpiorganization found in RNB
family: a RNB catalytic domain flanked by two catiock domains, CSD1 and CSD2
and a C-terminal S1 domain, the three involvedARbinding (57, 105) (Fig. 5).
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RNase R

Figure 5 - Representation of the predictBdcoli RNase R 3D structure. The structural
model of RNase R was constructed based on the RINaseicture (16). It comprises
two N-terminal Cold Shock Domains (CSD1 in orangd &SD 2 in yellow), a central
RNB domain (in blue) and a C-terminal S1 domaindieen); the RNA molecule is

also represented (in red) (57) .

In contrast to RNase Il, RNase R is able to dig®¥#A secondary structures
without the help of a helicase. This function cae éspecially needed at low
temperatures when RNA is highly structured. RNasafRalso unwind double stranded
structures in absence of RNase activity which lead suggestion that this protein has
“helicase like” activity (14).

In E. coli, RNase R is responsible for the degradation of teaties such as
defective tRNAs (95), rRNA (44) and small RNAs likee stable SsrA/tmRNA (28).
This protein is modulated according to the envirental conditions and its level is
upregulated under several conditions, such asostaly growth phase and cold shock
(8, 26). Deletion of RNase R gives growth phenotgpdow temperatures (28). The

phenotype of thenr mutant, under cold shock, is characterized by smablonies
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compared to the wild-type strain (28). RNase R dlas been shown to be involved in
virulence mechanisms (54, 91, 138, 140).

After cold shock induction, RNase R levels increabeut ten-fold (41). The
increased amount of RNase R was shown to be stabl@any hours revealing that
slow growth conditions at low temperatures leadRidase R stabilization (42). A
recent study revealed that the level of RNase & aitidition of chloramphenicol was
also elevated when compared with RNase R level feefts grown at 37°C. It was
suggested that the regulatory processes that ¢etiist elevation during cold shock are
a consequence of an increase in the amountnofmessage, that is substantially
stabilized in cold shock (28, 42). Recent resuiiggests that acetylation regulates
RNase R stability (97). The Lys544 interacts witidec residues within the C-terminal
region of the protein. By this interaction, thedtrtinal region stays in a position that is
poorly accessible to tmRNA-SmpB, whose bindinggseatial for RNase R instability
(96). Addition of the acetyl group would remove tasitive charge on lysine, breaking
the interaction with tmRNA-SmpB. RNase R in staignphase cells is not acetylated,
position 544 is positively charged so, the C-temhiregion would not be accessible.
Then tmRNA-SmpB binds weakly, resulting in a staBlase R (97). These results
revealed that the acetylation of one specific lgssidue in RNase R increases binding
of the tmRNA-SmpB complex, resulting in proteintadslity (97). This direct effect of
acetylation on the regulatory process of stabdityRNase R in the stationary phase can
also occur at low temperatures. However, furthedist are required to understand it.

RNase R can complement the CsdA cold shock funcliomas suggested that it
is due to RNase R ability to degrade secondartstres and its presumable helicase
activity (14).

It is clear that RNase R plays an important roleRINA degradation at low
temperature but further studies are required tafglaow RNase R is involved with
other cold shock proteins in the cold shock respons

The cold shock response is a mechanism that badtavie to adapt and survive
at low temperatures. Understand which proteinsirarelved, how they interact with
each other and how this process can be controlliddbe highly advantageous to

develop strategies to control bacterial surveilkanc
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1.5 Health and industrial implications of cold shok response

E. coli is a microorganism that is commonly found in tbevér intestine of
warm-blood organisms. They are usually harmlessbute serotypes can cause serious
health complications. The presence of these badieifiood or pharmaceutical products
is indicative of fecal contamination.

Although E. coli is known as a usual pathogen, this bacterium ilk tee
microorganism of choice for most gene cloning ekpents and has been widely used
in biotechnology industry to overproduce deterner@mponents.

Understanding cold shock response can be of tkrereg importance. Food
storage is commonly made using refrigeration tachpooliferation of bacteria such as
Listeria or Campylobacter. Knowing how to block cold shock protein synthesidi
allow us to reduce/inhibit the cold shock respoasd that can be lethal to bacterial
cells at low temperatures. Investigators revediatiE. coli growth can be inhibited by
the combination of rapid chilling with nisin, a ppkptide produced by lactic acid
bacteria which is recognized as natural antimi@bfmod preservative (46), reducing
more than 6-log of the bacterial population (31pnining the use of antimicrobial
products with bacterial exposition to low temperasucan thus extend the efficiency of
drugs to decrease bacterial proliferation.

On the other hand, by controlling the cold shodpomnse, proteins that are not
produced efficiently at 37°C can be overproducedoat temperatures using cold-
inducible promoters (142).

A common bacteria used in industryliactobacillus (37). This bacterium also
has cold shock proteins that are induced at lowp&atures. During the different
industrial processes, cells have to face severar@mmental changes. Bacteria face
changes in pH, salt concentration or temperatuyenBucing the cold shock response,
Lactobacillus increases the probability to survive in low tengteres, which can be

extremely useful in this industry.

The cold shock response has been widely studiedieMer, more studies are
still required to develop strategies which will cal us to apply its benefits

biotechnically.
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2. Materials and Methods

All materials and reagents are described on Anr{eable 14).

2.1 Bacterial strains

Bacterial strains used in this work are listed inn&x | (table 15) and were
grown in LB medium at 37°C supplemented, when regliiwith appropriate antibiotic.

Bacterial strains were stored in 10% glycerol 8°P€3

2.2 Preparation of competent cells

An overnight culture of BL21 (DE3) or DH5was diluted in LB to a final
ODsoonm Of 0.05. BL21 (DE3) cells are used for protein rex@ression and DHbcells
for mutant constructions. Cells were incubated agftation (180 rpm) at 37°C.

When the culture reached an €8 of 0.45 to 0.55 was kept on ice for 15
minutes and centrifuged at 5000rpm for 10 minutes4°C. The supernatant was
discarded and the pellet was gently resuspende@dinvolumes of chilled Cagl
solution. The suspension was kept on ice for 15utes and centrifuged again, in the
same conditions. The pellet was resuspended in 904mes of chilled CagGlll,
aliquot (200 pl each), frozen immediately in ligndrogen and stored at -80°C. The
transformation efficiency was tested with 50 ngpafC18 or pET28a plasmid DNA

following the procedures explained below.
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2.3 Transformation

DNA (ligation mixture/plasmid) was added to 100 @fLE. coli competent cells.

The cells were incubated on ice for 30 minutest Bhacked at 42°C for 1 minute and

immediately placed back on ice for 1 minute. LB med was added (1ml) and the

tubes were incubated at 37°C for 45 to 60 minw&er incubation, cells were plated

on LA medium plates with the respective antibi@ind incubated overnight at 37°C.

2.4 TAP tag purification

The TAP tag purification was performed followingte steps:

Three cultures were started from three single g¢etonfE. coli (BW113) with
RNase R protein fused with TAP tag. Colonies weiulated in LB medium
with kanamycin (50 pg/ml), and incubated overngh87°C.

The three pre-inoculums were diluted in 1L of LBadinal concentration of
ODsgo of 0,05 containing kanamycin (50 pg/ml) and indedaat 37°C until cells
reach exponential growth phase (§§nf approximately 0.5).

After that, the three cultures were processedffardnt ways:

o one of the three cultures was centrifuged at 5@00 for 8 minutes at
4°C and the pellet was stored at -80°C (exponegriaith phase);

0 one of the other cultures was incubated for 3h58C1 centrifuged at
5000 rpm for 8 minutes at 4°C and stored at -8@WId(shock growth
phase);

o the third culture remained at 37°C for 3h, was ririgied at 5000 rpm
for 8 minutes at 4°C and stored at -80°C (statyogeswth phase).

The pellets were unfrozen and each one was restsgem 8 ml of Lysis buffer.
Suspensions were lysed by two passages in Freash.p
0.5ul of benzonase (250 W) was added to degrade the nucleic acids in the

sample.
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»  Samples were incubated on ice for 10 minutes anttituged at 35000 rpm, for
45 minutes at 4°C in ultracentrifuge.

»  Supernatants were filtered (0.45 um) and an ali(gauble fraction) was taken
for further SDS-PAGE gel analysis.

e 200 pL of Rabbit IgG agarose (beads) were addedancolumn (Poly-Prep
Chromatography Columns from Biorad).

*  The column was washed with 5ml of IPP150A withtdmiX-100.

e Triton X-100 detergent (final 0,1%) was added &xhe supernatant and the
mixture was loaded into the column.

e Columns remained shaking at 4°C for 1.5h.

* After incubation, columns were washed twice witml of IPP150 and
subsequently two times with 10ml of TEVClevBuf.

e 200uL of TEVClevBuf and 35uL of TEV protease (appmately 100 units)
were added to the column and incubated for 75 regjushaking at room
temperature.

» After TEV cleavage, the supernatant was colleateal an eppendorf by eluting
twice with 250uL of CBB.

* Analiquot (IgG fraction elution) was taken for magpectrometry analysis.

e CaChb (4ul of a 0,2M stock) was added to the mixture.

e The mix was transferred into an eppendorf with 300pf CBB beads
(previously washed 4 times with 500uL of CBB).

* Incubation was performed for 45 minutes shaking 4t.

e After incubation the sample was transferred intoeav column and washed
twice with 5ml of CBB.

* As afinal step, we elute with 600uL of CELUT irgn eppendorf.

2.5 Acetone precipitation of proteins

To precipitate the proteins we added into each sairfiopir volumes of cold (-

20°C) acetone. The sample was shortly vortexediacubated for 2 hours at -20°C.
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After incubation each sample was centrifuged atO05fpbm for 15 minutes at 4°C.
Supernatant was discarded and the pellet was wasfiad500uL of 80% of cold

acetone (-20°C). Supernatant was discarded, pedletdried and stored.

2.6 DeaD amplification and cloning

The DeaD helicase gene (1,9 kb) fréncoli was amplified by PCR using a
high fidelity phusion polymerase which producesnblend PCR products (Finnzymes).
We usedE. coli genomic DNA has a template and the primers destrib Annexll,
table 17. Forward primers includeshll restriction site on their sequence and the
reverse primers contained thetl restriction site. The PCR reaction mixture and th
program used are detailed in the table 2 and Bentisely.

Table 2 —Master mix used in DeaD PCR amplification.

DeaD amplification
Components Volume (pl)
DNA template (0,3pg/ul) 1l
Lprimer (10puM) 1l
Rprimer (10pM) 1l
dNTPs (10pM) 0,8 pl
5x Phusion buffer HF 8 ul
Phusion DNA polymerase (2U/ul) 0,4 pl
ddH,O 27,8 pl
Final volume 40 pul
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Table 3 -PCR Program used for DeaD gene amplification.

Cycle Step Temperature | Time Number of cycles
Initial denaturation 98°C 120s 1
Denaturation 98°C 10s
Annealing 56°C 15s 30
Extension 72°C 40s
Final extension 72°C 10s 1

After DeaD amplification, the PCR product (1,9 kigs visualised in the 0,8%

agarose gel.

Subsequently, a ligation was performed using Die@aD sequence (directly

from the PCR amplification reaction) and the pUQ2&kb) previously digested with

Smal (Fermentas). This restriction enzyme cleaves the @EAerating blunt ends. The

ligation reaction was performed by T4 DNA ligasdldaing the supplier protocol

(Fermentas), at 22°C in a water bath for 20 minasedescribed in the following table:

Table 4 - Ligation reaction of the DeaD sequence into theesponding cloning sites

of pUC18.

Ligation
Components Volume (ul)

PCR product (100 ng/ul) 5ul
pUC18 (100 ng/ul) 1ul
10x Buffer T4 DNA ligase 2 pl
50% PEG (PEG 4000) 2 ul

T4 DNA ligase (10U/ul) 0,7 pl

H.O 9,3 ul

Final volume 20 pl
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After incubation, enzymatic inactivation of T4 DNilgase was performed at
65°C for 10 minutes.

The ligation product was transformed into DHE. coli competent cells
following the protocol described above (2.3 sedtion

Transformants were selected on the LB plates sopgleed with Ampicillin
(200ug/ml), IPTG and X-Gal (See Annex I). The presenicampicilin allows selecting
the colonies with the recombinant DNA by the preseaf the resistance gene in the
vector. The alpha-complementation allows deternginumether a transformed bacterial
colony has the ligation product or not. The lacehg product{-galactosidase) is a
tetramer and each monomer is made of two partsZ-dépha, and lacZ-omega. If the
alpha fragment is deleted, the omega fragment msfaoctional. This alpha fragment
functionality can be restored in-trans via plasnpdC18 plasmid has the deletion of
the lac Z-alpha so, if ligation and transformatiamorks, cell should express non-
functional B-galactosidase (lac Z-alpha will be disrupted vifta insertion of the gene
of interest). In the selection media (with IPTGrduce the lac repressor), the X-gal, a
chromogenic substrate that yields a blue producenwvbleaved byp-galactosidase
colonies of interest should appear white. The hioknies represent the cells that
contain the unaltered vector.

The plasmid was then extracted from the positiomes (white colonies) using
the ZR Plasmid Miniprep kit. The plasmid concemtratwas determined using the

ND100 Spectrophotometer from NanoDrop.

Subsequently, pUC18 DeaD was digested &aith andNotl restriction enzymes
(Fermentas) following the supplier protocol anddascribed in table 5. This cleavage
step was performed to verify the insertion of Degéne into the pUC18 plasmid.
Digestion reaction was incubated at 37°C for 2 &olmzymatic inactivation was
performed at 80°C for 10 minutes and the cleavaigdyets were visualized in a 0.8%
agarose gel (Fig. 10B).

25



The Role of Ribonuclease R in Bacterial adaptatiorold shock

Table 5 -Plasmid digestion of ligation products wihll andNotl restriction enzymes.

Digestion reaction
Components Volume (pl)
DNA (350 ng/ul) 30 pl
10x Fast digest buffer 6 pl
Sall (10U/ul) 2 ul
Notl (10U/ul) 2 ul
H,O 20 l
Final volume 60 pl

2.7 SLIC reaction

2.7.1 Insert preparation

DeaD sequence (1.9 kb) from pUC18 DeaD vector wadiied by PCR using
a high fidelity enzyme and the primers with 30 hweerlapping sequence described in
Annex lll, table 18. The resultant fragment wasduseligate into pET28a using SLIC
recombination method.

DeaD amplification was performed in 4 separateeés$udach one with 50 uL of

mix, following table 6 and 7 indications.
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Table 6 —Mix used for DeaD PCR amplification.

DeaD (1890 bps)

Components Volume (pl)
pUC18 + DeaD (40ng/ul) 0,25 pl
LprimerSLIC (10uM) 1,25 ul
RprimerSLIC (10uM) 1,25 pl
dNTPs (10pM) 1,25 ul

5x Phusion buffer HF 10 pl

Phusion DNA polymerase (2U/ul) 0,5 pl
ddH,O 35,5 pl
Final volume 50 pl

Table 7 -PCR Program used for DeaD gene amplification.

Cycle Step Temperature | Time Number of cycles
Initial denaturation 98°C 120s 1
Denaturation 98°C 10s
Annealing 56°C 15s 30
Extension 72°C 40s
Final extension 72°C 10s 1

After PCR amplification, the four PCR reactions &goined. We add 2U of

Dpnl and incubate at 37°C for 1 houdpnl cleaves methylated DNA frork. coli

(template DNA), whereas unmethylated DNA Vitro synthesized DNA) is not cleaved

by these enzyme. By usirigpnl after the PCR we are able to eliminate the pldgmi

DNA that we used as template.
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Enzymatic inactivation was performed at 80°C fom@@utes. The DeaD insert
was separated in a 0.8% agarose gel and the condisg band was extracted from the

gel. DeaD insert was cleaned using the Zymo's DN#a&Cand Concentrator.

2.7.2 Vector preparation

The expression vector, pET28a (5,4 kb), was digestéh Sall and Notl
restriction enzymes (Fermentas). To perform thgyeratic restriction we prepared a
digestion reaction as described in table 8.

Digestion reaction was incubated at 37°C for 2 &oamd then, enzymatic
inactivation was performed at 80°C for 10 minutes.

Table 8 -Digestion of pET28a vector witkall andNotl restriction enzymes.

Digestion reaction
Components Volume (ul)
pET28a (0,1 pg/ul) 50 pl
10x Fast digest buffer 6 pul
Sall (10U/ul) 2 ul
Notl (10U/ul) 2 ul
Final volume 60 pl

Cleavage products were separated in a 0,8% aggebsad the appropriate size
band (5368bps) was cut.

The fragment of interest was extracted from theugéhg the kit Zymo's DNA
Clean & Concentrator and DNA quantification wasf@ened using NanoDrop.
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2.7.3 T4 Treatment

To perform SLIC recombination the prepared prod(ideaD insert and pET28a
vector digested witlsall and Notl) were subjected to T4 polymerase (NEB) treatment.
The T4 DNA polymerase catalyzes the synthesis oADN 5’ to 3’ direction but
requires the addition of dNTPs. Without dNTPs ih @aeate single stranded regions
that will anneal to the prepared insert. The Deageit was used directly from PCR
amplification, and pET28a was used after digestind “gel cleaning” as described in

2.7.2 section. T4 Treatment was followed as desdrib table 9.

Table 9 -T4 DNA polymerase treatment.

DeaD (SLIC) pET28a
Components Volume (ul) Components Volume (ul)

DeaD insert (110 ng/ul) 9 ul pET28a vector (70,6 ng/ul) 14 ul

T4 buffer 10x (NEB buffer 2) 2 pl T4 buffer 10x (NEB buffer 2) 2 ul

BSA 100x 0,4 pl BSA 100x 0,4 pl
DNA T4 polymerase (0,3U) 1,2 ul DNA T4 polymerase (0,3U) 1,2 ul

H,O 7.4 pl H,O 2,4l
Final volume 20 pl Final volume 20 pl

Each one of the reaction mix was incubated at 28?5 minutes. After the
incubation period, the reaction was stopped byaitidition of 2 uL of dCTP (10mM)

and then, kept on ice.
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2.7.4 Ligation

The ligation of the products was performed using:l molar ratio insert to
vector with 150ng of the digested vector (pET28E)e reaction was prepared as
described in table 10 and incubated at 37°C fanBlutes.

Table 10 —Annealing reaction mix.

Annealing reaction
Components Volume (pl)
DeaD insert 1,5ul
pET28a vector 3l
1x DNA Ligation buffer (NEB) 1ul
H,O 4,5 pl
Final volume 10 pl

2.7.5 Transformation

The transformation was followed as described ins2&ion, using 5 pL of the
previous reaction and 100 pl of DiE. coli competent cells. Plasmid extraction was
performed from 10 of the obtained transformantagiihe ZR Plasmid Miniprep Kkit.

Subsequently, pET28a:DeaD was digested waddl restriction enzyme
(Fermentas) following the supplier indications tonfirm the ligation of DeaD to
pET28a plasmid. The digestion reaction mix was g@reg as described in table 11 and
incubated at 37°C for 60 minutes. The cleavage ymtsdwere visualized in a 0.8%
agarose gel (Fig. 13).
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Table 11 —Digestion of pET28a:DeaD wit&all restriction enzyme.

Digestion reaction
Components Volume (pl)
pET28a:DeaD (60 ng/ul) 4 ul
10x Fast digest buffer 1l
Sall (10U/pl) 0,5 pl
H,O 4,5l
Final volume 10 pl

2.8 Protein overexpression by IPTG induction

To allow the expression of proteins upon IPTG iraug constructions of
PET15b:rnr (pPABA-RNR) (6) , pET15b:rnb (pFCT6.1)7§20r pET28a:DeaD were
transformed into BL21 (DE3) competent cells as dbed in 2.3 section.

A single colony of each strain was inoculated in ir@dium with kanamycin
(50ug/ml) (for pET28a:DeaD) or ampicilin (100pg/mlfor pET15b:rnr and
pET15b:rnb), and incubated overnight at 37°C. Tieeipoculum was diluted in 250 ml
of LB to a final OQo of 0.05 containing kanamycin (50 pg/ml) or ammici{100
ng/ml) and incubated at 37°C. After cells reachegubaential growth phase (QE of
approximately 0.5), the protein expression was ¢eduby addition of IPTG (0,25 mM
final concentration) to the culture. Cultures remeai 3h shaking at 180 rpm. The
cultures were then centrifuged at 5000 rpm for lifQutes at 4°C and the pellet was
stored at -80°C.

2.9 HIS tag purification

HIS-tag purification was performed from the petdtained above (section 2.8).
Each pellet was resuspended with 1.5 ml of IPP158upplemented with 50 ul DTT
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1M, 400 pl PMSF 0,2M and 500 pl imidazol 20mM). I€etlere lysed with one of this
two methods:1) suspensions were lysed by two passages in Freresds [or,?2)
suspensions were added to glass beads (1/3 ahtlesblume) and cell lysis was made
using FastPrep instrument in a speed of 6.0 M/s\gubs. In both cases, supernatant
was collected and the pellet was discarded. Aitvadrom total proteins (20 pl) was
separated for further SDS-PAGE gel analysis.

After lyses 0.1l of benzonase (250 W) was added to degrade the nucleic acids
in the sample. Samples were incubated on ice fanitites and centrifuged at 17000
rpm, 30 minutes at 4°C. 20 ul of the soluble pratdraction were separated for further
SDS-PAGE gel analysis. The HIS tag recombinantgmetwere purified by affinity
chromatography columns. The supernatant was loadedcolumn equilibrated with
1ml of HIS tag agarose beads (Ni-NTA) previouslsted with 1ml of IPP150-A. The
column remained at 4°C with gentle agitation for After incubation, the column was
washed twice with 5ml of IPP150-B. As a final stelution was performed with 1ml of
IPP150-C into an eppendorf.

2.10 Total Proteins extraction

To allow the protein extraction, BW2511R coli cells were grown in two
different growth conditions: until exponential pkasr in cold shock conditions. A
single colony was picked from a freshly culturet@lanoculated in LB medium and
incubated overnight at 37°C. The pre-inoculum wiagetl in 200 ml of LB to a final
ODgoo of 0,05 and then incubated at 37°C at 180 rpmerAfells reached exponential
growth phase (ORo of approximately 0.5), one of the cultures wastriferged at 5000
rpm for 10 minutes at 4°C. The other culture wasilrated for 3h at 15°C (cold shock
induction) and then centrifuged at 5000 rpm forriihutes at 4°C. Each pellet was
resuspended with 2 ml of IPP150-A, centrifuged@0G4rpm for 5 minutes at 4°C and
frozen. The pellets were unfrozen and resuspendédd W ml of IPP150-A
(supplemented with 50 pl DTT 1M, 400 ul PMSF 0,2nd 500 pl imidazol 20mM).
Cells were lysed using FastPrep instrument samle avspeed of 6.0 M/s during 45s
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after addition of glass beads to the suspensiod ¢i/the volume). Samples were
collected, centrifuged at 17000 rpm for 30 minutds4°C. After centrifugation,
supernatant was filtered (0.45 um) and protein regjom was performed by gel

filtration column.

2.11 Protein migration on a gel filtration column

In order to visualize the protein pattern in difiet growth conditions proteins
were separated using a gel filtration column (Sd@er200) and the AKTA FPLE
System GE Healthcare). Gel filtration is a chromatographic method tradtows
separating protein according to their size.

The column was selected according to the fractionatange so that the
expected molecular weight of our proteins falls ragpnately in the middle of the
range for this column. The Superdex 200 columnahlaigh resolution in the separation
of proteins, peptides or other biomolecules aceaydo the size, with a range from 10
kDa up to 600 kDa.

The equilibration of the column was performed folilog the supplier
recommendationsGE Healthcare). Since the column has been stored in 20% ethanol,
we started to wash first with 1 column volume o$tidled water. Subsequently, we
equilibrated the column with 1 column volume of thefer IPP150 A (Annex I, table
14). We monitored the changes in the conductivtganfirm that the buffer filled all
the column and that were no more water in the colum

To determine in which column volume a protein ipeoted to be detected we
analyzed proteins with known sizes: Ferritin (4438k Aldolase (158 kDa), RNase I
(72 kDa) and Chymotripsin (25 kDa).The protein ratgyn profile was monitored by
UV spectra at 280nm.

Migration in the column was performed with the pios purified by HIS tag
method (see Materials and Methods 2.9) or fromgimoéxtracts obtained as described
in section 2.10. The protein sample (2 ml) was igdphto the column. The elution of
the proteins was determined by monitoring the U¥cs@a at 280nm.
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2.12 Western Blot

Western blot is a technique that allows to identtig target protein and to
quantify relative amounts of that protein in difat samples.

This technique was performed with samples obtaifredn two different
experimentsl) sample obtained in section 2.9 were loaded in% SIDS-PAGE gel.
After applying a voltage of 200V during 45 minutbe gel was washed in 1x Transfer
buffer 20% ethanol and proteins were transferréa annitrocellulose membrane using
Trans-Blot SD semi-dry equipment (20v for 45 mirs)ter, 2) 20 pl of the samples
obtained in section 2.11 were loaded into a nifioltese membrane using a Dot Blot
System.

After transfer, the membranes were washed with maaid stained with Ponceau
solution to see if the transfer was well succeedtgbsequently, membranes were
washed with 50 ml of water and then with 50 ml »fTBS Tween. After the washes,
protein blocking was performed by incubation of thembrane in 10 ml of 5% non-fat
milk with gentle agitation for 1h at 4°C. After bking, membrane was incubated
overnight with 10 ml of 5% non-fat milk witk-rnr (antibody against RNase R protein)
(1:20000), with gentle agitation at 4°C. Membrarsswashed 3 times with 50ml of 1x
TBS Tween for 5 minutes and incubated with 5% nrain+hilk with anti-Rabbit
(1:20000) for 1h with gentle agitation at 4°C. Afitecubation, membrane was washed 3
times with 1x TBS Tween for 5 minutes and then chemnescent detection was
performed using Western Lightning Plus-ECL reage@tsemiluminescent signal was
detected and quantified with ChemiDoc XRS software.

2.13 Silver staining protocol for SDS-PAGE gels

» Fix the gel in 30% ethanol, 10% acetic acid atti@8@sminutes

* Rinse the gel twice in 20% ethanol, for 10 mindteeach wash
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Rinse twice in water for 10 minutes for each wash

Sensitize the gels by soaking for 1 minute in OM sodium thiosulfate (0.02% if
pentahydrate salt is used)

Rinse the gel twice for 1 minute for each wash atex

Impregnate with 12mM (0.2% stock) silver nitraterfr 20 to 120 minutes

Remove the gel from the silver solution and dif@it10 seconds in the water bath
Transfer it in the developer solution (Annex I) dpared in the day of use, and
formaldehyde added at most 1hour before use). &vibbiar grey precipitate normally
develops within a few seconds. This precipitate tnnesdissolved by shaking. The
most intense bands take a few minutes to appean (& to 45 minutes depending of
the temperature)

Stop the reaction by transferring the gel to this $top solution (Annex I) (prepared
in the day of use) from 30 to 120 minutes

Store gels in the water.
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3. Results

This section is divided in three main parts. Thstfpart includes the purification
of E. coli RNase R by the TAP tag method and the data olatafireen the Mass
Spectrometry analysis. The second part presentssttidies of interaction between
RNase R and DeaD helicase, and the third part Ietlea assays performed in order to

study RNase R behaviour after cold shock induction.

3.1 Purification of E. coli ribonuclease R

RNase R levels increase under certain stress eomslitparticularly during cold
shock. We hypothesized if other proteins could evafe with this ribonuclease in
different conditions causing its stabilisation dexel increase. We also thought that the
reason why RNase R levels increase in the coldkshan be partially elucidated by
identifying which proteins are interacting with gshexoribonuclease. We decided to
investigate which proteins are interacting with RaI& in different growth conditions,
and see if there are any relevant differences.

To achieve this goal, we purified RNase R usingtémelem affinity purification
method (TAP tag) (130). This technique is commardgd to purify protein complexes
since it allows the recovery of highly purified cplexes present in low amounts in the
cell. There is also two different purification stepsed in this method that reduce
background contamination by abundant cellular pnste

The TAP-tag is composed by two different parts Whare separated by a
cleavage site recognized by ttmbacco etch virus (TEV) protease. The N-terminal part
of the tag is the IgG-binding protein A fro8aphylococcus aureus (ProtA) and the
other is the calmodulin-binding peptide (CBP) (Big ProtA binding to rabbit I1gG is
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very efficient and highly specific (100), as wedl the binding of CBP to calmodulin in
the presence of calcium. With this technique, th@gin of interest is fused with the
TAP-tag. This will allow it to bind to the beadsated with IgG. After washing, protein
elution was achieved by treatment with TEV protedsehe second purification step,
the CBP part of the TAP tag binds reversibly tarezdulin beads. After washing, the
protein is eluted using a chelating agent (like BDTAfter these two procedures, we
can now examine the existence of binding partngrSBS-PAGE gel examination or

mass spectrometry (Figure 7).

N-terminal TAP tag — ProtA TEV CBP m—c-terminal TAP tag

Figure 6 — Structure of the TAP tag consisting of protein Anfr Saphylococcus
aureus (ProtA), a cleavage site for thabacco etch virus protease (TEV), a calmodulin-
binding peptide (CBP) and the target protein.

As already mentioned, our aim was to identify polesRNase R binding partners.
For that purpose, we usedeacoli (BW25113) with RNase R protein fused with TAP
tag, which was previously constructed in our labmsa The TAP tag sequence was
introduced into the bacterial genome using the Banted recombination method. We
also constructed a strain with the TAP tag sequdosed with one of the RNA
polymerase subunits, RPOC. This fusion was examinegrevious works (23) and
since RNA polymerase is a well studied protein clexpwe considered it to be an
excellent control for our purification method andss spectrometry technique.
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Figure 7 —Overview of the TAP tag purification method. Adaptitom Rigaut et al
1999 (130).

The first aim was to purify RNase R by this metliamoh cells that were grown
in different conditions. By using SDS-PAGE gels, wanted to compare the pattern of
proteins that co-purify with our target. This wouddlow us to see if there are any
relevant differences between samples from diffecentlitions. Cells encoding the TAP
tagged RNR were harvested in exponential, in statyp growth phase, and after cold
shock. Purification was performed according toghatocol described in Materials and
Methods, section 2.4. Protein elution fractiongrfrboth purification steps (IgG and
calmodulin (CM)) were analysed in a SDS-PAGE géle Tel was stained with silver
following the protocol described in Materials andthods, section 2.13. The pattern of

co-purifying proteins in all conditions was comph(€ig 8).
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Figure 8 —TAP tag purification of RNase R. A) Comparison betw elution fractions
from cold shock (CS) and stationary cells (ST).-BComparison between elution
fractions from cold shocked (CS) and exponentigitpwth (EX) cells. 12% SDS-
PAGE gel silver stained with elution fractions, CMelution from calmodulin resin,
IgG — elution from immunoglobulin resin. RNase Rianprotein detected during cold

shock induction are indicated on the right sidéhefgel.

By analysing the SDS-PAGE gels, we can see sligfdrences in the protein
patterns. The strongest difference is observetienprotein elution from cold shocked
cells. If we look more carefully to these fractipn® can see a band (about 70 kDa) that
Is not detected in the samples from exponentiatationary growth cells (marked on
figure 8). To discover the differences between themn decided to analyse our elution
fractions in more detail using mass spectrometilyas. At this step, we decided to
analyse only the cells from stationary and coldckigrowth phase. We also included in
our analysis the RPOC preparations purified with same method and in the same
conditions as a control.

Elutions from immunoglobulin and calmodulin resiolstained from TAP tag

purification of RNase R and RPOC from cold shockst@tionary growth phase were
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precipitated with acetone as described in “Matsraald Methods” (2.5). The obtained
pellets were resuspended and sent for mass sp&ttyoamalysis.

Mass spectrometry analysis was performed by anrredtéaboratory using a
qualitative method that requires several stepd pnoitein identification (http://mslab-
ibb.pl/en). Briefly, protein disulfide bonds arebsuitted to reduction, alkylation than
tryptic digestion is performed to obtain a peptigture. Sample is separated by liquid
chromatography, and peptides are introduced irdonthss spectrometer to produce a
complex spectrum from which the molecular weighitsalb the proteolytic fragments
can be read. This spectrum with the molecular wergbrmation is compared against a
protein sequence database and, if the proteinddlredsts, it can be identified (113).

As a result of mass spectrometry analysis we obdhlists of proteins identified
in each sample with the respective scores (futk lmre in Annex Il, table 16). We
verified that 80 proteins were detected in the RNRscalmodulin elution fraction from
the cold shocked cells and 64 in cells from statrgrphase. Table 12 shows the 15
proteins detected with highest scores in RNaseeRgpations (see all detected proteins
in Annex Il, table 16). For RPOC (control), 51 @iots were detected during cold shock
induction and 50 during stationary phase. In RPQ€parations, the first proteins
detected are the subunits of RNA polymerase compis»xexpected (Table 12). In our
analysis, we excluded ribosomal proteins, which ewdrighly detected in all
preparations. Taking into consideration that RNRsand RPOC are RNA binding
proteins, specific interactions with ribosomes anard to distinguish from
contamination. However, it is worth to mention tloair assumption does not exclude
the possibility that some of the ribosome intexatdimay be specific.

To validate our purification method, we checked hmany of the proteins
detected in RPOC preparations were previously tedoto interact with RNA
polymerase. Our results showed that a total of if@rdnt proteins were detected in
both conditions in calmodulin elution in RPOC pregtons. From these 66 proteins, 25
were detected in a previous work using the samé&adet23). Other 26 were reported
to physically or genetically interact with RNA pahgrase or with polymerase-
interacting factors. These results were based tm al@ained using functional protein
association networks (STRING) database (httpAgtdb.org/). Five of these 66

proteins were detected in all preparations, althowgh low scores. This suggests that
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they may unspecific interact with the resin and banconsidered as a background.
Resuming, from the 66 proteins co-purified with ocantrol, 84% were already reported
to interact with RNA polymerase (RNAP). This cakltitdn increases our confidence in
the analysis of TAP tag purification and mass gpewttry results obtained for RNase

R protein.

A) B)
RNase R RPOC
Cold shock Stationary Cold shock Stationary
Protein Score |Protein Score Protein Score |Protein Score
mr 19585|rnr 28151 rpoB 50429|rpoB 46141
deaD  3120|rplL 1779 1poC 45026|rpoC 30835
mpll 2245|1psG 1573 fpoA 24984|rpoA 18217
1psG 1357|rpsE 1048 rpoD 5070|rpoD 7314
plC 1192|rpsF 1011 rapA 4099|rapA 3106
psD 1101|rpsD 941 rpoZ 2761|rpoZ 1141
mplD 905]rplD 927 rpoS 1024|rpoS 598
aceE 879|rplV 739 nusA 795|hupA 481
plV 873|rplC 600 nusG 279|eplC 419
mplB 799|grol 585 hupA 265|rpsG 406
psF 754|rpsQ 540 plC 257|rpsO 380
rpM 648|vfiF 538 usg 235|hupB 301
psl 625|rmpsR 493 greB 234|rplV 267
rpll 598{rpmB 482 mfB 187|rpsD 262
nfC 570|hupA 476 yacL 156|rply 192

Table 12 —Mass spectrometry results from TAP tag purificatitdrRNase R or RPOC
from cold shock and stationary growth phase ckltg.of the first 15 proteins identified
and respective scores during stationary or coldclsdob cells that co-purified with
RNase R (A) or with RPOC (B) from calmodulin eluticesin. In green are represented
the proteins previously related to be interactinthRNA polymerase (RNAP), and in
gray are represented the proteins found in allgnans.
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A) B)
Proteins co-purified with RNase R in Proteins co-purified with RNase R in
celd shock (first 15 hits) stationary growth phase (first 15 hits)
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Figure 9 —Mass spectrometry results from TAP tag purificattdrRNase R or RPOC
from cold shock or stationary growth phase cellsaphs with scores of identified
proteins co-purified with RNase R in cold shock @) stationary phase (B) and co-
purified proteins with RPOC in cold shock (C) aatginary phase (D), from calmodulin

elution resin.

By observing the results from mass spectrometryaiobtd for RNase R
purification samples, we identified more proteingridg cold shock (80) than in
stationary growth phase (64). For RPOC, we hadwdigd only one more protein
during cold shock (51) than in stationary growthagd (50). In the purifications of
RPOC, RPOB was detected with the highest scorigwet by RPOC and the other

subunits of RNA polymerase that were also deteetétd high scores. This result
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confirms that RPOC forms a stable interaction i other RNA polymerase subunits.
Contrary, for RNase R the protein detected witthégj score was RNase R and, the
follow co-purified proteins were detected with muolwver scores in both conditions. A
similar pattern was also observed in the SDS-PAGE @-ig. 8). This difference is
clearly visible on the graphs (Figure 9). This fesuggests that, in contrast to RPOC,
RNase R probably does not form stable complexds dgfined stechiometry. This does
not exclude the possibility that RNase R can teamtyy interact with other proteins
or/and form unstable complexes that are not wedis@rved in our purification

conditions.

A)
RNase R
Cold shock Stationary
Protein | Score J Protein | Score
deaD 3120 yfiF 538
aceE 879 adhE 454
infC 570 ppk 166
adhE 442 deaD 88
lon 258 acefF 86
yfiF 1M1 acekE 70
IpdA 163 lon 68
me 139 sra 52
rimM 117 seqA 37
pnp 116
acefF 96
rhiB 82
degP 78
rimL 73
mreB 69
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P.;._. D.:-r

deaD |ATP-dependent RNA helicase, 505 ribosomal subunit biogenesis

aceE |Pyruvate dehydrogenase, decarboxylase component E1

infC  |Protein chain initiation factor IF3; unusual AUU start codon

adhE |Alcohol dehydrogenase, largely anaerobic; aerobic antioxidant

lon |DMA-binding, ATP-dependent protease LA, lon mutants form long cells

yfiF |Predicted RNA methyltransferase. function unknown; dmB paralog

IpdA  |Lipeamide dehydrogenase, NADH-dependent

me |RMase E; component of RMA degradosome, mRNA tumover, 55 and 165 RMNA maturation

rimM |Factor required for 165 RNA processing: 305 maturation; binds 519

pnp |Exoribonuclease; PMPase compaonent of RNA degradosome; cold shock protein

aceF |Pyruvate dehydrogenase, dihydrolipoamide acetyltransferase E2. acetate requirement

thiB |ATP-dependent RNA helicase. unwinds dsRNA; component of RNA degradosome; also binds PNPase directly; DEAD box family
degP |Penplasmic, membrane-associated senne endoprotease; protease Do, required for high-temperature growth

fimL |235 (RNA m(2)G2445 methyltransferase, SAM-dependent
mreB |MreB filaments padicipate in directional chromosome movement and segregation; mecillinam resistance

ppk |Polyphosphate kinase, reversible

sra |Peptide chain release factor 3, RF-3
seqA |Sequesters newly replicatled hemimethylated onC origins to prevent re-mitiation; binds hemimethylated GATC sequences

Table 13 —Mass spectrometry results from TAP tag purificatadrRNase R. List of

non ribosomal proteins detected from TAP tag peaifon of RNase R cells in the
stationary phase or after the cold shock induc{®nand description of the proteins
with higher scores (B). Scores are indicated fatgins identified in calmodulin resin
elution fraction (excluding RNase R). Proteins founly in RNase R are identified in
blue, and in purple are represented the proteinaddn RNase R only in stationary

phase.

To investigate the possible interactions formedRNase R during cold shock
adaptation, we compared the co-purified proteinsald shock and stationary growth
phase. As already mentioned, from the total ofginst detected for RNase R in both
conditions we excluded the ribosomal proteins (&aBA). In samples derived from
cold shocked cells, we detected 16 non riboson@kprs that co-purified with RNase
R, while from cells in stationary growth phase wiyaletected 9 proteins. From these,
4 proteins were found in both conditions, 3 werecjc for stationary phase and 14 for
cold shock (Table 13). Two proteins, DeaD and Acegre also found in RPOC
preparations from the cold shocked cells, althowgth lower scores (Table 13).

Interestingly, many of the proteins found in thédcshock condition are known to be
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involved in the RNA metabolism. We also detectednod the subunits of the bacterial

degradosome, the main complex involved in RNA deggian inE. coli.
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Figure 10 — Comparison of mass spectrometry results from TAJP parification of
RNase R or RPOC from cold shocked cells.

In the purification of TAP tagged RNase R from ttwdd shocked cells, DeaD
protein was detected with the highest score, whmelde it the most probable candidate
for RNase R interactor (Fig 9). DeaD seems to appeaur RNase R preparations
specifically in the cold shock conditions. DeaD waso detected in the sample of
RNase R purification from stationary grown cellkhaugh with a much lower score,
which may suggests the existence of cross contaimmbetween samples. DeaD is an
RNA helicase and one of the proteins that are iedua the cold shock adaptation
process (137). This protein (70 kDa) has the eséichaize of the band observed in the
SDS-PAGE gels (Fig. 8). Moreover, it was alreadgatded in the literature that
RNase R can complement the cold shock functionde&D, which suggests a

functional interaction between this two proteing)(IDeaD was also detected in RPOC
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preparations from cold shocked cells (Annex I, [€&l5). This result suggests that this
protein could be a “cold shock” specific contamioat We excluded this hypothesis

based on the fact that the score for DeaD in RIRapeeparation was much higher than
the one in RPOC preparations. The comparison o$t¢bees of the other proteins found
in both preparations suggests a specific increag®eaD co-purified with RNase R in

cold shock response. It is worth to mention thatehs specific enrichment, although to
smaller extent, for some of the ribosomal proteiResuming, among the potential
proteins interacting with RNase R during cold shddokaD helicase seemed to be a

good candidate to further investigations.

3.1.1 Amplification and cloning of DeaD helicase

In order to determine if DeaD helicase interactthvRNase R we decided to
purify both proteins and perforim vitro interaction studies. RNase R overexpression
plasmid was already constructed and tested (6}heofirst step was to clone DeaD
sequence into an expression vector. The codingeseguof the DeaD gene frai coli
was amplified by PCR from genomic DNA. As mentionadMaterial and Methods
section, during the PCR we introducg&all and Notl restriction sites into the product
sequence. The PCR product was cloned into pUC18wb-end ligation as described
in “Materials and Methods” (2.6 — table 2 to 4).eTpositive clones were detected using
the white/blue selection witk. coli DH5a cells and were subsequently digested with
Sall andNotl restriction enzymes, as described in “Materaald Methods” (2.6 — table
5), to check if the insert was introduced into pteesmid (Fig. 11B).
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A)
M DeaD

bp bp

3000

2000 deaD
2000 1400

Figure 11 — A) Visualization of DeaD amplification (1890 bps) bR on a 0.8%
agarose gelB) pUC18-DeaD digestion witlsall and Notl (1 - DeaD 1890 bps and
pUC18 2686 bps), visualized on a 0,8% agaroseTde.DNA size marker (M) is the
commercial NZYDNA ladder 1ll (NZYtech) In both gels, bands were visualized by
ethidium-bromide staining.

The insertion of DeaD helicase gene into the esiwasvector was made by
Sequence and Ligation Independent Cloning (SLIOnedhod based on homologous
recombination. The pET28a was the expression verded to provide a high level of
protein overproduction. This plasmid carries aneiNvtinal HIS tag, which allows the
purification of the protein with a HIS-tag. It alsmntains a gene for kanamycin

resistance, important for colony selection (Fig.. 12
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Figure 12 —Schematic diagram of pET28a plasmid. HK&n and Lacl regions are
represented by red arrows pointing the directionrafiscription. Restriction sites are
also indicated in the figure. This image was olddirby Clone Manager software

program.

SLIC is a cloning method that takes advantage efattmealing between a PCR
product with about 30bp of sequence that is homaddg the ends of the target vector
(94) (Fig. 13) To perform this method we amplified DeaD with ngsmers (Annex lll,
table 17) as described in “Materials and Methods7 (- table 6 and 7). Using DeaD
cloned in pUC18 as a PCR template, we amplify #gsegusing primers with 30bp
homology to the vector pET28a. The vector was ttigested withSall/Notl pair of
enzymes. Subsequently, single stranded ends invdti®r and insert were generated
using T4 DNA polymerase. After ligating the vectord insert, the mixture was used to
transformE. coli DH5a cells. The positive clones were digested Vi##H (see Materials
and Methods 2.7 — table 8) to check if the inseas uintroduced into the pET28a
plasmid (Fig. 14). Subsequently, protein expresswas induced by IPTG and protein
levels were analysed in SDS-PAGE gel (Fig. 15).
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Figure 13 —Representation cDeaD gene insertion in pET28a vector by homolog

recombination and single strand annealing. Schesaptad from Li & Elledge, 200

(94).

A)

bp

7500
4000

__7258bp
__5355bp

B)

M C A 2 3

bp

5883 bp
6000

5355 bp

2000
1400

1897 bp
1344 bp

49



The Role of Ribonuclease R in Bacterial adaptatiorold shock

Figure 14 — A — B)Restriction analysis of the recombinants deriveaimfrSLIC
reaction. Plasmid DNA from one independent kanamyesistant colony digested with
Sl (A), with Sall and Notl (2), or with Ecorl (3). As a control (C) pET28a was
digested withSall and Notl. Digestion products were separated on a 0,8%oagagel
and visualized by staining with ethidium-bromidéneTDNA size marker (M) is the
commercial NZYDNA ladder 11l (NZYtech).

The goal of this first experiment was accomplish&@. cloned DeaD helicase in
the expression vector pET28a and we were able ¢pegpress this protein by IPTG

induction.

3.2 Studies of interaction between RNase R and Dedielicase

3.2.1 Purification of overexpressed DeaD helicase

In the subsequent experiments we wanted to ovezeg@nd purify HIS tagged
DeaD, RNase R and RNase Il proteins. As first stepdecided to check the solubility
of each of the enzymes. DeaD helicase was clone@Ed28a plasmid as already
described in chapter 3.1.1. RNase R and RNase 1k &eailable in our laboratory.
They were previously cloned on pET15b plasntid.coli BL21 (DE3) cells were
transformed with the appropriate plasmids as desdrin “Materials and Methods”
(2.3). Cells were grown at 37°C at 180 rpm untilg@.5 and protein expression was
induced with IPTG for three hours (see Materiald dMethods 2.8). Purification was
performed by HIS tag method and proteins boundh¢oNi-NTA beads were analysed
in SDS-PAGE gel. The three proteins showed to bhésoand this purification method
revealed to be efficient (Fig. 15). For this reasiois protocol was repeated in other

assays.
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Figure 15 —HIS tag purification of RNase R (R), DeaD (D) or &3¢ 1l (II) from
exponentially grown cells. The protein fractionsrevgisualized in a 10% SDS-PAGE
gel stained with Coomassie Blue solution, TP —i&tufTotal Proteins, SP — Elution
Soluble Proteins, HP — Proteins bound to Ni-NTAdseaesin, M — Precision plus
Protein Standards (BioRad).

In order to evaluate if DeaD helicase was intengctvith RNase R we checked
if, while purifying DeaD by the HIS tag method, weuld also detect endogenous
RNase R enrichment in our preparations. As a chrthi® tagged RNase Il was also
overexpressed and purified in the same conditialiewing the comparison of the
RNase R levels in both preparatio&s.coli BL21 (DE3) cells containing the plasmids
with HIS tagged proteins were grown until @p0.5 and protein expression was
induced with IPTG for three hours (see Materiald dMethods 2.8). Purification was
performed by HIS tag method and after several waskeps, the Ni-NTA beads with
the protein bound were analysed in SDS-PAGE andpeoed with total proteins
fractions (Fig. 16). To determine the amount of B&& co-purified with HIS tagged
DeaD and, as a control, with HIS tagged RNase Nast R levels were detected by
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Western blot using anti-RNase R antibodies (folluyvithe protocol as described in
“Materials and Methods” (2.12)).

A) [
— === E|ution
l\_.
Cellular Ni-NTA
extract agarose
B)
TP SP L
M R i D I D
kDa
75
—-— Nitrocellulose membrane
— — Ponceau stained
50
Western blot
2kDa e = == — RNaseR

Figure 16 —Scheme of the investigation procedure used to sintgyaction between
HIS tagged DeaD helicase and RNase R. A) Cellsexpeessing HIS tag DeaD were
purified using Ni-NTA agarose and B) HIS tag elagowere analysed in a 6% SDS-
PAGE, transferred into a nitrocellulose membrang Ranceau stained. The amount of
RNase R was detected by Western bietr(r). TP — Total protein fraction of purified
RNase R (R), SP — soluble protein fractions frortsceverexpressing DeaD (D) or
RNase Il (II); HP — purified proteins fractions, MPrecision plus Protein Standards
(BioRad).

We saw that the RNase R levels detected durindigation of DeaD and RNase
Il were the same. If we compare the determinedegln the soluble fraction prior to
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purification, no enrichment was observed. The tesuibtained did not prove any direct
interaction between RNase R and DeaD helicase.

3.2.2 In vitro interaction between RNase R and Deaproteins

Since the first experiment did not revealed angdimteraction between RNase
R and DeaD, we wondered if it was because endogeRdase R could be already
involved in some other complexes in the cell inhsaavay that would not interact with
overexpressed DeaD. The second strategy used WS parification, proteins were
mixed and then separated on the gel filtration moluo observe protein migration. Gel
filtration is a chromatographic method that allogeparating proteins based on their
molecular weight. The Superdex 200 column allovesgparation of proteins from 10
kDa to 600 kDa in the way that smaller proteinsudié through the column slower than
the largest that move quickly. By migrating progeinith known size it is possible to
determine accurately in which column volume a protege expected to be detected by
UV spectra. RNase R and DeaD proteins have siz88 ahd 70 kDa, respectively. We
will run a mixture of both proteins on the coluniihthey do not interact directly, with
this chromatographic procedure they will migratgasately, if they interact, an
additional peak will be observed around the volwogesponding to the sum of the
sizes of DeaD and RNase R, or higher (depending@oomplex stechiometry).

To perform this study, after protein purificatiodeécribed above in section
3.2.1), the proteins were mixed in the end of thefigcation procedure. Then, they were
separated on a gel filtration column (Superdex 20@) monitored by UV spectra. As a
control, overexpressed RNase R alone was alsoaepaby this procedure. The UV
spectrum at 280nm obtained for the mixture of RNRsend DeaD was compared with
the one obtained for RNase R alone. To analyse &Raand DeaD behavior, fractions
collected during gel filtration were analysed inSSPAGE gel stained with Coomassie

blue solution (Fig. 17).
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Cells ) Cells
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Figure 17 — A) Scheme of RNase R and DeaD purification by the tds method.
Purified proteins were mixed, separated on gefafittn column (Superdex 200) and
monitorized by UV spectra (280nmB) UV spectra (280nm) obtained after gel
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filtration of the mixture of RNase R with DeaD (jedr RNase R alone (blue). The
green line represents the expected peak correspprdi RNase R protein (volumes
from 65 to 75ml).

Gel filtration method allows determining in whiclolume a protein with a
certain size is going to be detected. The peakirridor RNase R alone (around 70ml)
is the expected one because the volume where @aapps according to the size of
RNase R (92 kDa). By observing the migration of thw proteins together, the
behaviour is almost the same when compared to RRasl®ne. However, there is a
small shift between 75 and 85 ml. According to Desaife (70 kDa), this small shift
probably corresponds to the detection of DeaD.NfaBe R and DeaD would interact
directly, we should detect a peak around 60 ml ihahe volume were a protein of
more less 170 kDa should be detected (sum of DedlR&lase R sizes). Since no peak
was detected around this volume, it suggests tiedet two proteins do not interact

directly, or they do not interact strongly enoughttigrate together.

3.3 RNase R behaviour after cold shock induction

We have performed different attempts to prove titeraction between DeaD
and RNase R but direct interaction could not befiooed. Since that in mass
spectrometry analysis other proteins were detembeldsome could also be involved in
cold shock response, we wondered if RNase R coellidtieracting with other proteins.
Other option could be the interaction of RNase EhvideaD through other proteins,
forming a stable complex.

In order to investigate this possibility, the thighrt of this investigation
consisted in the separation &f coli total proteins extracts from different growth
conditions by gel filtration. After, RNase R migmat was monitored using anti-RNase
R antibodies. If there is any difference in protieivels and proteins interactions during
cold shock or exponential growth phase, this shbeldietected by protein migration in
the gel filtration column. Isolated proteins shogide a single peak in the UV spectra
and, if RNase R is incorporated into a protein clexpmigration pattern of this protein
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should be detected in the beginning of the graie RNase R detection (by Western
blot) from elutions collected during gel filtraticalows its comparison with the UV

spectra patterns obtained from protein migratiomeirfiltration column (Fig. 18).

n.
V=5~

Intensity

nﬂn M;\n =

Elution volume

Dot-bloting
of fractions

Cellular Gel Filtration Mass of the complex determined Westernblot using
extract (Superdex200) by comparison with know standards a-RNase R antibodies

Figure 18 —Representation of the experimental steps for fotaiein separation and
then, RNase R monitoring by Western blot techniqietal proteins were extracted
from cells in different growth conditions and extiawere subjected to the gel filtration
procedure. Fractions collected were loaded on cethalose membrane using dot blot

device and proteins were detected using anti-RRasetibodies.

To perform this study, BW2511B. coli cells were grown until exponential
growth phase or in cold shock conditions. Totalt@ro extracts were collected as
described in “Materials and Methods” (2.10) andasafed by gel filtration column
(Superdex 200). Protein migration was monitorized WV spectra and fractions
collected during gel filtration procedure were leddon a nitrocellulose membrane
using a Dot blot device. Subsequently, the membveaseused to perform Western blot
technique with anti RNase R antibodies following grocedure described in “Materials
and Methods” (2.12). Results from this method werantified using ChemiDoc XRS

software and compared with the gel filtration profgatterns.
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Figure 19 — A, B)Protein spectra (280nm) obtained during filtrat@nE. coli total

protein extract on Superdex 200 column.

calibration is indicated by dashed lines and fractiumbers are indicated in the bottom

Size of mharkers used for column

part of the graph. UV spectra of protein extraot&fE. coli after cold shock induction

(A) or during exponential growth phase (B}, D) Fractions collected during gel

filtration procedure were loaded on nitrocellulosembrane and proteins were detected
by Western blot, using anti-RNase R antibodiesrisity of each fraction (y-axis) was

quantified using ChemiDoc XRS software. Graphicrespntation of protein extracts

from E. coli after cold shock induction (C) or during exponahgirowth phase (D).
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By observing the results from the gel filtratiorchaique, we can see small
differences between the protein pattern after didck induction and exponential
grown phase. However, the differences are moreoolsvin the graphs obtained from
RNase R detection by Western blot technique. Fratibns 6 to 11 (corresponding to
50 - 60 ml) resultant from cold shock inductione thletection of RNase R increased
dramatically when compared with the protein pattebserved in exponential phase
(Fig. 19C and D). According to the size of thistpm (92 kDa), the volume where the
peak of detection should be detected was 70 mtgsponding to fractions 16 - 18). In
exponential growth phase a peak was detected ar@Onanl but, in cold shock
conditions, RNase R seemed to be part of a highecatr mass protein complex
(represented in figure 19C with red dots).

These results suggested that, after cold shockctimdu RNase R is probably
recruited into a high molecular mass protein comjeer 450 kDa) in the way that is
interacting with more than one protein. Since dyinurification of RNase R a higher
number of ribosomal proteins were detected, we tiygsised that RNase R, DeaD and
some ribosomal proteins can interact during colocklresponse by forming a protein

complex.
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4. Discussion and Conclusions

Bacteria are extremely resistant and adaptable omiganisms. They can
survive in a variety of stress conditions, one bénm is the abrupt change in
temperature. As a consequence of the temperatuwmsthift there is a biochemical
alteration in the cells and bacteria have to fageificant problems. There is a decrease
in the cell metabolism and protein synthesis almstgts (82). To prevent the cells from
the deleterious effect of the low temperature, dx@at developed the cold shock
response, a specific sequence of events that éeadaptation to the new environmental
conditions. Bacteria perform the mentioned chand@sng acclimation period that
follows rapid temperature downshift. One of the relsgeristic of acclimation is the
blocking of translation of the majority of the peots excepting the group of the cold
inducible proteins (CIPs). These proteins are @nibt translated but, in most of cases,
their level increases (68, 117, 137). CIPs is aigrof proteins of different kinds and
functions, but all of them are considered to havel@in the bacterial adaptation to low
temperatures.

One of the alterations that appear with low temjpeeais the stabilization of
RNA secondary structures. The stabilization of exested structures and the
introduction of new ones is considered to leadisordlers in the vital cellular processes
like translation, transcription and RNA degradati@econdary structures can mask
ribosome binding sites, impede RNA polymeraselmsome movement, form artificial
transcription terminators, and impede RNA degradati-inally, the cell has to adapt its
RNA metabolism to the new conditions.

The adaptation of RNA degradation machinery seemsintvolve two
exoribonucleases, which levels elevate in resptm$emperature downshift. These are
PNPase and RNase R. PNPase is not essential focethat 37°C but, at lower
temperatures, became vital (13). At low temperatutas probably involved in the
general degradation of RNAs. PNPase is able tostigecondary structures, which
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seems to be important in the cold conditions. Is w0 proved that, at the end of the
acclimation phase, PNPase is specifically requicedhe degradation of unnecessary
transcripts of cold shock induced proteins suchcspsRNAs. During the acclimation
period of the cold shock response, the proteinllef’/éNPase increases about 2-fold
(104).

RNase R is also able to degrade double-strandedsRawé, in normal growth
conditions, is responsible for the degradationifféent subtracts (28, 43, 44, 95). This
protein modulates its level according to the enwinental conditions (8, 26) and, after
cold shock induction can increase about 10-foldsfite this dramatic induction, RNase
R is not essential fdE. coli survival in the cold, although its absence oritgsaa small
colony phenotype. The exact function of this protiei the cold adaptation process is
unclear. However, it was suggested that, accordintg enzymatic activity this protein
serves in general degradation of RNAs with secondauctures. The elevation of the
protein level in response to low temperatures carm lzonsequence of the increase in
the amount and stability ohr message (28). However, recently it was proposatah
post-transcriptional mechanism could explain thiempmenon (96). In fact, it was
shown that RNase R protein is very unstable in egpbally growing cells and strongly
stabilized in stress conditions. This stabilizatioachieved by the action of
SmpB/tmRNA leads to an increase in the proteinl |€/@).

The high increase of RNase R level upon temperadomenshift suggests its
important role in the adaptation to the new coodii However, until date, the exact
function is not known. In our research, we intentlednswer to this question. Many
times researchers can have the information abauptbtein function by identifying
which proteins are interacting with the target owéth this strategy and using the
information about the function of the identifiedot#ins, one can conclude about the
metabolic pathways in which our target protein sagart. It can also allow to see if it is
involved in any stable protein complexs. We decittedse this strategy to identify and
compare proteins that can co-purify with RNase Rlifferent growth conditions. To
achieve this goal, we decided to use a constru@ndt. coli strain with a genome
encoded RNase R fused with TAP tag sequence, fetlowy Tandem Affinity
Purification (TAP) method.
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4.1 Identification of proteins co-purifying with RNase R

Tandem affinity purification method (TAP tag) istachnique to investigate
protein-protein interactions (130). This method vmmeviously successfully used by
other researchers, and revealed to be an excailethiod to purify protein complexes.

In our experiments we first constructedtrcoli strain with a genome encoding
RNase R fused with TAP tag sequence. Subsequenftiet protein was purified from
the cells grown in three different conditions: empotial phase, stationary phase or
exponentially grown cells introduced to low temperas for three hours (after this time
we could observe the highest induction of RNaseorh fall the times tested). We have
compared the protein patterns in exponential, staty growth phase and after cold
shock induction and detected some differences @igThe most visible one was the
appearing of a band of about 70 kDa, which was relksein the protein elution from
cold shocked cells. This protein band was not detedn the preparations from
exponential or stationary phase grown cells.

The detection of these differences led us to aeallgem in more detail. For a
deeper analysis we decided to use mass spectrompeitgin identification for the
elution samples. For this experiment we only useddiutions from cold shocked and
stationary grown cells. The identification of RNaRe co-purifying proteins from
exponentially grown cells was already performedadblyer research group using the
same method, the TAP-tag. The results obtained estigd that there are no strong
interactions formed by RNase R in this growth s{a®. Since we suspected that mass
spectrometry analysis could give us many falsetpeshits that will correspond to
proteins that will unspecifically interact with mesor TAP tag, we used a proper
negative control that will let us to exclude this a control we decided to use one of
the RNA polymerase subunits, the RPOC protein. Wepared the strain with
endogenous RPOC (RNA polymerase subunit C) prdtesied with TAP tag and then
RPOC interacting proteins were purified in the saroeditions and with the same
method as the one used for RNase R. We assumethéhptoteins that unspecifically
bind to the resin should be the same for RNase RRIPOC preparations. Moreover,

RPOC forms a well defined protein complex, the RpiAymerase (RNAP). Also, the
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interactions of RNAP with different bacterial prioie in different conditions are well
known (23). Thus, by searching these well defingdractions in our preparations, we
can show the quality of our procedures. As a lagtiment, RNAP, similarly to what
happens with RNase R, is a RNA binding protein.tHére are any unspecific
interactions with other RNA binding proteins cadriby RNA molecules, we also
should be able to exclude this by comparing resaitained for our target and for the
control. To decrease this last possibility, we walg using benzonase (RNase and
DNase) in all preparations of our protein extracts.

Finally, the elution fractions obtained for RPOMrnr stationary and cold
shocked cells and for RNase R from stationary avld shocked cell were analysed
using mass spectrometry method.

As a result of mass spectrometry analysis we oéthlists of proteins detected
in each elution. The first step was the exclusiamfthese lists of the proteins present
with similar scores in all preparations. We consdehem as contamination.

We obtained 80 proteins in RNase R calmodulin etufraction from the cold
shock cells and 64 proteins from cells in statignainase. For RPOC we obtained 51
proteins during cold shock and 50 proteins fronti@tary phase cells.

To verify the quality of our procedures, we congghthe results obtained for
RPOC elutions with the available literature andablases. In our study, we detected 66
different proteins interacting with RPOC, 84% of ieéh were already reported to
interact with RNA polymerase (STRING), (23). Thesult shows that our work is of
good quality and that, among the proteins iderttifa RNase R, we also should have a
high percentage of specific interactions.

In RNase R preparations we detected 80 proteinsold shock and 64 in
stationary growth phase. We also could observerdiffces in the score pattern for the
results obtained for RNase R and RPOC. In the ipatibns of RPOC, RPOB was
detected with the highest score followed by RPOG@ #re other subunits of RNA
polymerase. This result confirms that RPOC fornstadle interaction with the other
RNA polymerase subunits. For RNase R the results @éferent. After RNR that was
detected with the highest score, the follow co{ediproteins were detected with much
lower scores in both conditions. This result sugg#sat, in contrast to RPOC, RNase R

probably do not form a stable complex with defiséethiometry.
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A high number of proteins identified in all purifitons were ribosomal
components. The presence of ribosomes in our @Bpas could be due to the
unspecific interactions carried by RNA molecule®tw proteins in study. At this point,
there was no way to exclude this hypothesis andl@xded to exclude this hits from
our interaction analysis. Without taking into acebuhe ribosomal proteins, we
detected 9 proteins co-purifying with RNase R atiehary phase and 19 proteins in the
preparations from cold shocked cells. Three of wihere found in both stationary and
cold shock preparations. The fact that we did netect these proteins in RPOC
preparations and only in both RNase R preparatguggests that these are strong
candidates for interactors of RNase R. These protare: alcohol dehydrogenase
(AdhE) and pyruvate dehydrogenase (AceF), bothlweebin crucial cell respiration
processes. The other protein was Lon proteaseresbiiegly, Lon protease was
suggested a candidate for the enzyme that comeaditferences in stability of RNase R
protein in different growth conditions (42).

We detected more non-ribosomal proteins in prearsiof RNase R from cold
shocked cells (19) when compared with the onesirmlafrom stationary phase cells
(10). This fact can be explained by the presenaelogher protein concentration in the
cell in these conditions (temperature downshiftsesua 10-fold increase of RNase R
level). We can observe that some of the proteiestified in preparations from cold
shocked cells are enzymes involved in the RNA d#jiran process (4 out of 19).
These proteins were not detected in preparatioos fstationary cells. This may
suggests that, in the cold conditions, RNase R ighmmore involved in RNA
degradation than in stationary or exponential phasés may also be related to the
stabilization of the secondary structures of theARNblecules.

Among the potential interactions that we detectmie especially caught our
attention. In the purification of TAP tagged RN&é&om the cold shocked cells, DeaD
protein was detected with the highest score, whekes it the most probable candidate
for RNase R interactor (Table 12). DeaD seems peapin our RNase R preparations
specifically in the cold shock conditions. DeaD vedso detected in samples of RNase
R purification from stationary grown cells but with much lower score, which can
suggests cross contamination between samples dumgms spectrometry analysis
(Annex Il, Table 16). DeaD is an RNA helicase ané of the proteins that are induced
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in the cold shock adaptation process (137). Thosgmm (70 kDa) has the estimated size
of the band observed in the SDS-PAGE gels, spadificn RNase R purifyed from
cold shocked cells (Fig. 8). Moreover, it was alealescribed in the literature that
RNase R can complement the cold shock functiori3eaD, which suggests at least a
functional interaction between this two proteind)(DeaD was also detected in RPOC
preparations from cold shocked cells (Annex I, [€ab6). This could suggest that this
protein is a “cold shock” specific contaminationeWartially excluded this hypothesis
based on the fact that the score for DeaD in RIRapeeparation was much higher than
the one in RPOC preparations.

Finally we considered DeaD as the best candidatdéak for interaction with

RNase R using a different method, which would qomfour mass spectrometry results.

4.2 Studies of interaction between RNase R and Dedielicase

In the subsequent experiments we were trying togtbe existence of direct
interaction between RNase R and DeaD helicasehdnfitst attempt, we wanted to
investigate if during the purification of overexpsed HIS tagged DeaD we could also
co-purify endogenous RNase R.

To perform this experiment, we clon&dcoli DeaD helicase sequence into the
bacterial expression vector pET28a. Then, DeaD avasexpressed and purified and
the elution fractions were monitored for RNase Rioliment by Western blot using
anti-RNase R antibodies. As a control, we perfortmedpurification of the HIS tagged
RNase Il (an RNase R homologue that is not inducexbld shock conditions) instead
of the DeaD, and we also monitored RNase R levetise elution fractions.

The results showed no enrichment of RNase R in Dgaiflfication fractions
compared with RNase |l purifications (Fig. 16). Wencluded that, by using this
method we cannot detect any direct interactions/éen RNase R and DeaD helicase.
We also performed this experiment at low tempeeataince we hypothesize that the
interaction could be temperature dependent. Thdtragain was clearly negative. We

decided to use another strategy to ensure thataurlusions are true. We were still
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considering the possibility that we were not seanginteraction between DeaD and
RNase R because endogenous RNase R in the celllwgasly involved in more stable
complexes and could not be able to interact wighaerexpressed DeaD protein.

To overcome this possibility we decided to overesprand purify both proteins
and to check if we can detect any interaction troviProteins were purified separately,
mixed and then analysed by gel filtration to obsefvthere would be any changes in
protein migration. This chromatographic method a#iacseparating proteins according
to their size in the native conditions. Since matronditions are used with this method,
the interactions between proteins should be preseand the protein complexes should
migrate differently when compared to the singlet@ires.

Once again, the results obtained with this expertndéd not prove any specific
interaction between the investigated proteins. Ukepattern of RNase R migration on
gel filtration column was not changed with the &ddi of equimolar amounts of DeaD
protein.

Thus, by using two independent strategies we prdabed there is no direct
interaction between RNase R and DeaD helicase.eTiessilts are in the opposition to
the ones obtained using the TAP tag techniquei@tbby mass spectrometry analysis,
which was pointing to the existence of an inte@cietween these two proteins. Our
research than led us into the assumption thatnieeaiction between DeaD and RNase
R observed by the TAP tag technique was artificial.

From the other hand, there was still one more exglan that could conciliate
the two opposite results. The interaction betweealand RNase R detected by TAP
tag technique might not have been direct. We caagine that RNase R in the cold
shock may interact with other proteins that carsegbently interact with DeaD. In this
situation, RNase R would co-purify with Deala other proteins. This does not mean
that both proteins can directly interact. To chelsis hypothesis we went to see if
RNase R could be incorporated into any comple»old conditions.
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4.3 RNase R behavior after cold shock induction

Since we could purify RNase R together with othalutar proteins using TAP
tag strategy we assumed that RNase R, at leabeiodld shock conditions, could be
incorporated into a protein complex. To prove this, decided to isolate total bacterial
soluble proteins in similar conditions to the onesed in the TAP tag purification
experiments. Subsequently, we separated the talable proteins in the native
conditions, using gel filtration chromatographydame monitored the fractions using
anti RNase R antibodies.

By using the gel filtration technique, we are atuleseparate proteins according
to their size. Since we used native conditions, ane also able to separate protein
complexes. The calibration of the column allowstaisknow which elution fraction
corresponds to which protein size. Subsequentlyamadysed the amount of RNase R
signal in each fraction and we could see whichtivas have the highest amounts of
RNase R and check the approximate protein sizeactarstic for them. In our
experiments we compared protein extracts isolat@uh £xponentially grown and cold
shocked cells.

RNase R is a 90 kDa protein so, if it would be hlsle cytosolic protein not
involved in any interactions, we would expect itnhigrate in the gel filtration column
accordingly to its size. In our results this sitomtwas observed in the case of protein
extracts isolated from exponentially grown cellstetestingly, in the case of extracts
isolated from cold shocked cells, RNase R signackment was observed in different
fractions corresponding to protein sizes of 400K This result suggests that RNase
R can be incorporated into a protein complex of #ize. Moreover, in both cases we
could also observe high signal enrichment in thgirbeng of the fractionation, in the
void volume. At this volume migrates all the pddgthat are too big to be separated by
the column. This includes aggregated proteins, d&dsb big particles like bacterial
ribosomes (over 2MDa).

The obtained result suggests that, at low tempestiRNase R can be
incorporated into a high molecular mass proteinger From this data we cannot say
if DeaD helicase is the part of the complex thatokserve on gel filtration column.
More analysis will be needed to clarify this hypegls.
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The high RNase R signal in column void volume sgtgeither that RNase R in
our extracts is partially aggregated (which is abable hypothesis, since this is not
very stable protein). On the other hand, it caw &lsggest the interaction with some
high molecular mass particles, like ribosomes. lm mass spectrometry results we
could identify several ribosomal proteins. Moreqgu@eaD was previously reported to
be ribosome bound. Facing this fact, it may berastng in a near future to check

eventual interactions between ribosomes and RNase R

4.4 Final Conclusions

RNase R increases its level in the cold shock abenfold. In spite of this
dramatic increase, the role of this exonucleagbercell adaptation to low temperatures
is not clear. In our work, we are trying to findtdbe function of this protein in cold
adaptation, starting with the identification of f@ims interacting with RNase R. As a
result of our work, we identified proteins that porfy with RNase R in different grow
conditions: stationary phase and low temperatute.r@sults brought many candidates
that can potentially interact with RNase R. Thetngbep is to investigate the most
probable interactions, and to find its biologicaaning.

The first interaction we wanted to investigate wath DeaD helicase. Our
research showed that the interaction between RRas®l DeaD is not direct. Then, we
showed that RNase R, in low temperature conditiangrobably incorporated into a
high molecular mass protein complex. More rese&rcieeded to check if DeaD is also

part of this complex.
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6. Annex

Annex | — Materials

1. Culture Media, solutions and gels

Table 14 —Culture media, solutions and gels used in the exyaital procedures.

10g Tryptone 10g Tryptone

59 Yeast Extract 59 Yeasts Extract
10g NacCl 10g NaCl

ddH20 to 1000 ml 15g Agar

Adjust pH to 7.0 and autoclave ddH20 to 1000 ml

Adjust pH to 7.0 and autoclave

0.05% Blue Coomassie 7.5% Acetic acid
10% Acetic acid 20% Ethanol
50% Methanol

12.10g Tris base 100 ml TBS 10X
40g NaCl 0.9 ml Tween
H20 MQ to 500 ml H20 MQ to 1000 ml

adjust pH to 7.6 with HCI

5g SDS 1.6g SDS

15.13g Tris base 32g Tris base

72.05g Glycin 169 Glycin

H20 MQ to 500 ml H20 MQ to 400 mi
ppsoa  [iPPisoA+Tronxd00 |
10 mM Tris-HCI pH 8.0 10 mM Tris-HCI pH 8.0

150 mM NacCl 150 mM NacCl

0.1% Triton X-100

10 mM Tris-HCI pH 8.0 10 mM Tris-HCI pH 8.0
150 mM NacCl 150 mM NaCl
20 mM Imidazol 250 mM Imidazol
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2.94¢g CaC 1.47g CaCl
ddH20 to 200 ml 20 ml Glycerol
ddHO to 100 ml

0.5g kanamycin in 10ml ¥© 25 mg/ml in deionized water
Filter sterilization, aliquot and store Filter sterilization, aliquot and store
at -20°C at -20°C

0.5g Cloranfenicol in 10ml $O 1% (v/v) Acetic acid

Filter sterilization, aliquot and store 0.1% (v/v) Ponceau S

at -20°C

2 mM PMSF 10 mM Tris-HCI pH 8.0

1 mMDTT 150 mM NacCl

50 mM Tris-HCI pH 8.0 0.5 mM EDTA

250 mM NacCl 1 mMDTT

10 mM B-mercaptoethanol 10 mM B-mercaptoethanol
10 mM Tris-HCI pH 8.0 10 mM Tris-HCI pH 8.0

150 mM NaCl 150 mM NaCl

0.1% Triton X-100 1 mM CaCp

2 mM CaCp

5g sodium thiosulfate 1.5g Potassium carbonate
H20 MQ to 50 ml H20 MQ to 50 ml

1.5g Potassium carbonate 29 Tris

12.5ul formaline 1 ml Acetic acid

6.25 ul Sodium thiosulfate 10% H20 MQ to 50 ml

H20 MQ to 50 ml
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SDS-PAGE Gel

A - Running Gel
40% acrylamide mix
1.5 M Tris (pH 8.8)
10% SDS

10% APS

0.04% TEMED

B - Stacking Gel
40% acrylamide mix
1.0 M Tris (pH 6.8)
10% SDS

10% APS

0.1% TEMED

6X DNA Loading buffer Orange G

TBE 10X Buffer

10 mM Tris-HCI pH 7.6
0.15% Orange G

60% Glycerol

60 mM EDTA

890 mM Tris base
890 mM Boric Acid
20 mM EDTA

2X Loading buffer proteins

0.8% Agarose Gel

100 mM Tris-HCI pH 6.8
4% SDS

0.2% Bromophenol Blue
20% Glycerol

addp-mercaptoethanol to a 5% final volume

0.8 g Agarose
100 ml TBE 1X

LA + X-Gal

5% Non-Fat Milk

400 ml LA medium

800 ul X-Gal (2%)

400 pul Ampicilin (100mg/ml)
80 ul IPTG 1M

0.5 g non-fat milk
10 ml 1x TBS Tween

2. Strains

Table 15 —Strains used in the experimental procedures.

Strain

Relevant Genotype

E.coli BL21 DE(3) F ompT hsd Sg (rg 'mg’) gal dcm (DE3)

(Novagen)
E.coli DH5a F $80dacZAM15 A(lacZYA-argF) U169recAl endAl
(Novagen) hsdR17(rk” mk*) phoA supE44 A thi-1 gyrA96 relAl

E. coli BW25113 F-, 4(araD-araB)567, AlacZ4787(::rrnB-3), 4", rph-1,
(KEIO Collection) A(rhaD-rhaB)568, hsdR514
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3. Plasmids

Plasmids used in the experimental procedures:

Bogl s
Seal 2177

Cirlol 1779,
Ecodil 1765
Eam1105] 1604

Eco0100 2":1?‘1I Piol 4 BstAPl 179
Aatl 2817 | |
1
.

\Call 1217

Figure 20 —Representation of pUC18 plasmid, a commercial pidsrsed as a cloning

vector. This image was obtained from “Fermentas”.

%haol Blpl
PspXI Bmtl
E|°g11 Hhel
fot Neel
HindIl] Neal D“'-‘E;I
Sall wbal Bglll SgrAl amt——o L
EcolCRI Sphl
Sacl o
EcoRl BRAFT Syl
BamHl his -, Pvul
il Xmal
Bell ; Smal
BstEIl - \
Kan Clal
PspOMI \ Hrul
Apal
BssHI -
EcoRV % { Acul
Hpal 3 Al
l:\. ‘l‘z
PshAl ™ A BssS]
Bgll Mm____,——'ﬁ‘{ Pail
Fsnl Sapl
FWS?I Tatl
Fpumi Bst11071
Tthilll

Figure 21 — Representation of pET28a plasmid, used as an esipresector. This

image was obtained by Clone Manager software pnogra
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Annex Il — Mass Spectrometry results

1. Results from mass spectrometry analysis of RNase or RPOC TAP tag
purification

Table 16 —List of proteins detected to co-purify with RNas@RRPOC purification by
TAP tag method during cold shock induction or iatisinary growth cells. In green are
represented the proteins previously related toraotewith RNA polymerase (RNAP)

and in gray are represented the proteins found preparations.

RNase R RPOC

Cold shock Stationary Cold shock Stationary
Protein Score| Protein Score Protein Score| Protein Score
rnr 19589 rnr 28151 rpoB 50429 rpoB 46141
deaD 3120 rplL 1779 rpoC 45024 rpoC 30834
rplL 2245| rpsG 1573 rpoA 24984 rpoA 18217
rpsG 1357 rpskE 1048 rpoD 5070 rpoD 7314
rplC 1192 rpskF 1011 rapA 4099 rapA 3106
rpsD 1103 rpsD 941 rpoZ 2761 rpoZ 1141
rplD 905( rpID 927 rpoS 1024 rpoS 599§
acek 879rplv 739 nusA 795 hupA 481
rplv 873|rpIC 600 nusG 279 rplC 419
rplB 799| groL 585 hupA 265 rpsG 404
rpsk 754 rpsQ 540 rplC 257| rpsO 38(
rpiM 648| yfiF 538 usg 234 hupB 301
rpsl 625 rpsR 493 greB 234 rplV 267
rpll 598(rpmB 482 infB 187| rpsD 262
infC 570( hupA 476 yacL 156 rplJ 192
rplA 554(rpIlM 475 rplA 151| rpsk 185
rpsk 543 adhE 454 rpsE 151 yacL 165
rpsC 534 rplB 414 deaD 14(Q rps 164
adhE 442 rplQ 400 rplE 136 rplQ 128
rplS 400 rpsP 389 hns 135 cpxR 120
rplT 395| rapA 388 rpld 134 rplS 114
rpsJ 384 rpsH 374 CpXR 124 nusG 117
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rpsH
rpld
rplo
rpsMm
rpsR
rpsP
rplXx
lon
rplE
rpsN
rpskK
rplP
rpsS
dnaK
rpIN
ptsl
rplQ
rhlE
yfiF
rpsB
hupB
hupA
IpdA
romB
rpsL
rpsO
hns
rne
rpIR
rpsT
infB
rplY
rimMm
pnp
rplu
usg
proQ
aceF
rpsQ
rplw
rome
rhiB

381
367
332
331
311
304
270
258
244
238
233
218
211
204
182
181
179
172
171
169
169
168
163
161
160
1471
143
139
138
131
122
118
117
116
112
104
102
94
88
85
82

82

infC
rplP
rplS
rpsl
rplX
rpsJd
rpskK
trmH
rpsC
rpsT
rplA
rpsL
rpsuU
rpIN
hupB
ppk
rplK
rpld
ihfA
rpll
rpsO
rplu
rplT
rpIR
rpsM
usg
rpsS
rplO
deaD
aceF
rpsN
acekE
lon
ihfB
dnaK
sra
rpmC
rpme
hns
segA
proQ
rpml

373
345
344
344
330
325
243
232
230
223
220
210
196
196
185
166
157
152
145
130
12§
127
126
118
116
107
94
89
88
84
76
7(
68
65
53
52
50
46
38
37
35

rpsD
hupB
StpA
rplX
rplD
rpsG
rpsC
rpoH
fis
romB
rpiL
rpsO
acekE
rplM
rplQ
dnad
rplUu
rplo
rpsk
rpsl
rpsM
rplS
rplK
rpsH
rpsS
ygfB
rplVv
tdcB
mnmE

123
121
119
106
98
95
88
87
85
81

69
6§
65

53
53
53
53
52
50
47
47
45
39
38
37
32

37

rpiD
rplL
ihfA
romB
rplXx
rpsl
trmH
ihfB
greB
rpsP
nusA
rpsL
rpsC
rplM
rpsu
proQ
rpskK
rplu
rplT
dnaK
recB
rplK
groL
tdcB
infC
rpsS
cedA
rpsJ

33

31
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rpsu 80
degP 74
rimL 73
mreB 69
rpsA 66
romG 64
rpml 50
groL 50
purR 47
rluC 46
ihfB 46
rpomF 38
pstA 37
rpmA 36
ihfA 33
YigR 33
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Annex Il — Primers and Sequences

1. Oligonucleotides used in this work

Table 17 —Prim

ers used for DeaD amplification. Forward prismérprimer) include

the Sall restriction site on their sequence and the revergmers (Rprimer) contained

theNotl restriction site all andNotl restriction sites are underlined).

Primers

Sequence 5'to 3'

DeaD Lprimer

RPrimer

AAGTCGACATGGCTGAATTCGAAACCAC

TTGCGGCCGOTACGCATCACCACCGAAACG

Table 18 —Primers used for DeaD amplification to perform #ssembly of DeaD and

pET28a fragments by homologous recombination uSing method. Forward primers

(Lprimer) include thesall restriction site and on their sequence and thierse primers

(Rprimer) contained theNotl restriction site $all and Notl restriction sites are

underlined).

Primers

Sequence 5'to 3'

DeaD Lprimer

RPrimer

GGGTCGGGATCCGAATTCGAGCTCCGTCGARTGGCTGAATTCGAAACCAC

TGGTGGTGGTGGTGGTGCTCGAGTGCGGCCATACGCATCACCACCGAAACG
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Annex IV — DeaD helicase sequence

1. DeaD helicase sequence

ATGGCTGAATTCGAAACCACTTTTGCAGATCTGGGCCTGAAGGCTCCTATC
TTGAAGCCCTTAACGATCTGGGTTACGAAAAACCATCTCCAATTCAGGCAG
AGTGTATTCCACATCTGCTGAATGGCCGCGACGTTCTGGGTATGGCCCAGA
GGGGAGCGGAAAAACTGCAGCATTCTCTTTACCTCTGTTGCAGAATCTTGA
CCTGAGCTGAAAGCACCACAGATTCTGGTGCTGGCACCGACCCGCGAACTG
GCGGTACAGGTTGCTGAAGCAATGACGGATTTCTCTAAACACATGCGCGGC
GTAAATGTGGTTGCTCTGTACGGCGGCCAGCGTTATGACGTGCAATTACGE
CCCTGCGTCAGGGGCCGCAGATCGTTGTCGGTACTCCGGGCCGTCTGCTIASG
CCACCTGAAACGTGGCACTCTGGACCTCTCTAAACTGAGCGGTCTGGTTAT
GATGAAGCTGACGAAATGCTGCGCATGGGCTTCATCGAAGACGTTGAAACC
ATTATGGCGCAGATCCCGGAAGTCATCAGACCGCTCTGTTCTCTGCAACCA
GCCGGAAGCGATTCGTCGCATTACCCGCCGCTTTATGAAAGAGCCGCAGGA
AGTGCGCATTCAGTCCAGCGTGACTACCCGTCCTGACATCAGCCAGAGCTA
CTGACTGTCTGGGGTATGCGCAAAAACGAAGCACTGGTACGTTTCCTGGAA
GCGGAAGATTTTGATGCGGCGATTATCTTCGTTCGTACCAAAAACGCGACT
TGGAAGTGGCTGAAGCTCTTGAGCGTAACGGCTACAACAGCGCCGCGCTGA
ACGGTGACATGAACCAGGCGCTGCGTGAACAGACACTGGAACGCCTGAAA
GATGGTCGTCTGGACATCCTGATTGCGACCGACGTTGCAGCCCGTGGCCEG
ACGTTGAGCGTATCAGCCTGGTAGTTAACTACGATATCCCGATGGATTCTA&
GTCTTACGTTCACCGTATCGGTCGTACCGGTCGTGCGGGTCGTGCTGGCCG
GCGCTGCTGTTCGTTGAGAACCGCGAGCGTCGTCTGCTGCGCAACATTGAA
GTACTATGAAGCTGACTATTCCGGAAGTAGAACTGCCGAACGCAGAACTGC
TAGGCAAACGCCGTCTGGAAAAATTCGCCGCTAAAGTACAGCAGCAGCTGG
AAAGCAGCGATCTGGATCAATACCGCGCACTGCTGAGCAAAATTCAGCCGA
CTGCTGAAGGTGAAGAGCTGGATCTCGAAACTCTGGCTGCGGCACTGCTGA
AAATGGCACAGGGTGAACGTACTCTGATCGTACCGCCAGATGCGCCGATGC
GTCCGAAACGTGAATTCCGTGACCGTGATGACCGTGGTCCGCGCGATCGTA
ACGACCGTGGCCCGCGTGGTGACCGTGAAGATCGTCCGCGTCGTGAACGTC
GTGATGTTGGCGATATGCAGCTGTACCGCATTGAAGTGGGCCGCGATGATG
GTGTTGAAGTTCGTCATATCGTTGGTGCGATTGCTAACGAAGGCGACATCSG
CAGCCGTTACATTGGTAACATCAAGCTGTTTGCTTCTCACTCCACCATCGA
CTGCCGAAAGGTATGCCGGGTGAAGTGCTGCAACACTTTACGCGCACTCGC
ATTCTCAACAAGCCGATGAACATGCAGTTACTGGGCGATGCACAGCCGCAT
ACTGGCGGTGAGCGTCGTGGCGGTGGTCGTGGTTTCGGTGGCGAACGTCGT
GAAGGCGGTCGTAACTTCAGCGGTGAACGCCGTGAAGGTGGCCGTGGTGAT
GGTCGTCGTTTTAGCGGCGAACGTCGTGAAGGCCGCGCTCCGCGTCGTGAT
GATTCTACCGGTCGTCGTCGTTTCGGTGGTGATGCGTAA
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