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Abstract
Bacterial genomes are a huge reservoir of genes encoding J-domain protein
co-chaperones that recruit the molecular chaperone DnaK to assist protein
substrates involved in survival, adaptation, or fitness. The atc operon of the
aquatic mesophilic bacterium Shewanella oneidensis encodes the proteins
AtcJ, AtcA, AtcB, and AtcC, and all of them, except AtcA, are required for
growth at low temperatures. AtcJ is a short J-domain protein that interacts
with DnaK, but also with AtcC through its 21 amino acid C-terminal domain.
This interaction network is critical for cold growth. Here, we show that AtcJ
represents a subfamily of short J-domain proteins that (i) are found in sev-
eral environmental, mostly aquatic, β- or ɣ-proteobacteria and (ii) contain a
conserved PX7W motif in their C-terminal extension. Using a combination of
NMR, biochemical and genetic approaches, we show that the hydrophobic
nature of the tryptophan of the S. oneidensis AtcJ PX7W motif determines
the strong AtcJ–AtcC interaction essential for cold growth. The AtcJ homo-
logues are encoded by operons containing at least the S. oneidensis atcA,
atcB, and atcC homologues. These findings suggest a conserved network
of DnaK and Atc proteins necessary for low-temperature growth and, given
the variation in the atc operons, possibly for other biological functions.
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INTRODUCTION

In the environment, bacteria face biotic and abiotic vari-
ations to which they must constantly adapt. Among the
physicochemical parameters, temperature is probably
one of the most crucial. The transition to low tempera-
tures influences many cellular processes (membrane
fluidity, water viscosity, enzyme kinetics, RNA metabo-
lism, etc.) on which the survival of the cell depends.
The psychrophilia or psychrotolerance of some bacteria
is based on mechanisms acting at several levels, both
environmental, physiological and molecular but which
depend on the bacterium, its lifestyle and its tempera-
ture preference (Barria et al., 2013; Casanueva et al.,
2010; de Maayer et al., 2014; Zhang & Gross, 2021).
The cold shock response is composite. It is the result of
adaptive responses leading to regulation of gene
expression through changes in DNA topology, tran-
scription, RNA metabolism (RNA folding and degrada-
tion), increased membrane fluidity, improved translation
(ribosome and translation factors) and protein folding
(Zhang & Gross, 2021). For example, it is well docu-
mented that a specific metabolism must be set up at
low temperature to adapt the lipid composition of the
membrane necessary for its integrity and functioning. In
addition, low temperature may cause stabilisation of
secondary structures of the mRNA, which can disrupt
translation and result in a defect of protein synthesis
(Barria et al., 2013; Casanueva et al., 2010; de Maayer
et al., 2014; Zhang & Gross, 2021). Thus, the cold
response involves the induction of the production of
proteins specifically involved in mRNA management
such as ribonucleases to degrade misfolded mRNA, or
cold-shock proteins whose role is to prevent the forma-
tion of unwanted secondary structures (Barria et al.,
2013; Casanueva et al., 2010; de Maayer et al., 2014;
Zhang & Gross, 2021).

Bacteria of the genus Shewanella are aquatic (sea-
water or freshwater) and are therefore able to survive
and even grow in cold environments. Some species of
Shewanella are identified as psychrophilic but some,
mesophilic, whose optimal growth temperature is above
20�C can grow at temperatures well below 10�C
(Hau & Gralnick, 2007; Hwang et al., 2019; Lemaire
et al., 2019; Lemaire et al., 2020). This is the case for
S. oneidensis which has an optimum growth rate
around 30�C but grows, although more slowly, in a tem-
perature range of 4–37�C (Abboud et al., 2005; Jeong
et al., 2006). Compared to cells grown at 22�C,
S. oneidensis cells grown at low temperature have par-
ticular phenotypic characteristics, such as a smaller
diameter and a tendency to filamentation, which are
accompanied, as explained before, by a change in the
production of certain proteins and a major modification
of the composition of cellular lipids (Abboud et al.,
2005). A study also demonstrated that survival of
S. oneidensis at low temperature depended on excision

of a cryptic prophage in a subpopulation of cells in
which increased ability to form attached biofilm ensures
prolonged survival under cold (Zeng et al., 2016).

Recently, our lab has identified an operon in
S. oneidensis essential for growth at low temperature,
named atc for adaptation to cold (Maillot et al., 2019).
This operon which is constitutively expressed in the
temperature range of 7–37�C encodes the four proteins
AtcJ, AtcA, AtcB, and AtcC (Figure 1A). The deletion of
the genes of this operon has no effect on the growth of
S. oneidensis at the optimal temperature of 28�C but
causes a growth defect at 7�C, except for ΔatcA which
shows no growth defect at any temperature. AtcJ is a
J-domain containing protein (JDP). JDPs, named as
such on the basis of their homology with the E. coli pro-
totype DnaJ, represent a large family of proteins that
interact with and regulate the activity of the molecular
chaperone DnaK (Hsp70 in eukaryotes). All proteins
from this family contain the J-domain, a �70 amino
acids domain composed of four helices forming a hair-
pin. The flexible loop that connects helices II and III
bears the conserved HPD motif that determines the
interaction with DnaK (Figure 1B; Kampinga &
Craig, 2010; Craig & Marszalek, 2017; Rosenzweig
et al., 2019; Barriot et al., 2020). Basically, JDPs’ func-
tion is to address proteins that are partially folded, mis-
folded or aggregated to DnaK. Binding of JDPs to
DnaK triggers allosteric changes in DnaK that result in
ATPase activity stimulation (Mayer, 2018). The speci-
ficity of the substrates to be delivered to DnaK is deter-
mined by the additional domains of JDPs. Alternatively,
JDPs can localise DnaK/Hsp70 to cellular compart-
ments where chaperone activity is needed (Balchin
et al., 2020; Mayer, 2021; Mayer & Gierasch, 2019;
Serlidaki et al., 2020). Nevertheless, their role is cer-
tainly underestimated if one considers the vast diversity
of additional domains found in bacterial JDPs (Barriot
et al., 2020).

AtcJ is unique in that it is a short 94 amino-acids
JDP constituted of a J-domain flanked by a C-terminal
extension of only 21 amino acids. The interaction of
AtcJ with DnaK through its J-domain is essential for
cold growth. Indeed, production of AtcJ harbouring a
mutation on the HPD motif which prevents interaction
with DnaK, in the ΔatcJ strain, did not restore growth at
low temperature (Maillot et al., 2019). On the basis of
bacterial two-hybrid and isothermal titration calorimetry
experiments, we have previously shown that the small
terminal extension is responsible for the strong interac-
tion of AtcJ with the AtcC protein (Kd of � 10nM)
(Figure 1B). Complementation of the ΔatcJ strain with a
plasmid expressing atcJ truncated from this extension
failed to restore growth at low temperature, suggesting
that the AtcJ–AtcC interaction is essential for growth. In
addition, we showed that AtcC also interacts with AtcB
(Maillot et al., 2019). The mechanism by which the
AtcB and AtcC proteins promote growth at low-
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temperature in S. oneidensis is unknown. AtcB is toxic
when overproduced in S. oneidensis or E. coli at the
optimal growth temperatures of 28 and 37�C, respec-
tively. This is probably the result of a reduced level of
transcription, as suggested by an in vivo lacZ reporter
experiment in E. coli (Maillot et al., 2021). Moreover,
co-purification and in vitro transcription/translation
assays showed that AtcB interacts with the core RNA
polymerase (α, α, β0, β, and ω subunits) and probably
inhibits it (Maillot et al., 2021). The relevance of these
observations regarding the role of Atc proteins in cold
growth remains to be demonstrated. Nevertheless, one
can anticipate a function in recruiting DnaK to modulate
RNA polymerase activity and allow efficient transcrip-
tion of key genes under cold conditions. Because
S. oneidensis also possesses another Hsp70 homo-
logue (HscA), one cannot rule out the possibility that
the Atc proteins also recruit it.

In this paper, we determine that AtcJ is part of a
subfamily of short JDPs encoded in atc operons
found in several environmental, mostly aquatic, β-
and Ɣ-proteobacteria genomes. This family is hall-
marked by a conserved PX7W motif located in an
alpha helix of the C-terminal extension. The hydro-
phobic and aromatic properties of the conserved tryp-
tophan at position 89 of AtcJ from S. oneidensis are
critical for strong AtcJ–AtcC interaction. Accordingly,
the suppression of this interaction in vivo by introduc-
ing a non-hydrophobic residue at this position on the
S. oneidensis chromosome causes a growth defect at
low temperature.

EXPERIMENTAL PROCEDURES

Growth conditions and strains

The E. coli and the S. oneidensis strains used in this
study were listed in Table S1, respectively and grown

at the desired temperature in Luria Bertani (LB) rich
medium: bacto-tryptone (10 g/L), yeast extracts (5 g/L),
NaCl (5 g/L), pH 7.4. Agar at 1.5% is added to this
medium for solid media (LB-agar). When selection is
required, antibiotics were added at the following con-
centrations: chloramphenicol 25 μg/mL, ampicillin
50 μg/mL, kanamycin 50 μg/mL, rifampicin 10 μg/mL
and streptomycin 100 μg/mL. For growth monitoring at
7–9�C and 28�C, cells were grown under agitation
(180 rpm) in 50 mL Erlenmeyer flasks containing 10 mL
of LB medium in the presence of chloramphenicol and
0.2% arabinose.

Transformations of E. coli strains were performed
using the heat shock method, with cells made compe-
tent by cold CaCl2 treatment. S. oneidensis strains
were transformed by conjugation according to the pro-
cedure already described (Baraquet et al., 2009).

The S. oneidensis strains containing a mutated atcJ
gene coding for AtcJW89S and AtcJW89R were con-
structed as follows. Two fragments of 500 bp upstream
and downstream of the codon to be mutated in atcJ,
respectively, were generated by PCR using the chro-
mosome of S. oneidensis MR-1 as a template with spe-
cific primers (Table S2). These two PCR products
overlap on a 27-base pair region and are centered on
the mutated codon. They were cloned into the suicide
vector pKNG101 (Baraquet et al., 2009) and digested
with BamHI and SpeI using the NEBuilder HiFi DNA
Assembly kit (New England Biolabs Inc). The two
obtained plasmids (pKNG101-atcJW89S and pKNG101-
atcJW89R, Table S3) contain the 1000 bp region of the
chromosome of S. oneidensis MR-1 centered on the
W89S or W89R mutations in the atcJ gene.

S. oneidensis MR-1 was transformed by the
obtained plasmids pKNG101-atcJW89S or pKNG101-
atcJW89R (Table S3) by conjugation and the mutations
were introduced in the chromosome by homologous
recombination according to the procedure described
before (Baraquet et al., 2009).

F I GURE 1 Overview of the atc operon from S. oneidensis and functional protein interaction network. (A) Scheme of the atc operon. (B) AtcJ
binds DnaK through the HPD motif of its J-domain, and binds AtcC via its 21 amino acids C-terminal extension. In addition, AtcC interacts with
AtcB. The AtcJ-DnaK and AtcJ–AtcC interactions are crucial for growth at low temperature.
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Plasmid constructions

For two-hybrid experiments, plasmids pT18-AtcJ cod-
ing for AtcJ fused to the C-terminal extremity of the T18
domain of the adenylate cyclase and pT25-AtcC coding
for fusion of AtcC to the C-terminus of the T25 domain
of the adenylate cyclase described before (Maillot
et al., 2019) were used. The mutations P81A, W89S,
W89F, W89Y, W89R W89E, W89Q, W89L, and W89M
in T18-AtcJ were constructed by site-directed mutagen-
esis using QuickChange kit (Agilent) for W89S or Q5®

Site-Directed Mutagenesis Kit (New England Biolabs
Inc) for the other mutants according to the manufac-
turer instructions. The primers and plasmids used are
described in Tables S2 and S3, respectively.

For complementation experiments, the pBAD33 and
pBAD33-AtcJ plasmids described before were used
(Maillot et al., 2019). The mutations W89S, W89F, and
W89R in pBAD33-AtcJ were constructed by site-
directed mutagenesis using Q5® Site-Directed Muta-
genesis Kit (New England Biolabs Inc) according to the
manufacturer instructions. The primers and plasmids
used are described in Tables S2 and S3, respectively.

The pET-AtcJ and pET-AtcC plasmids were used to
produce WT AtcJ-6His, and WT AtcC-6His (Maillot
et al., 2019). The pET-AtcJ plasmid was used as a tem-
plate to produce the W89S-, W89L-, W89F-, and
W89R-AtcJ-6His mutants by site-directed mutagenesis
using QuickChange kit (Agilent) for W89S or Q5® Site-
Directed Mutagenesis Kit for the other mutants (New
England Biolabs Inc) according to the manufacturer
instructions. The primers and plasmids used are
described in Tables S2 and S3, respectively.

Bacterial two-hybrid assay

E. coli strain BTH101 was co-transformed with the dif-
ferent plasmid constructs pT25-atcC and pT18-atcJ
(WT or mutated; Table S3). Transformants were
selected on LB-agar medium containing ampicillin and
kanamycin. After 48 h of incubation at 28�C, about
10 clones were cultured overnight at 28�C in 24-well
plates containing 1 mL of LB, both antibiotics and 1 mM
IPTG. After measuring OD600nm, 100 μL of 10-fold
diluted cells were distributed in wells of a 96-well micro-
plate and lysed by addition of 10 μL of Popculture
Reagent solution (EMD Milipore Corp.) containing
1 mg/mL of lysozyme. After 15 min of incubation at
room temperature, 100 μL of Z buffer (75 mM
Na2HPO4, 10 mM NaH2PO4, 5 mM KCl, 0.5 mM
MgSO4, 50 mM β-mercaptoethanol, pH 7) was added
to each well. The β-galactosidase activity was mea-
sured by monitoring the optical density at 420 nm with
a TECAN microplate reader, after addition by the auto-
matic injector of the reader of 40 μL of 4 mg/mL ONPG
to each well. Experiments were performed in triplicate.

The slope of the traces was used to calculate the β-
galactosidase activity as already described (Baaziz
et al., 2017).

Control of cellular protein amounts

To check that the same amount of wild-type and mutant
of T18-AtcJ proteins were produced, the E. coli
MG1655 strain was transformed with pT18-AtcJ (WT or
mutant). The transformants were grown overnight at
37�C in the presence of 1 mM IPTG. The total protein
extracts from the same amount of cells were heat-
denatured, loaded on SDS-PAGE, transferred by west-
ern blot and revealed with anti-AtcJ antibody as
described before (Maillot et al., 2019).

The amount of cellular AtcJ proteins (WT and
mutants) produced from chromosome or plasmid was
checked after cells wer grown at OD600nm ≈ 2. The total
protein extracts from the same amount of cells were
heat-denatured, loaded on SDS-PAGE, transferred by
western blot and revealed with anti-AtcJ antibody as
described before (Maillot et al., 2019).

We checked the amount of DnaK and DnaJ in the
WT, ΔatcJ, atcJW89S, and atcJW89R S. oneidensis
strains. The cells were grown at exponential phase
(OD600nm = 4–5), the total protein extracts from the
same amount of cells were heat-denatured, loaded on
SDS-PAGE, transferred by western blot and revealed
with anti-DnaK antibody raised against two immuno-
genic peptides of S. oneidensis DnaK (Genscript). The
same extracts were used to determine the amount of
DnaJ, detection was carried out with commercial anti-
DnaJ from E. coli antibody (Enzo Life Sciences, Inc.).

Protein purification

Strains of E. coli BL21 (DE3) containing the different
pET plasmid constructs (Table S3) were cultured at
37�C to OD600nm = 0.8. The production of AtcJ,
AtcJW89S, AtcJW89F, AtcJW89R, and AtcJW89L proteins
was induced by addition of 1 mM IPTG and incubation
for 2 h at 37�C. For AtcC, induction of protein produc-
tion was achieved by addition of 1 mM IPTG and incu-
bation for 20 h at 16�C. Cells were collected by
centrifugation for 15 min at 5000 rpm at 4�C. The pel-
lets were resuspended in 20 mL of 20 mM Tris-HCl
(pH 7.5). A second centrifugation of 15 min at
11,000 rpm at 4�C was performed and the pellets were
resuspended in 20 mL of buffer A (20 mM phosphate
buffer, 500 mM NaCl, 10% glycerol, pH 7.4) containing
20 mM imidazole and DNase. The cells were then bro-
ken by 2 passages in a French press and the cell
debris was removed by centrifugation performed at
11,000 rpm for 15 min at 4�C. After ultracentrifugation
at 45,000 rpm, for 1 h at 4�C, the supernatants were
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filtered (0.45 μm membrane) and loaded on a HisTrap
HP column (GE Healthcare) using an AKTA Pure appa-
ratus (GE Healthcare). After two washes with buffer A
containing 20 and 50 mM imidazole, the proteins were
eluted with buffer A containing 100, 200, and 500 mM
imidazole. Fractions containing the proteins of interest
were then pooled and concentrated (volume < 5 mL)
using Amicon Centrifugal Filters (Milipore). Samples
were loaded onto a HiLoad 16/600 Superdex 200 pg
gel filtration column (GE Healthcare), with the AKTA
Pure system (GE Healthcare) in buffer B (50 mM Tris-
HCl, 100 mM KCl, 10% glycerol, 1mM DTT) to increase
protein purity and change the buffer of samples. Protein
concentrations were measured from OD280nm mea-
surements using the theoretical molar extinction coeffi-
cient determined by protein sequence (Protparam
Expasy).

NMR spectroscopy

All NMR experiments were recorded at 25�C on a Bru-
ker 800 MHz AVANCE NMR spectrometer equipped
with a cryoprobe. Isotopically labelled AtcJ was grown
in M9 H2O media supplemented with 15NH4Cl and

13C-
glucose as the sole nitrogen and carbon source,
respectively. Labelled AtcJ and AtcC were purified
according to the procedure described above. Backbone
1H, 15N, and 13C assignments were obtained on a sam-
ple of 2 mΜ [1H/15N/13C]-labelled AtcJ (in 50 mM
Hepes, pH 7.0, 50 mM KCl) using a set of 3D HNCA,
HNCACB, HNCACO, and HNCO triple resonance
experiments. Spectra were processed with NMRPipe
(Delaglio et al., 1995) and analysed using CCPNMR
(Vranken et al., 2005). The structural model of AtcJ
was generated with CS-Rosetta, based on 15N, 13Cα,
13Cβ, 13C’, and 1HN chemical shifts using a standard
CS-Rosetta protocol. The resulting 10 lowest energy
structures (of 3000) displayed a backbone root mean
square deviation (rmsd) of <1.5 Å from the lowest
energy structure (Shen et al., 2008).

Circular dichroism

Purified AtcJ, AtcJW89S, AtcJW89F, and AtcJW89R pro-
teins were desalted against 20 mM phosphate buffer
pH 7.4 using ZEBA SPIN columns (Thermo Scientific).
The samples were diluted to a concentration of 15 μM
and the circular dichroism spectra were recorded with a
JASCO-815 spectrophotometer at 25�C in a 1 mm cell.

Isothermal titration calorimetry

The AtcJ and AtcC proteins were dialyzed overnight at
4�C in buffer B to avoid discrepancies from buffer

mismatch. ITC experiments were performed at 25�C
using the MicroCal PEAQ-ITC (Malvern). In total,
207 μM of ligands (AtcJWT, AtcJW89S, AtcJW89F,
AtcJW89R, and AtcJW89L) were titrated against 36 μM of
AtcC in the ITC cell with a constant stirring speed
of 750 rpm. A total of 19 injections were performed with
an initial injection of 0.4 μL followed by 18 injections of
2 μL with a spacing time of 150 seconds. Duplicates
were performed for each measurement, except for
AtcJWT. The heat generated by the dilution effect of the
last injections was removed from the isothermal data
as the fitted offset control. The data were fitted using a
“One Set of Sites” model in the PEAQ-ITC Analysis
Software.

Accession numbers

AtcJ NMR chemical shifts have been deposited in the
Biological Magnetic Resonance Data Bank (BMRB),
accession number 51734.

RESULTS

AtcJ belongs to a subgroup of short JDPs
containing a conserved PX7W motif and
found in several environmental β- or
ɣ-proteobacteria

Barriot et al. showed that AtcJ from S. oneidensis
(AtcJ_son) belongs to a group of J-domain proteins that
have the feature of being short in size (Barriot
et al., 2020). In their paper aimed at describing the bio-
diversity of J-domain proteins in bacteria and phages,
they identified in a selection of 1709 genomes repre-
sentative of bacterial diversity a total of 105 short JDPs
with sizes ranging from 54 to 100 amino acids. We
used these 105 sequences to identify AtcJ homo-
logues. Although there are some examples of JDPs
that do not have the canonical HPD motif (Kluck
et al., 2002; Walsh et al., 2004), we discarded the 11
sequences that do not contain a proper HPD sequence.
Then, we aligned the remaining 94 sequences using
the Multalin website (Corpet, 1988). The results are
represented using the ESPript 3.0 website (Robert &
Gouet, 2014) with an imposed similarity score of 0.7
(Figure S1). Two groups can be differentiated on the
basis of the location of the HPD motif, either in the
N-terminal or C-terminal half of the proteins. Except for
a region corresponding to residues 53-60 (VKKAYEVL)
in S. oneidensis (Uniprot code Q8EFW5), no overall
similarity is detected. Nevertheless, AtcJ_son appears
to be part of a subgroup of 34 sequences in which P81
and W89 in the C-terminal extension are highly con-
served (red and green insets in Figure S1). Therefore,
this subgroup can be identified by this conserved
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PX7W motif. In two sequences, the PX7W motif is
degenerated: the tryptophan is replaced by an alanine
in the sequence from Janthinobacterium sp. B9-8
(Uniprot code A0A109RWT6) and the proline is
replaced by an alanine in the JDP from Candidatus
Thiodictyon syntrophicum (Uniprot code
A0A2K8U395). These two sequences were neverthe-
less kept in the subgroup. On the contrary, the JDPs
from Solidesulfovibrio magneticus RS-1 (Uniprot code
C4XM59) and from Verrucomicrobium sp. GAS474
(Uniprot code A0A1H2E3L7) which contains neither the
proline nor the tryptophane were discarded from
the group. For clarity, an alignment performed with a
selection of 10 sequences from this subgroup is pre-
sented in Figure 2.

The members of the PX7W motif-containing JDP
subgroup identified in Figure S1 are all found in envi-
ronmental organisms belonging to the β- or
ɣ-proteobacteria classes (Table 1). Most of the strains
are aquatic (marine water, freshwater, sludge, sedi-
ments). A minority (�27%) was collected from soil sam-
ples. The β-proteobacteria are mostly from the
Burkholderiales order and a minority belong to the
Nitrosomonadales and Rhodocyclales orders. The
ɣ-protobacteria are essentially from the Alteromona-
dales order. Considering their psychrophilia or psychro-
tolerance, the information that we have found in the
literature is reported in Table 1. It appears that in all
the organisms for which the question has been raised,
an ability to survive or even grow at low temperature is
described.

We further investigated the phylogenetic distribution
and the extent of deviation from the PX7W motif in
JDPs from this subgroup by exploring the KEGG data-
base (Kanehisa, 2019; Kanehisa et al., 2021;
Kanehisa & Goto, 2000) (see additional data 1 and
Figures S2–S4). From this analysis, we conclude that,
although it may be degenerated in a few cases, the
PX7W motif appears as a hallmark of a subgroup of

short JDPs homologous to AtcJ_son, that are restricted
to several species of β- or ɣ-proteobacteria classes.

Exogenous AtcJs complement the cold
growth defect of the S. oneidensis ΔatcJ
strain

We studied the functionality of some of these AtcJ
homologs by assessing their ability to complement the
low-temperature growth defect of the ΔatcJ mutant of
S. oneidensis. We selected three proteins from the
10 representative sequences in Figure 2, that is, from
Collimonas pratensis Ter91 (Cpra), Rhodoferax kor-
eense (Rhy) and Paraglaciecola psychrophila (Gps).
After codon optimization, the genes were synthesised
and cloned into pBAD33 for arabinose inducible
expression. The plasmids were introduced in
S. oneidensis ΔatcJ by conjugation and the growth at
7�C in the presence of 0.2% arabinose of two indepen-
dent clones was compared to that of the WT and ΔatcJ
strains. Figure S5 shows that the genes from Cpra and
Rhy restored growth of the ΔatcJ strain but with a sig-
nificant delay compared to WT. The gene from Gps did
not restore cold growth. Whether these delays or non-
complementation are the result of a protein production
defect in S. oneidensis and/or low affinity for
S. oneidensis obligatory interactants for cold growth
(DnaK and AtcC) remains to be determined.

The conserved tryptophan of the AtcJ
PX7W motif is essential for AtcC binding in
S. oneidensis

The interaction between AtcJ and AtcC from
S. oneidensis was suggested to be mediated by the
C-terminal extension of AtcJ (residues N74 to P94)
(Maillot et al., 2019) which contains the conserved

F I GURE 2 Identification of a conserved PX7W motif in the subfamily of very short JDPs to which AtcJ belongs. Amino acid alignement of
10 homologues representative of the AtcJ superfamily, performed with Multalin and represented using Espript 3.0 (similarity score of 0.7). The
strictly conserved residues are in white and framed under a red background. The residues considered as highly similar are framed under a
yellow background. The secondary structure depicted is based on the AlphaFold structure model of AtcJ from S. oneidensis. The organisms are
S. oneidensis (son), Moritella viscosa (mvs), Collimonas pratensis Ter91 (cpra), Dechloromonas aromatica (dar), Acidovorax sp. RAC01 (acra),
Rhodoferax koreense (rhy), Polaromonas naphtalenivorans (pna), Massilia sp NR 4-1 (mnr), Colwellia sp. MT41 (com), Paraglaciecola
psychrophila (gps).
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PX7W motif. To confirm this, we recorded 1H-15N
HSQC NMR binding experiments between purified 15N-
isotopically labelled AtcJ and unlabeled AtcC. Addition
of two-fold excess of AtcC caused severe peak broad-
ening to the C-terminal region of AtcJ (residues 73–94),

indicating binding (Figure 3A). To obtain structural infor-
mation for the C-terminal region of AtcJ_son, we
derived secondary structures from the assigned back-
bone (13Cα, 13Cβ, 13C0, 15N, and 1HN) NMR chemical
shifts of AtcJ, using the program TALOS+ (Shen

F I GURE 3 Interaction of AtcJ with AtcC and model structure of AtcJ determined by NMR. (A) Intensity changes (I/I0) of
15N labeled AtcJ

upon addition of AtcC. AtcC binds to residues 73–93 in the C-terminal domain of AtcJ. (B) Secondary structure of AtcJ derived by TALOS+ from
the backbone NMR 13Cα, 13Cβ, 13C0, 15N, and 1HN chemical shifts. (C) Structure of AtcJ derived by CS-Rosetta based on NMR restraints. The
HPD motif is essential for interaction with DnaK. Conserved proline (P81) and tryptophan (W89) on the C-terminal extention of AtcJ are
indicated. Helix α5 in orange contains conserved tryptophan (W89) the indole ring of which is surface exposed.

BACTERIAL ADAPTATION TO COLD: CONSERVATION OF A SHORT J-DOMAIN CO-CHAPERONE AND
ITS PROTEIN PARTNERS IN ENVIRONMENTAL PROTEOBACTERIA
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et al., 2009). AtcJ_son presented a characteristic JDP
fold, with the J-domain composed of four helices and
the surface-exposed H31-P32-D33 motif in a loop con-
necting helices 2 and 3. The C-terminal extension (resi-
dues N74 to P94) was partially structured as an alpha
helix (α5), starting from S83 within the conserved
PX7W motif and ending at Y93 (Figure 3B). We next
used the NMR chemical shifts as an input for CS-
Rosetta (Lange et al., 2012) to calculate a structural
model for AtcJ_son (Figure 3C). The calculated struc-
tures presented a characteristic JDP fold, with helices
2 and 3 antiparallel to one another and connected by a
loop with the conserved Hsp70-binding HPD motif. The
C-terminal helix 5 was present in a number of different
orientations relative to the J-domain, further indicating
that this domain moves freely in solution and does not
form contact with the J-domain.

Using AlphaFold software (Mirdita et al., 2022), we
modelled the structures of the nine other homologs
containing an intact PX7W motif already selected
above. According to their high similarity, the J-domains
of the nine other modelled structures have the same
overall folding as AtcJ_son as shown by a structure
overlay achieved with ChimeraX software (Goddard
et al., 2018; Pettersen et al., 2021; Figure S6). Their
C-terminal extension also partially folds as an alpha
helix but starts from the conserved proline of the PX7W
motif while the NMR structure suggests that it starts
two residues after. Moreover, the orientations of the
C-terminal extensions containing the alpha helix
5 strongly differ depending on the protein (Figure S6),
suggesting that, as supported by NMR data, they may
adopt a different orientation relative to their core
N-terminal domain.

We used site directed mutagenesis to assess the
role of the conserved P81 and W89 residues in the
S. oneidensis AtcJ–AtcC interaction. As a tool for
screening, we used the bacterial two-hybrid assay that
has allowed us to demonstrate this interaction (Maillot
et al., 2019). It is based on the reconstitution of the T18
and T25 catalytic domains of the adenylate cyclase of
Bordetella pertussis (Battesti & Bouveret, 2012;
Karimova et al., 1998). AtcJ was fused to the T18
domain and AtcC to the T25 domain. When produced
together in an adenylate cyclase-deleted E. coli strain,
the high level of β-galactosidase activity, caused by the
induction of expression of the lac operon as a result of
cAMP production by the reconstituted adenylate
cyclase, reflects the interaction between AtcJ and AtcC
(Maillot et al., 2019). We, therefore, constructed the
T18-AtcJP81A and T18-AtcJW89S fusions and their inter-
action with T25-AtcC was measured (Figure 4). The β-
galactosidase activity measured with T18-AtcJP81A was
identical to that of WT. On the contrary, the activity
was dramatically low with T18-AtcJW89S, suggesting a
possible role of this residue for interaction with AtcC.

The hydrophobic nature of the residue at
position 89 is critical for the AtcJ–AtcC
interaction in S. oneidensis

We then evaluated by bacterial two-hybrid assay how the
nature of the side chain of this residue at position
89 affects the AtcJ–AtcC interaction by replacing it by
hydrophobic aromatic (Phe and Tyr) or hydrophobic non-
aromatic (Leu and Met), polar (Ser and Gln), positively
charged (Arg) and negatively charged (Glu) residues on
the T18-AtcJ fusion. Figure 5A shows that the interaction
is conserved only when the side chain of the residue is
hydrophobic (T18-AtcJW89F, T18-AtcJW89Y, T18-AtcJW89L,
and T18-AtcJW89M fusions). To ensure that the absence
of interaction observed with non hydrophobic residues is
not the result of decreased production of T18-AtcJ
fusions, their amount was evaluated by Western Blot with
an anti-AtcJ antibody (Maillot et al., 2019). Figure S7
shows that when produced in E. coli, the T18 fusions that
do not display interaction with AtcC (AtcJW89S, AtcJW89Q,

F I GURE 4 Effect of mutations on the conserved PX7W motif of
AtcJ on interaction with AtcC assessed by bacterial two-hybrid assay.
E. coli BTH101 strain co-transformed as indicated with the T18 and
T25 plasmids coding for protein fusion between T18 and AtcJ
(WT and mutants), and protein fusion between T25 and AtcC. A
positive control (Zip/Zip, pUT18C-zip with pKT25-zip) and a negative
control (-/-, empty vectors) were also included in the experiment.
Cells were grown overnight at 28�C. β-galactosidase activity was
measured as explained in the Methods section. The data from three
replicates are shown as mean ± SD.
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AtcJW89R, and AtcJW89E) are detected in amounts compa-
rable to those of fusions that do interact (AtcJWT,
AtcJW89F, and AtcJW89Y), suggesting that the low level of
β-galactosidase activity measured is the result of a defect
in the interaction of AtcJ with AtcC, rather than of low pro-
tein production.

To check that the W89 mutations did not result in
major secondary structure changes that render the pro-
teins nonfunctional for interaction with AtcC, we exam-
ined the secondary structures of wild type AtcJ and
three selected mutants by circular dichroism. We thus
purified a set of mutants: AtcJW89F, for which the inter-
action with AtcC is conserved, and AtcJW89S and
AtcJW89R mutants for which the interaction is not
observed. The three mutants as well as AtcJWT were
overproduced and purified by affinity chromatography
according to the protocols described before (Maillot
et al., 2019) and recalled in Materials and Methods.
The CD spectrum obtained for AtcJWT is typical of a
protein with a high proportion of α-helices. The overlap
of the spectra obtained for AtcJWT and the three
mutants indicates a similar spectral signature, without
major changes in secondary structure (Figure S8).

To quantitatively characterise the interaction
between WT or mutated AtcJ and AtcC, we performed
isothermal titration calorimetry using purified AtcC as
described before (Maillot et al., 2019; Figures 5B and
S9). A dissociation constant (Kd) of 12.2 nM for the WT
protein was measured, a value similar to what was
obtained previously (Maillot et al., 2019). With
AtcJW89F, a similar Kd of 14 ± 1.6 nM was measured,
which is consistent with bacterial two-hybrid results
reporting a strong interaction between the two proteins.
While the two-hybrid experiment suggests a level of
interaction comparable to the WT protein, a Kd of 48 ±-
4 nM is measured with the AtcJW89L mutant. In the
case of W89S and W89R mutations of AtcJ, and as
suggested by the two-hybrid experiment, a dramatic
loss of affinity is observed. For AtcJW89S, a Kd of 6.6
± 1.4 μM was determined, while for AtcJW89R, no inter-
action was detected. These experiments confirm that a
hydrophobic residue at position 89 of AtcJ is essential
to ensure high affinity for AtcC and that the aromatic
character of this residue seems to be a factor improving
the interaction.

Mutations of W89 that abolish the AtcJ–
AtcC interaction in S. oneidensis cause a
growth defect at low temperatures

The growth at low temperature of the S. oneidensis
strains in which the gene encoding AtcJ carries the
W89S and W89R mutations on the chromosome was
tested and compared with that of wild-type and ΔatcJ
strains. We first observed that the two-point mutations
do not affect the growth of the bacteria at the optimal

growth temperature of 28�C, as observed when atcJ is
deleted (Maillot et al., 2019). The growth curves are
similar to those of the wild-type strain (Figure 6A).
Regarding low temperature (9�C), Figure 6B shows that
the WT strain starts growing after a <48 h lag. The
ΔatcJ strain did not grow during the period of the exper-
iment (196 h) in accordance with what was observed
before (Maillot et al., 2019). In the case of the atcJW89S

strain, a significant growth delay was observed com-
pared to WT, with a lag of �80 h. The atcJW89R strain
did not grow. Production of AtcJWT from a plasmid res-
cued the growth of the ΔatcJ, atcJW89S, and atcJW89R

strains (Figure 6B). To rule out the possibility that these
effects were the result of protein production defects
caused by the point mutations, we checked the cellular
amount of the AtcJ proteins by western blot using an
anti-AtcJ antibody as described before (Maillot
et al., 2019). The experiment could not be performed at
low temperature because the strains ΔatcJ and
atcJW89R do not grow under this condition. We thus per-
formed the experiment at the optimal temperature of

F I GURE 5 Impact of the nature of the residue at position 89 of
S. oneidensis AtcJ on the interaction with AtcC. (A) Bacterial two-
hybrid assay showing that a hydrophobic residue at position 89 is
crucial for AtcJ–AtcC interaction. E. coli BTH101 strain co-
transformed as indicated with the T18 and T25 plasmids coding for
protein fusion between T18 and AtcJ (WT and mutants), and protein
fusion between T25 and AtcC. A positive control (Zip/Zip, pUT18C-zip
with pKT25-zip) and a negative control (-/-, empty vectors) were also
included in each experiment. Cells were grown overnight at 28�C. β-
galactosidase activity was measured as explained in the Methods
section. The data from three replicates are shown as mean ±
SD. (B) Dissociation constants of the AtcJ–AtcC interaction
measured using ITC. Binding assays were performed at 25�C with
36 μM AtcC and 207 μM AtcJ (WT and mutants). Experiments were
performed in duplicate, except for AtcC + AtcJWT which was already
measured (Maillot et al., 2019) and repeated once in this study.
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28�C where all the strains have comparable growth
kinetics. The low level of AtcJ protein produced from
chromosome made it poorly detectable, nevertheless,
the AtcJWT, AtcJW89S, and AtcJW89R proteins appear to
be produced in the same amount (Figure 6C). As an
additional control, we studied the effect of overproduc-
tion from plasmid of AtcJ (WT, W89S, W89F, or W89R)
on the cold growth of ΔatcJ. In agreement with what
was observed when produced from chromosome, over-
production of AtcJW89R, which does not interact with
AtcC, does not restore cold growth of ΔatcJ
(Figure S10A). Cold growth of ΔatcJ overproducing
AtcJW89S compares to that of the WT strain and ΔatcJ
overproducing AtcJW89F, a result that apparently con-
tradicts the growth delay observed with the atcJW89S

strain. As determined by ITC experiments, this mutation
significantly affects the ability of AtcJ to bind AtcC, but
still allows residual interaction. Therefore, the overpro-
duction of AtcJW89S from plasmid may have compen-
sated the weak interaction with AtcC and allowed the
ΔatcJ strain to grow as rapidly as the WT strain. At
28�C, these strains had comparable growth kinetics
and produced comparable amounts of the Atc proteins,
which supports the idea that point mutations have no
effect on the stability of the protein (Figures S10B
and S10C).

The deletion of dnaK and dnaJ in E. coli is associ-
ated with increase in the cellular concentrations of the
other remaining molecular chaperones and proteases

(Calloni et al., 2012; Fauvet et al., 2021). We thus won-
dered whether deletion or mutations of atcJ caused a
change in the amount of DnaK and DnaJ in the
S. oneidensis ΔatcJ, atcJW89S, and atcJW89R strains.
Using antibodies raised against DnaK and DnaJ
(Figures S11A and S11B), we determined by western
blot that the amount of DnaK and DnaJ in these three
strains is comparable to that of WT.

The genes encoding AtcJ are in synteny
with atcA, atcB, and atcC

We have shown previously that atcJ, atcA, atcB, and
atcC of S. oneidensis are part of the same operon
(Maillot et al., 2019; Figure 1). We further investigated
this aspect by examining the genetic environment of
the genes coding for AtcJ homologues identified in
Figure S1 using the KEGG website (Kanehisa, 2019;
Kanehisa et al., 2021; Kanehisa & Goto, 2000). We
observed that they were always localised upstream of
at least three other genes which appear to be transcrip-
tionally linked since, as in S. oneidensis, the genes
overlap and/or have very short intergenic regions. This
is also the case for the genes coding for AtcJ homo-
logues mentioned above in which the PX7W motif is
degenerated. For clarity, we present in Figure 7 the
genetic environment of the 10 atcJ homologues
selected above.

F I GURE 6 Growth of S. oneidensis WT and mutant (ΔatcJ, atcJW89S and atcJW89R) strains at 28 and 9�C. Cultures are conducted in LB
medium in the presence of chloramphenicol and 0.2% arabinose. After initial growth at 28�C, strains were diluted to OD600nm = 0.05, and were
incubated at 28�C (A) or 9�C (B) with shaking. The strains contains pBAD33 either empty (+p) or expressing atcJ (+pJ). Absorbance was
measured over time. The data from two replicates are shown as mean ± SD. The amount of AtcJ proteins produced at 28�C was checked by
analysing protein extracts by Western blot using anti-AtcJ antibody (C).
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To determine whether these downstream genes
encode equivalents to S. oneidensis AtcA, AtcB, and
AtcC, respectively, we aligned the corresponding pro-
tein sequences from the 10 organisms selected above
(including S. oneidensis) using the Multalin interface.
The results are represented using the ESPript 3.0 web-
site with an imposed similarity score of 0.7. Concerning
the gene downstream of atcJ (i.e., atcA), the alignment
of the corresponding proteins reveals only one strictly
conserved aspartyl residue (D28 of AtcA from S. onei-
densis; Figure S12). Nevertheless, many motifs (from a
unique amino acid to a sequence of five residues) dis-
play a high degree of similarity. Remarkably, all
sequences have a C-terminal end rich in acidic amino
acids. Using the AlphaFold software, we modelled the
structure of the 10 corresponding proteins, and selected
the rank 1 models which we overlaid using the Chi-
meraX 1.3 software. According to the structural model,
AtcA_son is organised into two domains (Figure 8A,
upper panel). The N-terminal domain is globular, com-
posed of 7 alpha helices and 3 310-helices, one of which
being the N-terminal extension of alpha-helix 6. The
C-terminal domain, starting at residue G132, contains
the region rich in acidic amino acids and appears glob-
ally disordered. The nine other structural models also
show a 2-domain organisation with the N-terminal
domains overlapping with that of AtcA_son and a highly
disordered C-terminal domain which corresponds to the
acidic region. In five cases (AtcA from Acidovorax
sp. RAC01, Rhodoferax koreense, Polaromonas naph-
talenivorans, Dechloromonas aromatica and Collimonas
pratensis Ter91), this region contains a C-terminal
extension of 20-23 amino-acids that folds into an alpha
helix (Figure 8A, lower panel). Therefore, in these
organisms, the first gene downstream of atcJ encodes a
protein structurally related to AtcA_son which has the
distinctive feature of having a long, apparently disor-
dered acidic C-terminal domain.

Considering the proteins encoded by the second
gene downstream of atcJ, that is, atcB in S. oneidensis,
the sequence alignments show many similar motifs and
few strictly conserved residues (Figure S13). The 3D
model of AtcB_son suggests a fifteen alpha helix orga-
nization. Alpha Helices 6 and 10 have a 310-helix exten-
sion in their C-terminal end. A long unstructured loop
separates helices 10 and 11 (Figure 8B, upper panel).
The overlay of the AlphaFold structural models reveals
a remarkable folding similarity (Figure 8B, lower panel).
The structural models diverge only in the number and
arrangement of residues between helices 10 and
11, and after helix 13 where strong structural heteroge-
neity is predicted. Thus, again, in these organisms, the
second gene downstream of atcJ encodes a protein
structurally close to AtcB_son, suggesting a functional
similarity.

Although AtcA and AtcB equivalents have compara-
ble sizes, the selected potential AtcC equivalents have
sizes ranging from 269 to 444 amino acids. Sequence
alignment shows that despite low sequence identity,
many similar motifs are present, especially in the
N-terminal part (i.e., approximately up to residue 200 of
AtcC_son; Figure S14). The AlphaFold generated
model structure of AtcC_son consists of two globular
domains connected by a long alpha helix (helice α7)
(Figure 8C, upper panel). The superposition of the 3D
models suggests a remarkable structural similarity of
the N-terminal domains, from helix 1–6. After helix
7, the structures diverge strongly (Figure 8C, lower
panel). So, in these organisms, the third gene down-
stream of atcJ encodes a protein structurally related to
AtcC_son at the level of the N-terminal domain.

The same modellings performed on the 23 other
organisms producing a very short JDP of the AtcJ sub-
group from Figure S1 lead to the same observations
regarding the potential structure conservation of the
three proteins encoded downstream of atcJ.

F I GURE 7 Genetic environment of genes coding for AtcJ homologues from 10 representative organisms as annotated in the KEGG
database. The size of genes and intergenic sequences (thin lines) is indexed to that of atcJ from S. oneidensis (285 bp). Two contiguous genes
with overlapping bases or short intergenic sequences (<18 pb) are labeled o and s, respectively. In black are represented the genes of unknown
function that are possibly in transcriptional link with atcC equivalents. The third gene downstream of the equivalent of atcC in Rhodoferax
koreense is predicted to be 5531 bp and has, therefore, been truncated for representation.
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To make sure that the synteny observed between
atcJ, atcA, atcB, and atcC is specific, we carefully
examined the genetic environment of the genes encod-
ing JDPs that are not in the AtcJ_son subgroup in
Figure S1. In all cases, the gene is followed or pre-
ceded by genes that have no particular homology with
atcA, atcB, or atcC. Thus, this suggests that atcJ is
consubstantial with the other three genes atcA, atcB,
and atcC in an operonic organization. These genes
encode for proteins that seem highly structurally related
(Figure 8), suggesting a conserved concerted function
of the four proteins in collaboration with DnaK.

DISCUSSION

The growth of S. oneidensis at low temperature
depends on the atc operon containing the atcJ, atcA,
atcB, and atcC genes. The atcJ gene codes for a short
JDP which interacts with DnaK via its J-domain and
with AtcC through its C-terminal extension of 21 amino
acids. This interaction network is essential for cold
growth (Maillot et al., 2019). By studying the distribution
of AtcJ in the bacterial biodiversity, we discovered that
it is part of a subfamily of homologous short JDPs
found in Gram-negative organisms from the β- and
ɣ-proteobacteria classes (Table 1). These Jdps are
always encoded with three other genes that seem in

synteny and which encode for proteins predicted to be
structurally related to AtcA, AtcB and AtcC from
S. oneidensis. This JDP subfamily is hallmarked by a
conserved PX7W motif in the C-terminal extension. The
hydrophobic and aromatic nature of the tryptophan resi-
due ensures a high affinity for the interaction between
AtcJ and AtcC. In line with this, when this interaction is
disrupted in vivo by replacing this Trp by a non hydro-
phobic residue, the ability of S. oneidensis to grow at
low temperatures is dramatically affected.

The β-proteobacteria possessing this probable
operon are mostly from the Burkholderiales order and a
minority belongs to the Nitrosomonadales and Rhodo-
cyclales orders. The ɣ-protobacteria are essentially
from the Alteromonadales or Aeromonadales orders.
The habitat of the majority of these organisms is
aquatic but some of them were collected from soil sam-
ples and/or are pathogens, parasites or symbionts of
eukaryotic organisms.

Although AlphaFold modelizations on AtcJ homo-
logues suggest the proline of the PX7W motif is at the
start of the C-terminal alpha helix, our NMR study on
the protein from S. oneidensis rather suggests that the
helix starts two residues after. We identified a few AtcJ
homologues in which the Pro is replaced by Ala. In the
two-hybrid experiment we performed, we indeed
showed that the replacement of the proline (P81 in
S. oneidensis AtcJ) is not critical to ensure interaction

F I GURE 8 Prediction and overlay of the structures of AtcA, AtcB, and AtcC homologues. Structural prediction of Atc proteins from the
10 representative organisms were obtained using the AlphaFold interface. The rank 1 structure models were selected. Overlay of the
10 AlphaFold structure models of Atc proteins were realised with ChimeraX software. Upper panels: Atc proteins from S. oneidensis. Lower
panels: overlay of the predicted structures of Atc proteins from 10 representative organisms. (A) AtcA. The disordered acidic C-terminal domain
of S. oneidensis AtcA is shown in red in the upper panel. The side chains of aspartate and glutamate residues are depicted. (B) AtcB. (C) AtcC.
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with AtcC (Figure 4), so the role of this conserved resi-
due is unclear. However, we show that the surface-
exposed conserved tryptophan (W89 in S. oneidensis
protein) in this helix is essential to ensure the high affin-
ity of AtcJ for AtcC (Kd in the order of 10 nM). The inter-
action is severely affected when this residue is
replaced by a hydrophilic or charged residue as judged
by two-hybrid assay and isothermal titration calorimetry
experiments. The hydrophobicity of this residue is cru-
cial and its aromatic property seems to significantly
increase the affinity for AtcC. An indole ring does not
seem to be specifically required since interaction with
AtcC is observed when the tryptophan is replaced by a
phenylalanine or a tyrosine as shown by a two-hybrid
assay. Strikingly, the affinity of AtcJ for AtcC is almost
identical when Trp is replaced by Phe. One can con-
sider that this aromatic residue is involved in non-
covalent interactions with AtcC through Pi–Pi stacking
with aromatic side-chains (McGaughey et al., 1998) or
cation-Pi stacking with positively charged residue
(Dougherty, 1996, 2013; Gallivan & Dougherty, 1999).
However, the fact that non-aromatic leucine residue at
position 89 is sufficient to ensure high affinity, suggests
instead that AtcJ and AtcC interact via an intermolecu-
lar apolar bond. Interestingly, we did not identify any
homologs in which the tryptophan is replaced by
another aromatic residue, although such mutations
(W89F and W89Y) have no impact on the interaction. It
may be that tryptophan provides a particular advan-
tage, for interaction with AtcC or other functions, that
will have to be discovered.

When the AtcJW89R and AtcJW89S mutations which
abolish or impair, respectively, the interaction with
AtcC, are transferred into the chromosome of
S. oneidensis, the ability of the organism to grow at low
temperature is affected. At 9�C, the atcJW89R strain
does not grow, demonstrating that the interaction is
essential for cold growth (Figure 6). The atcJW89S strain
grows at this temperature, but with a significant delay
compared to the WT strain (Figure 6) although the affin-
ity of AtcJW89S for AtcC is decreased by a factor of
550 compared to WT protein. We hypothesize that,
although weak, the affinity of AtcJW89S for AtcC is suffi-
cient to allow residual in vivo interaction to sustain cold
growth but with a more marked delay compared to the
WT strain. This may account for the presence of alco-
hol residues (S and T) in some AtcJ homologues
(Figure S4). In these bacteria, the residual AtcJ–AtcC
interaction may be sufficient to sustain the function of
the Atc system. Overall, these experiments demon-
strate the crucial function of tryptophane to promote the
AtcJ–AtcC interaction that is essential for growth at low
temperature in S. oneidensis.

We investigated the literature to determine whether
the organisms containing these JDPs (Table 1) are
psychrophilic or show psychrotolerance capabilities.
We found information for 18 out of 32 organisms.
These 18 organisms are either characterised as

psychrophilic or show the ability to grow at low temper-
ature. For the others, it seems that the question of the
behaviour towards cold was not addressed. However, it
would be hazardous to associate the presence of the
atc operon with a gain of function at low temperature. A
more extensive study of the role of the atc operon on
other organisms may or may not allow the generalisa-
tion of a link between atc genes and cold growth. Nev-
ertheless, the role of AtcJ is indissociable from the
presence of the three other Atc proteins. Indeed, AtcJ
homologues are always encoded upstream of three
other genes that seem in synteny and which encode for
proteins predicted to be structurally related to AtcA,
AtcB, and AtcC from S. oneidensis. In this organism,
the expression of the atc operon is constitutive and of
comparable level in the range of temperature 7–35�C,
suggesting that it may be involved in other functions
than cold adaptation (Maillot et al., 2019). Thus, AtcA,
which is not important for cold growth, could be essen-
tial in other functions.

AtcB and AtcC, interacting with each other (Maillot
et al., 2019), are predicted as globular proteins essen-
tially containing alpha helices. The predicted structures
of AtcB homologues are remarkably similar, suggesting
a conserved function. For AtcC, however, although the
N-terminal domains of AtcC homologues are predicted
to have a similar fold (Figure 8C), the C-terminal
domains greatly diverge in terms of size, sequence and
model structure. This suggests that, as proposed for
AtcJ, the N-terminal domains of AtcC harbour the inter-
action site with AtcB.

We observed variations in the probable operons
containing the four atc genes. In some bacteria like
Moritella viscosa, Rhodoferax koreense, or Polaromo-
nas naphtalenivorans, the atcC gene is in probable
transcriptional link with one or more other genes
(Figure 7). We propose that this diversity determines
the specificity of the function(s) of the Atc systems,
which may go well beyond the ability to grow at low
temperatures. Thus, AtcJ, A, B, and C may form a pro-
tein core that can be implemented by the other proteins
to fulfil a dedicated DnaK- or HscA-dependent function
depending on the organism. Complementation studies
we performed on the S. oneidensis ΔatcJ strain
showed that cold growth could be restored by produc-
tion of exogenous AtcJ proteins from plasmid. AtcJs
from Collimonas pratensis Ter91 and Rhodoferax kor-
eense restored cold growth of but with a delay com-
pared to the WT, whereas the protein from
Paraglaciecola psychrophila did not (Figure S5).
Whether these delays or non-complementation are the
result of a protein production defect and/or low affinity
of AtcJ proteins for AtcC remains to be determined, but
these results suggest that the AtcJ–AtcC interaction,
and more generally the DnaK(HscA)-AtcJ–AtcC inter-
action network, is a common feature of the functioning
of the Atc system in organisms containing it. That AtcB
interacts with the core RNA polymerase and probably
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inhibits it (Maillot et al., 2021), could presume a function
in gene expression regulation, but this remains to be
demonstrated.
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