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Abstract: For centuries, tuberculosis has been a worldwide burden for human health, and gaps in
our understanding of its pathogenesis have hampered the development of new treatments. ESX-1
is a complex machinery responsible for the secretion of virulence factors that manipulate the host
response. Despite the importance of these secreted proteins for pathogenicity, only a few of them
have been structurally and functionally characterised. Here, we describe a structural study of the
ESX-secretion associated protein K (EspK), a 74 kDa protein known to be essential for the secretion of
other substrates and the cytolytic effects of ESX-1. Small-Angle X-ray Scattering (SAXS) data show
that EspK is a long molecule with a maximal dimension of 228 Å. It consists of two independent
folded regions at each end of the protein connected by a flexible unstructured region driving the
protein to coexist as an ensemble of conformations. Limited proteolysis identified a 26 kDa globular
domain at the C-terminus of the protein consisting of a mixture of α-helices and β-strands, as shown
by circular dichroism (CD) and SAXS. In contrast, the N-terminal portion is mainly helical with an
elongated shape. Sequence conservation suggests that this architecture is preserved amongst the
different mycobacteria species, proposing specific roles for the N- and C-terminal domains assisted
by the middle flexible linker.

Keywords: disordered region; EspK; ESX-1; SAXS

1. Introduction

Mycobacterium tuberculosis is the causative agent of human tuberculosis (TB) and can
be considered one of the most efficient pathogens in history, as it has threatened our
health since the beginning of the Homo sapiens existence [1]. Nowadays, it is estimated
that one-quarter of the world’s population has latent TB, from which 10 million people
fell ill in 2018. Every year, 1.5 million people succumb from TB, placing it together with
COVID-19 [2], as the leading cause of death from a single infectious agent [3]. Although
TB chemotherapy is considered a triumph of anti-infective research [4], changing the
disease from fatal to curable, it is far from optimal. The toxicity of the drugs and the
length of the treatment have contributed to the rise of drug-resistant strains that threaten
the global health security [4]. The need for new medicine that can cure or prevent TB is
unquestionable, but gaps on the knowledge of mycobacteria pathogenesis hampers its
development. Additionally, M. tuberculosis has diverged into several phylogenetic lineages
with different virulence degrees hindering our further understanding of the molecular
mechanisms of the pathogenesis. Nevertheless, there are essential events that contribute
to the infectivity success of all pathogenic strains. Macrophages, as part of the innate
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immune system and first line of defence against pathogens, internalise the bacteria in a
process called phagocytosis to degrade the microorganism [5]. However, M. tuberculosis
and other pathogenic species evade this fate by blocking the maturation of the phagosome
and disrupting the phagosomal membrane to translocate into the cytosol of the host cell [6].
This event is essential for the survival of mycobacteria, as it has been shown that non-
pathogenic species are unable to translocate, leading to the lysis of the bacteria. This ability
has been directly linked to the presence of the ESX-1 secretion system [7].

Mycobacteria have five different secretion systems (ESX-1 to -5) that facilitate the
transport of virulence factors through a complex and almost impermeable cell wall [8].
These are paralogue protein complexes with specific functions that are unable to com-
plement each other [9]. Despite their importance in the pathogenesis and survival of
mycobacteria, the structure and mechanism of action remain poorly characterised. Only
recently, the architecture of the inner-membrane complex of ESX-3 [10,11] and ESX-5 [12,13]
was determined showing a protomer unit composed of the ESX-conserved components
(EccB, EccC, EccD (×2) and EccE), which further oligomerise into dimers and hexamers.
Each locus is composed of genes that code for the Ecc proteins and other proteins involved
in their own expression and secretion regulation. These are (a) one pair of ESX proteins
who provided the name for the secretion systems, (b) two or more proteins belonging to
the PE/PPE family, (c) a mycosin protease (MycP), and (d) one or more ESX secretion-
associated proteins (Esp) [8]. Due to the high sequence similarity and conservation between
the paralogue systems [11], it is hypothesised that the substrates are directly linked to the
specific function of each secretion system. Compared to its paralogues, ESX-1 contains a
large number of Esp that are essential for the mycobacteria virulence [14–17]. One such
protein is EspK, encoded by the espK gene (also known as Rv3879c), which is missing in
the attenuated strain M. bovis bacille Calmette-Guérin (BCG) used worldwide as a vaccine
against M. tuberculosis [18,19]. The disruption of espK has been linked with the loss of
cytolytic/cytotoxic effects in mycobacterial strains [15], as well as the decreased expression
and secretion of other Esp [20,21]. Physical interaction with the EspB protein has led to the
hypothesis that EspK acts as a chaperone of the former, but this is yet to be proven [21].

Here, we present a structural study of the EspK protein done by limited proteolysis,
Small-Angle X-ray Scattering, and circular dichroism, which revealed the presence of
two well-defined domains connected by an unstructured, low complexity linker. The N-
terminal region consists of an elongated shape with a predicted two-helix bundle structure
characteristic of the ESX-1 substrates, while the C-terminal end comprises a globular
domain composed of a mixture of α-helices and β-sheets. Sequence conservation suggests
that this architecture is preserved amongst the different mycobacteria species and that
specific roles for the N- and C-terminal domains are assisted by the flexible linker.

2. Materials and Methods
2.1. Multiple Sequence Alignment and Secondary Structure Prediction

Multiple protein sequence alignment consisting of 16 representative sequences of
the Mycobacterium genus was performed using ClustalW [22]. Sequence alignments were
visualised with the program Jalview 2.4 (http://www.jalview.org/) [23]. The secondary
structure prediction of EspK full-length was calculated using the Jpred 4 server [24].

2.2. Cloning, Expression, and Protein Purification of EspK Constructs

The coding sequence of the full-length EspK protein was amplified from genomic
DNA of M. tuberculosis H37Rv (BEI Resources, National Institute of Allergy and Infectious
Diseases) by PCR. The DNA fragment was cloned in the pQLinkH vector [25] using the
restriction sites NsiI and HindIII. The sequence corresponding to the C-terminal region of
EspK (residues 484–729) was cloned in the aforementioned vector by inverse polymerase
chain reaction [26]. The constructs encode a 6×His tag followed by a TEV protease recog-
nition site and the corresponding EspK protein. Both proteins were expressed in Rosetta
(DE3) Escherichia coli cells in Overnight Express™ Instant LB Medium (EMD Millipore)
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supplemented with 100 µg/mL of carbenicillin and 25 µg/mL of chloramphenicol for 50 h
at 25 ◦C. Cell pellet was resuspended in 20 mM Tris-HCl pH 8.0, 300 mM NaCl, 40 mM
imidazole supplemented with 1 mM PMSF, and 25 U/mL Benzonase® Nuclease (Merck),
and lysis was performed with a C3 homogenizer (Emulsiflex, Avestin, ATA Scientific Pty
Ltd., Sydney, Australia). The lysate was clarified by centrifugation at 100,000× g for 40 min
and 4 ◦C. The soluble fraction was purified through a Ni2+ ion affinity chromatography
using a 5 mL Ni-NTA Superflow column (Qiagen) and eluted with the same buffer con-
taining 250 mM imidazole. The eluted protein was digested with TEV protease to remove
the histidine tag while dialysing overnight at 4 ◦C against the low imidazole buffer. The
protein sample was further purified through a second Ni2+ ion affinity chromatography.
Aliquots containing the protein of interest were pooled together and stored at −80 ◦C
in 50 mM Tris-HCl pH 8.0, 300 mM NaCl until further use. Sample purity was assessed
by SDS-PAGE.

2.3. Limited Proteolysis and N-Terminal Sequencing

A full-length EspK sample (4 µM) was incubated with trypsin for 30 min at different
molar ratios following the Proti-Ace™ Kit (Hampton Research, Aliso Viejo, CA, USA)
instructions. Reactions were stopped by adding SDS-PAGE loading buffer, and samples
were resolved on a 12% polyacrylamide gel. Bands were transferred from the SDS-PAGE
gel to a PVDF membrane and stained with 0.1% (w/v) Coomassie Brilliant Blue R-250,
40% methanol, and 10% acetic acid for 5 min before cutting out the section containing the
cleavage product. The first ten amino acids were determined by Edman sequencing at the
Plateforme Protéomique PISSARO IRIB at the Université de Rouen, France.

2.4. Circular Dichroism Spectroscopy (CD)

Circular dichroism scan measurements were obtained at 25 ◦C using a JASCO J-1500
spectropolarimeter equipped with a Peltier temperature controller (Jasco Inc., Easton, MD,
USA). CD spectra were recorded using a 1 mm cuvette and a protein concentration of
1 µM for the full-length construct and 3 µM for the EspK C-terminal region in the far-UV
(260–190 nm). Spectra were acquired in 50 mM phosphate buffer pH 8.0, 50 mM NaCl,
1 mM dithioerythritol, at a 1-nm increase per step, an averaging time of 5 s, and a spectral
resolution of 1 nm. Each spectrum corresponds to the average of five repetitive scans and
was corrected by subtracting the CD signal of the buffer. The temperature dependence
of ellipticity was followed by monitoring the signal at 222 nm from 20 to 80 ◦C, with a
bandwidth of 1 nm, a response time of 16 s, a sample interval of 0.2 ◦C, and a scan rate of
1 ◦C/min.

2.5. Small-Angle X-Ray Scattering (SAXS) Experiments

Structural characterisation of the EspK proteins was performed by SAXS coupled
to an online size exclusion chromatography (Agilent 1200 HPLC, Santa Clara, CA, USA)
equilibrated with 20 mM Tris-HCl pH 8.0 and 300 mM NaCl. Experiments for the C-
terminal region of EspK were collected in the bioSAXS beamline B21 at a Diamond Light
Source, Harwell, United Kingdom. Protein sample consisting of 50 µL at a concentration
of 13 mg mL−1 was run over a Shodex KW-403 size exclusion column at a flow rate
of 0.08 mL min−1. The eluted protein was directed through a 1.6-mm diameter quartz
capillary cell held in vacuum. Data acquisition consisted of 580 frames (with 3 s exposure
time) using a PILATUS 2M detector at a calibrated distance of 4.014 m from the sample.
Images were corrected for variations in beam current, normalized for time exposure, and
processed into one-dimensional scattering curves using GDA and the DAWN software
(Diamond Light Source, Didcot, UK). Data for the full-length EspK were collected in
the bioSAXS beamline P12-EMBL at DESY Light Source, Hamburg, Germany. A sample
consisting of 50 µL at a concentration of 3.6 mg mL−1 was run over a Superdex 200 Increase
3.2/300 size exclusion column attached to a FPLC–Malvern TDA system at a flow rate
of 0.1 mL min−1. The elution output was directed through a quartz capillary cell (50 µm
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thick wall and a 1.7 mm path length) held in vacuum. Data acquisition consisted of 900
frames (with 1 s exposure time) using a PILATUS 2M detector at the distance of 3.0 m
from the sample. Images were corrected for variations in beam current, normalised for
time exposure, and processed into one-dimensional scattering curves using integrated
software at the beamline [27]. Background was manually subtracted using the program
CHROMIXS [28]. SAXS parameters are listed in Table 1. Low-resolution structures were
constructed by ab initio modeling using the program GASBOR [29] and DAMMIF [30] by
aligning, averaging, and filtering ten independently calculated dummy residue and atom
models by using DAMAVER program [31]. Models for the different regions of EspK were
predicted by the I-TASSER web server [32] considering residues 1–180 (N-terminus), 181–
483 (flexible linker), and 484–729 (C-terminus). This division was based on the secondary
structure prediction and limited proteolysis results. Then, multi-domain modeling was
performed using the CORAL program [33]. As the middle part of EspK is predicted to be
highly disordered, 40 residues at each end of this region were removed from the I-TASSER
model and added by CORAL as linkers between the N-terminal and C-terminal regions.

Table 1. SAXS data collection and scattering-derived parameters for the M. tuberculosis EspK proteins.

Data Collection Parameters

Beamline B21, Diamond Light Source, Harwell (UK) P12, DESY/EMBL, Hamburg (Germany)
Detector Pilatus 2M Pilatus 2M

Beam size 0.2 × 0.2 mm 0.2 × 0.12 mm
Energy 12.4 keV 20.0 keV

Sample to detector distance (mm) 4014 3000
q range (A−1) 0.0038–0.42 0.0038–0.42

Exposure time (s) 3 1
Number of frames 580 900
Temperature (K) 293 293

Mode SEC online SEC online
Structural parameters EspK C-terminus EspK full-length

Concentration range (mg/mL) 13 3.6
q Interval for Fourier inversion (Å−1) 0.011–0.341 0.008–0.110

Rg [from P(r)] (Å) 22.33 ± 0.28 53.89 ± 0.46
Rg (from Guiner approximation) (Å) 21.70 ± 1.22 53.53 ± 1.25

sRg limits (from Guiner
approximation) 0.19–1.30 0.60–1.28

Dmax (Å) 83 228
Porod volume estimate (nm3) 52 179

GASBOR excluded volume (nm3) 42 130
Molecular Mass (kDa)
From Porod (× 0.53) 28 94.5

From excluded volume (× 0.5) 21 65
From sequence 30.3 78.3

Modeling
Ambiguity score

Resolution (FSC) (Å)

0.0 (potentially unique)
25 ± 3

1.74 (might be ambiguous)
40 ± 3

SASBDB code SASDKR4 SASDKQ4
Software employed

Primary data reduction DAWN pipeline (Diamond Light Source, UK) Local pipeline (DESY Light Source,
Germany)

Data processing ScÅtter v3.1q, ATSAS
Ab initio modeling DAMMIF, GASBOR

Validation and averaging DAMAVER
Computation of model intensities CRYSOL

q = 4πsin(θ)/λ, where 2θ is the scattering angle and λ is the wavelength of the incident X-ray beam.
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3. Results and Discussion
3.1. Sequence Conservation of EspK Highlights Discrete Regions

Limited information exists on the structural features of EspK. Sequence analysis of the
M. tuberculosis protein displays a region between residues 182 and 437 with an unusual
large content of alanine and proline. Proline is an atypical amino acid due to its cyclic side
chain that restricts the backbone conformation and is unable to act as a hydrogen donor:
for this reason, proline is known as the “helix breaker” [34]. Based on this observation,
EspK could be divided in three discrete regions: an N-terminal domain containing a WxG
motif commonly found in ESX-1 proteins [35], an A/P-rich middle region, and a C-terminal
domain. Comparison of the amino acid composition present in these regions with a subset
of proteins taken from the protein data bank (PDB) [36] representing structured proteins,
showed a similar distribution of amino acids for the N- and C-terminal ends. In contrast, the
middle region lacks residues that promote order and has 5-fold more prolines than average
structured proteins (Figure 1). It is noteworthy that this high proline content is also unusual
for disordered proteins, as it has a 3-fold enrichment compared to the average content of
intrinsically unstructured proteins [37]. Secondary structure prediction of EspK suggests
that the N- and C-terminal ends are folded regions connected by a large unstructured
linker (Figure 2), which is in agreement with the amino acid analysis showing an average
content of order promoting residues. To determine if this organisation is peculiar for the M.
tuberculosis EspK or whether it is a general characteristic of this protein, we carried out a
sequence alignment of different species from the genus Mycobacterium. Analysis revealed
that the N- and C-terminal domains have a high sequence conservation amongst the species,
while the middle region is variable in length and sequence. Despite the sequence variation
in the middle region, it retains a characteristic high alanine and proline content that would
preserve its physicochemical properties (Figure 2 and Supplementary Figure S1).

Figure 1. Relative amino acid enrichment in the different regions of EspK compared to proteins deposited in the protein data
bank [36]. Enrichment calculated as (AAEspK-AAPDB)/AAPDB, where AAEspK is the content of an amino acid in EspK, and
AAPDB is the corresponding amino acid content of a subset of structured proteins. Amino acids are distributed according to
their (dis)order-promoting potential.
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Figure 2. Sequence alignment of EspK from different mycobacterial species and secondary structure prediction. Zoom-in
displays representative regions of the different domains. The trypsin-resistant domain identified in this work is highlighted
with a green line.
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3.2. EspK Contains a Trypsin-Resistant Domain

To confirm the existence of the two well-defined domains, EspK full-length from M.
tuberculosis H37Rv was recombinantly expressed in E. coli and further purified. Interestingly,
EspK migrates anomalously in SDS-PAGE, appearing at a higher molecular weight than
the expected 74 kDa (Figure 3). This has been observed in high-proline content molecules
whose difference in migration is directly proportional to the percentage of prolines in
the amino acid sequence [37]. The limited proteolysis of EspK at different molar ratios
of protease displayed the presence of a digestion-resistant fragment, with an apparent
molecular weight of 26 kDa (Figure 3). The N-terminal sequencing showed that this
fragment starts at Gly484 and based on the molecular weight calculated from the amino
acid sequence (26.4 kDa), it extends all the way to the C-terminus of the protein. This
result agrees with the secondary structure prediction and the conservation of the respective
region, suggesting that it corresponds to a folded domain of EspK. Based on the amino
acid sequence, the N-terminal domain would represent an 18-kDa fragment; however, no
fragments were found below the 26-kDa molecular weight marker (Figure 3). This suggests
that the N-terminal domain consists of either unstructured regions or contains exposed
accessible digestion sites that destabilise the structure.

Figure 3. Identification of a trypsin-resistant C-terminal region on EspK by limited proteolysis. First
lane (K)—full-length EspK, lanes 2–4: EspK digestion using different molar ratios of trypsin, lane 5:
trypsin-resistant EspK fragment recombinantly expressed.

3.3. Characterisation of Secondary Structure by Circular Dichroism (CD)

The secondary structure content of EspK and its C-terminal region was evaluated
by circular dichroism (Figure 4a). Closer inspection of the far-UV CD spectrum of the
C-terminal fragment shows that it consists of the typical signature of a mixed secondary
structure containing both α-helices and β-sheets with two negative minima at 210 and
220 nm and a positive maximum at 197 nm. These shifted negative minima result from the
combined contribution of the characteristic negative bands for α-helices present at 208 and
222 nm and those of β-sheets present between 210 and 225 nm. In addition, the presence of
the intense positive signal between 195 and 200 nm is characteristic of proteins containing
β-sheets. Considering that the full-length construct comprises that of the C-terminal region,
this CD spectrum also resembles a mixture of β-sheets and α-helices with a well-defined
negative minimum at 208 nm instead of that at 210 nm, suggesting a larger content of
α-helices and a plateau between 215 and 220 nm resulting from the β-sheets contribution.
The positive maxima displaced toward the lower wavelength (193 nm) also indicates a
larger content α-helices contributed most likely from the N-terminal region of EspK. The
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overall intensity of the full-length EspK spectra is smaller (absolute value) compared to that
of the C-terminal region, implying that there is less secondary structure content per residue
in the full-length protein and thus a larger content of unstructured regions. The thermal
stability of EspK was determined by monitoring the ellipticity at 222 nm as a function of
temperature (Figure 4b). The thermal denaturation for the EspK full-length and C-terminal
region corresponded to an irreversible process as the refolded spectra did not overlay with
the corresponding one before the heat treatment (data not shown). Data for both constructs
described a single broad transition comprising approximately 45 ◦C from the onset of
the denaturation process until reaching the denatured state. Despite the lack of clearly
identifiable intermediate transitions, this long gradual denaturation process suggests the
presence of intermediate states with similar secondary structure content, which cannot be
evidenced by this technique. The apparent melting temperatures corresponded to 45 and
52 ◦C for the full-length EspK and the C-terminal region, respectively. The decrease in the
melting point for the full-length protein compared to that of the C-terminus suggests that
these two regions behave independently, as an interaction between them would increase
the stability of the protein and thus the melting temperature of the full-length protein.

Figure 4. Circular dichroism of the EspK full-length protein (black) and its C-terminal region (red). (a) Far-UV spectra.
(b) Thermal denaturation.

3.4. Structural Analysis by Small-Angle X-ray Scattering (SAXS)

We tried to gain insight into the tertiary structure of EspK by performing SAXS experi-
ments. All parameters are listed in Table 1. The one-dimensional SAXS experimental curves
were used to judge the quality of the data and obtain basic structural information related
to the size and shape of the EspK protein and its C-terminal domain (Figure 5a). SAXS
curve analysis confirmed that the proteins were monomeric, as the calculated molecular
weight from the Porod plot corresponds to the expected value calculated from the amino
acid sequence (Table 1). The full-length EspK and its C-terminal domain have a radius of
gyration (Rg) of 53.53 Å and 21.70 Å, respectively, which are calculated from the slope of the
Guinier plot [38], with a maximum dimension (Dmax) of 228 Å and 83 Å obtained from the
Pair-Distance Distribution Function (P(r)) (Figure 5b). Based on these two parameters, it is
expected that the full-length EspK represents an elongated molecule, while the C-terminal
domain comprises a globular shape.
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Figure 5. SAXS data for the EspK full-length protein (red) and its C-terminal domain (green). (a) Fit of the calculated SAXS
scattering curves compared to the experimental scattering signal. (b) Pair distribution function plot. (c) Dimensionless
Kratky plot. The intersection of the dotted black trace corresponds to the value for the reference protein bovine serum
albumin (BSA). (d) Ab initio molecular envelope of the full-length EspK showing the fit of the models corresponding to the
N-terminal (residues 1–180 in blue), the flexible linker (residues 181–438 in yellow), and C-terminal region (residues 484–729
in green). (e) Ab initio molecular envelope of the C-terminal region of EspK showing the fit of the corresponding model.

Analysis of the Porod exponent, a quantitative measurement of the increase of com-
pactness of a protein [39], confirmed the flexible nature of the full-length protein in compar-
ison with its C-terminal domain with values of 2.4 and 4.0, respectively. This observation
was in agreement with the corresponding dimensionless Kratky and P(r) distribution plots,
where the C-terminal domain behaved as a globular and compact protein similar to the
bovine serum albumin (BSA) used as a standard protein, compared to the highly flexible
and elongated full-length EspK that seems to attain multiple conformations (Figure 5b,c).
To inquire on the tertiary structure of the proteins, we obtained the SAXS ab initio models
of the EspK full-length and C-terminal domain using DAMMIF and GASBOR software
programs, respectively, and compared them with their corresponding I-TASSER predicted
models (Figure 5d,e). The ambiguity of the obtained reconstructions, as estimated by the
program AMBIMETER [40] were 1.74 for the full-length EspK and 0.0 for the C-terminal
region (Table 1). These values indicate that the 3D reconstruction for the full-length protein
might be ambiguous, whereas that of the C-terminal is not. The model obtained for the
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full-length EspK represents an average of different conformations as suggested by the
Pair-Distance Distribution Function (P(r)), resulting in such ambiguity. The resolution
of the models, as determined by Fourier Shell Correlation (FSC) [41] is 40 Å and 25 Å
for the EspK full-length and C-terminal domain, respectively. The I-TASSER prediction
for the EspK full-length protein resulted in an unstructured model. As previous data
pointed to the C-terminal end being folded, we performed independent predictions for the
three regions of the protein (Supplementary Figure S2). In agreement with the secondary
structure prediction and circular dichroism, the model for the N-terminal region consisted
of only α-helices, and seven out of the best ten templates used to build it corresponded
to Pro-Pro-Glu (PPE) proteins. These proteins are characterised by its Pro-Pro-Glu (PPE)
motif and are known to be secreted together with their PE protein pair by ESX-1 and its
paralogues [9,42]. Despite the resemblance, the EspK N-terminal domain does not contain
the PPE motif; instead, it only contains the WxG motif needed for the secretion of the
protein. The top five models predicted for the middle region by I-TASSER resulted in a
disordered region with different spatial distributions but no secondary structure content.
In the case of the C-terminal domain, all predicted models displays a globular and compact
protein composed of a mixture of α-helices and β-strands as also suggested by the circular
dichroism results. For this domain, the correlation of χ2 = 11.4 between the experimental
SAXS curves and the calculated one from the ab initio model (Supplementary Figure S2c)
suggests a good level of confidence in the correctness of the model, which was further
confirmed by calculating the normalised spatial discrepancy [43] between the SAXS and I-
TASSER model (NSD = 2.48). For EspK full-length, the low-resolution envelope (DAMMIF)
obtained is well described by the I-TASSER models from the three regions (Figure 5d).
These models were subsequently used to build a multi-domain model with the CORAL
program, which describes the experimental EspK full-length SAXS data confidently (χ2 =
1.39) (Figure 6).

Figure 6. Multi-domain modeling by CORAL of the full-length EspK. (a) Multi-domain model of the
N-terminal domain (blue), the middle region (yellow) and the C-terminal domain (green) connected
by linkers (red). (b) Fit of the calculated SAXS scattering curves from the multi-domain model (black
line) compared to the experimental scattering signal (red).

The protein with the closest structural similarity found in the protein data bank which
was used to build the I-TASSER model of EspK C-terminus corresponded to residues
184-410 of the Rv3899c protein from M. tuberculosis [44]. This is a protein of unknown
function found in the bacteria culture filtrates [45] and infected guinea pig lungs [46]. It
is noteworthy that the corresponding gene is located next to the esx-2 locus, which is a
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paralogue of the ESX-1 secretion system to which EspK belongs. Limited information
exists on ESX-2 but its exclusive presence in slow-growing mycobacteria [47], a group
of mycobacteria characterised to be pathogenic, implies a possible involvement in this
process. Until now, from all five paralogues, ESX-1 is the only secretion system that contains
multiple Esp-proteins. Based on the similarity found by I-TASSER between EspK and
Rv3899c, and its location in the genome, it might be possible for Rv3899c to be secreted
by ESX-2.

To this day, no function has been described for EspK except for a hypothetical role
as a chaperone of EspB based on their interaction and that with the ESX-1 core protein
EccCb1 [21]. Instrinsic disordered regions provide proteins with a unique ability to interact
with several unrelated binding partners. With this in mind and based on the thermal
denaturation results that suggest no interactions between the EspK domains, it is plausible
that EspK assists other protein substrates such as EspB to be secreted, e.g., one domain
could interact with the ESX-machinery, while the other one interacts with a substrate. EspB
is homologous to the PPE-PE proteins, which are chaperoned by EspG [48]. The current
model of EspK does not share structural similarity with EspG [49], implying that the system
could make use of different secretion mechanism with specific chaperones. High-resolution
structures are needed to test this hypothesis, leading to a better understanding of the action
mechanism of ESX-1 secretory system.

4. Conclusions

Using a combined approach of SAXS, CD, and limited proteolysis, together with
structure predictions, we show that EspK is formed by two discrete independent domains
connected by a partially disordered region, with an unusual large content of proline that
confers a high degree of flexibility to the protein. This architecture is conserved along the
Mycobacterium genus, suggesting a specific function for the N- and C-terminal domain
assisted by the flexible linker. To confirm the mechanism of action of such domains,
high-resolution studies are needed in the presence of the binding partners.
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