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ABSTRACT: Macromolecular crowding affects most chem-
ical equilibria in living cells, as the presence of high
concentrations of macromolecules sterically restricts the
available space. Here, we characterized the influence of
crowding on a prototypical RTX protein, RC;. RTX (Repeat
in ToXin) motifs are calcium-binding nonapeptide sequences
that are found in many virulence factors produced by Gram-
negative bacteria and secreted by dedicated type 1 secretion
systems. RCy is an attractive model to investigate the effect of
molecular crowding on ligand-induced protein folding, as it
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shifts from intrinsically disordered conformations (apo-form) to a stable structure upon calcium binding (holo-form). It thus
offers the rare opportunity to characterize the crowding effects on the same polypeptide chain under two drastically distinct
folding states. We showed that the crowding agent Ficoll70 did not affect the structural content of the apo-state and holo-state of
RC,, but increased the protein affinity for calcium. Moreover, Ficoll70 strongly stabilized both states of RCy, increasing their half-
melting temperature, without affecting enthalpy changes. The power law dependence of the melting temperature increase (AT,,)
on the volume fraction (¢) followed theoretical excluded volume predictions and allowed the estimation of the Flory exponent
(v) of the thermally unfolded polypeptide chain in both states. Altogether, our data suggest that, in the apo-state as found in the
crowded bacterial cytosol, RTX proteins adopt extended unfolded conformations that may facilitate protein export by the type I
secretion machinery. Subsequently, crowding also enhances the calcium-dependent folding and stability of RTX proteins once

secreted in the extracellular milieu.

B INTRODUCTION

Macromolecular crowding is a ubiquitous and fundamental
characteristic of all living organisms. This concept refers to the
fact that the interior of all cells is composed of a large variety of
macromolecules, present at variable concentrations, that
together occupy a significant fraction (20—40%) of the total
intracellular volume.'™> The resulting steric exclusion (since a
fraction of the internal space is physically inaccessible to other
molecules) has consequences on both the rates and the
equilibria of chemical reactions and/or associations involving
macromolecules. Crowded environments affect the dynamics of
proteins as they experience volume restrictions due to the
surrounding macromolecules, thus restricting the allowed
protein conformations. Hence, the physicochemistry of
proteins (as with other biomacromolecules) in crowded
environments can be markedly different from that in dilute
solutions in test tubes. Macromolecular crowding may have
different outcomes on protein folding and stability in vitro and
in vivo.¥> Numerous studies, at both theoretical and
experimental levels, have reported how partially folded proteins
can achieve their folding to the native state in the presence of
molecular crowding agents,®~® but only few have examined the
effect of molecular crowding on intrinsically disordered
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proteins in vitro and in vivo.” '® Intrinsically disordered

proteins (IDPs) are proteins characterized by structural
disorder under physiological conditions, although many IDPs
are able to acquire ordered conformations upon binding to
ligands or to follow misfolding pathways leading to protein
aggregation.16_20

In the present work, we carried out an extensive analysis of
the effects of molecular crowding on a calcium-binding protein,
RC, that offers the rare opportunity to study the same
polypeptide chain under two drastically distinct folding states: a
natively unstructured state in its apo-form (Ry; of 3.2 nm) and a
compact folded structure in the calcium-bound form (holo-
form, Ry; of 2.2 nm).*! RC, is derived from the RTX-containing
domain (Repeat in ToXin) of the adenylate cyclase toxin
(CyaA) from Bordetella pertussis. RTX motifs are calcium-
binding nonapeptide sequences (of the prototypic sequence
GGXGXDX(U)X, where X represents any amino acid and U
represents any large hydrophobic residue) that are found in
many virulence factors produced by Gram-negative bacteria and
secreted by dedicated type 1 secretion systems (T1SSs).””> We
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previously showed that RTX polypeptides undergo a calcium-
dependent disorder-to-order transition that is mainly driven by
electrostatic forces.”' In the apo-state, the negative charges of
the aspartic residues of the RTX motifs repel each other and
force the polypeptide chain to adopt disordered premolten
globule conformations, while, in the holo-form, the bound
calcium ions partly neutralize the aspartate negative charges and
allow the folding of the golypeptide into a compact and stable
parallel S-roll structure.”> We proposed that the intrinsically
disordered states of the RTX proteins in their apo-form may
facilitate their secretion through the T1SS into the extracellular
medium where, upon calcium binding, they fold into their
active cytotoxic conformation.

As the structural and hydrodynamic properties of RC; in
both the calcium-free and calcium-bound states have been well
characterized, this protein constitutes an attractive model to
investigate the effect of molecular crowding on ligand-induced
protein folding. In this study, we first explored whether
molecular crowding might trigger the calcium-induced folding
of this RTX protein. We showed that the crowding agent
Ficoll70 did not affect the structural content of the apo- or
holo-state of RCy, but increased the protein affinity for calcium.
Moreover, Ficoll70 strongly stabilized both the apo- and holo-
states of RCy, increasing their half-melting temperature, T, by
1S and 20 °C, respectively, without affecting the enthalpy
(AH,y). These results suggest that molecular crowding reduces
the conformational entropy of the protein. Finally, we discuss
the experimental observation that the unfolded state of the apo-
state is particularly favorable for protein secretion through the
T1SS.

B MATERIALS AND METHODS

Reagents and Protein Production and Purification. Experi-
ments were performed at 25 °C in 20 mM Hepes, 100 mM NaCl, pH
7.4 (buffer A). All reagents were of the highest purity grade. Ficoll70,
with an average molecular mass of 70 kDa, was purchased from Sigma-
Aldrich and used without further purification.

The RC,, construct corresponds to residues 1530—1680 of CyaA
(see Figure S1, Supporting Information). Plasmid construction,
protein production, and purification have been previously de-
scribed.*"**

Biophysical Techniques. Synchrotron radiation circular dichro-
ism (SR-CD) spectra were recorded on the DISCO beamline at the
synchrotron facility SOLEIL (Gif-sur-Yvette, France). Fourier trans-
form infrared spectroscopy and fluorescence measurements were
acquired, respectively, on an FP-6100 Jasco spectrometer and an FP-
6200 spectrofluorimeter (Jasco) as described previously.2**® A further
description of SR-CD, FTIR, fluorescence experiments, and fitting
procedures is provided in the Supporting Information.

B RESULTS

Ficoll70 Does Not Affect the Secondary Structure of
RC,. To gain insight into the effect of molecular crowding on
the folding of the RTX proteins, we investigated the secondary
structure of RC; (a folding domain of CyaA made of 10
tandemly repeated, calcium-binding RTX motifs;*"*** see
Figure S1, Supporting Information) in the presence of
increasing concentrations of Ficoll70 by SR-CD in the far-UV
region. In the absence of Ficoll70, the far-UV SR-CD spectrum
of RC, in the apo-state (i.e., in the absence of calcium) was
typical of disordered proteins, as shown by the strong negative
m—n* band around 200 nm and a weak and broad negative
n—z* band around 220 nm, suggesting the presence of residual
secondary structure elements (Figure 1A, bold line). Upon
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Figure 1. Effect of Ficoll70 on the secondary structure of RC;. Far-UV
SR-CD spectra of RCy in the absence (A) or in the presence (B) of 5
mM calcium at various Ficoll70 concentrations: 0 g/L (thick line), 100
g/L (thick dashed line), 150 g/L (thin line), 200 g/L (thin dashed
line), and 400 g/L (gray line). MRE = mean residual ellipticity.
Experimental conditions: buffer A, 25 °C. The polypeptide
concentration ranged from 200 to 350 uM.

addition of 5 mM calcium, secondary structures were formed as
revealed by the concomitant intensity changes of the z—n*
band (190—210 nm) and of the n—z* band (210—250 nm)
(Figure 1B, bold line), in agreement with previous data.** As
shown in Figure 1A, addition of Ficoll70 up to a concentration
of 400 g/L did not induce any detectable change in the SR-CD
spectra of apo-RCy, indicating that Ficoll70 is not able to
trigger significant secondary structure formation of the RTX
motifs in the absence of calcium. Similarly, addition of Ficoll70
(100—400 g/L) did not change the secondary structure content
of the calcium-bound holo-RC;. FTIR spectroscopy further
confirmed that the addition of up to 200 g/L Ficoll70 did not
induce significant secondary structural changes in apo-RCy or
holo-RC,, (Figure S2 and Table S1, Supporting Information).

Ficoll70 Increases the Affinity of RCL for Calcium. We
next investigated the effect of molecular crowding agents on the
calcium affinity (Kp) and the cooperativity of the protein
folding process (ny). The calcium-induced conformational
changes of RC_ at different Ficoll70 concentrations were
characterized by monitoring the ratio of the fluorescence
intensities emitted at 360 and 320 nm (FIRs4)/330)- As shown in
Figure 2A and Table S2 (Supporting Information), in the
absence of Ficoll70, RC bound calcium with an apparent Ky, of
0.53 mM. In the presence of increasing Ficoll70 concentrations,
the apparent K, of RC, progressively decreased (see Table S2)
to a value of 0.22 mM at the highest Ficoll70 concentration
tested (400 g/L). These values were calculated by considering
only the Ficoll70 excluded volume. Even when a Ficoll70
hydration of 0.3 g/g was assumed (resulting in an increase of
the effective calcium concentrations), the calculated apparent
Kp of RCy, for calcium was still significantly lower than that
found in the absence of crowder molecules (e.g., apparent K, ~
0.275 mM in the presence of 400 g/L Ficoll70, Figure 2B and
Table S2). A Hill number (ny) for calcium binding to RC; of
about 4 was found at all Ficoll70 concentrations (Figure 2B,
inset), indicating that the molecular crowding agent did not
affect the cooperativity of the folding process.

The increase in calcium affinity of RC in the presence of
macromolecular crowding is consistent with the steric
reduction of accessible volume and the reduction of conforma-
tional entropy. As calcium binding to RC is accompanied by a
strong compaction of the polypeptide chain from natively
disordered conformations into a folded and stable structure,”*
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Figure 2. Effect of Ficoll70 on the calcium dissociation constant (Kp)
of RC;. (A) Ratio of fluorescence intensities at 360 and 320 nm
(FIR360/320) of RCy as a function of the calcium concentration at
different Ficoll70 concentrations: M, 0 g/L (buffer); <, 100 g/L; @,
200 g/L; O, 300 g/L; @, 400 g/L. (B) Ky, of RC, as a function of the
Ficoll70 concentration, considering the excluded volume of dry
Ficoll70 (@) or the excluded volume of Ficoll70 with a hydration layer
of 0.3 g/g (). Inset: Hill number (ny) as a function of the Ficoll70
concentration. Experimental conditions: buffer A, 25 °C. The
polypeptide concentration was 2.5 gM. The standard deviation is
below 0.02 mM.

the excluded volume effect would favor the folded calcium-
bound protein at the expense of the unfolded apo-form.

Ficoll70 Strongly Increases the Thermal Stability of
RC,. To gain insight into the stability changes of RC induced
by Ficoll70, we investigated the thermally induced denaturation
of both the apo- and holo-states by using SR-CD and
tryptophan intrinsic fluorescence (Figure 3).

The thermally induced unfolding of the secondary structure
of holo-RC} was characterized by an increase of the negative
7—n* band and a concomitant decrease of the n—z* band
(Figure S3, Supporting Information). At high temperatures
(>90 °C), the far-UV SR-CD spectrum of the unfolded holo-
state was similar to that of the native apo-state at 25 °C (Figure
1A), exhibiting characteristics typical of a mostly disordered
polypeptide with only minor residual secondary structure
elements. In the presence of Ficoll70, the SR-CD spectrum of
the thermally induced unfolded RC; was similar to that
recorded in the absence of Ficoll70 (compare Figure 3A and
Figure S3), but the thermally induced unfolding of RC; was
shifted toward higher temperatures (Figure 3A), as shown by
ellipticity changes at both 218 nm (Figure 3B) and 201 nm
(Figure S4, Supporting Information). The stabilization of holo-
RC, by Ficoll70 was further assessed by tryptophan intrinsic
fluorescence (Figure 3C and Figure SS, Supporting Informa-
tion). At each tested concentration of Ficoll70, similar
denaturation profiles of holo-RC; were observed by both SR-
CD and tryptophan intrinsic fluorescence. A two-state model
was fitted to all thermal denaturation profiles (see the
Supporting Information and Figure S6, Supporting Informa-
tion), allowing determination of the temperature of half-
melting (T,,), the van’t Hoff enthalpy (AH,4), and the heat
capacity (ACP). As shown in Figure 3D, the AH,y values were
similar at the different Ficoll70 concentrations tested. However,
the T, values strongly increased with the concentration of
molecular crowding agents: indeed, a large increase in T, of
more than 20 °C was observed from 0 to 400 g/L Ficoll70
(Figure 3D and Table S3, Supporting Information).

Similarly, we examined the thermally induced melting of the
natively disordered apo-form of RC;. Unfolding of apo-RC,
could not be followed by SR-CD due to a lack of significant
dichroic signals of this disordered polypeptide but could be
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Figure 3. Effect of Ficoll70 on the thermal stability of RC;. (A) Far-
UV SR-CD spectra of holo-RC; as a function of temperature in the
presence of 200 g/L of Ficoll70. Holo-RCy at 25 °C is bold and at 95
°C is shown as a continuous line. (B) SR-CD changes of holo-RC,,
upon thermal unfolding followed at 218 nm in the presence of 0 g/L
(@), 100 g/L (M), 150 g/L (O), and 200 g/L (<) of Ficoll70. MRE =
mean residual ellipticity. Experimental conditions: buffer A + S mM
calcium. The polypeptide concentration was 200 uM. Thermal
denaturation of holo-RC; (C) and apo-RC; (E) followed by
FIR;40/3 in buffer containing 0 ¢/L (@), 100 g/L (M), 200 g/L
(<), 300 g/L (@), and 400 g/L (O) of Ficoll70. Temperatures of
half-melting T, ®) and van’t Hoff free enthalpies (AH,;;, &) of holo-
RC; (D) and apo-RC; (F) as a function of Ficoll70 concentration.
Experimental conditions: buffer A plus or minus 2 mM calcium. The
RC,, concentration was 10 M. Panel D shows T,, (W) and AH,; (V)
values of Holo-RC; extracted from SR-CD thermal denaturation data.
Note that in panels D and F the AH,y scales are identical, whereas the
T, scales have similar amplitude but different ranges. The standard

m

deviation of T, values is + 1K; SD on A is less than S kcal/mol.

monitored by changes of the intrinsic fluorescence (Figure 3E).
As expected for an intrinsically disordered protein, apo-RCy
exhibited a low melting temperature (T,,) of about 32 °C (see
Table S3, Supporting Information, and Figure 3F) in the
absence of crowding agents. In the presence of increasing
Ficoll70 concentrations (from 100 to 400 g/L), a significant
stabilization of the apo-form was observed. As shown in Figure
3F, the T, markedly increased, to 46 °C, in the presence of 400
g/L Ficoll70, corresponding to a T, increment of 16 °C from 0
to 400 g/L Ficoll70 (see Table S3). The AH,y values, however,
remained similar regardless of the Ficoll70 concentrations used
(Figure 3F).

From the T, AH,y, and AC, values, the AG values of both
the apo- and holo-states of RC; were estimated for each
Ficoll70 concentration at 37 °C (see the Supporting
Information). Figure 4 shows that AG increased linearly with
the Ficoll70 concentration and that Ficoll70 stabilizes both the
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Figure 4. Ficoll70 effect on the free energy of RC;. The AG values of
the apo-state (4) and of the holo-state (@) are reported at 37 °C.
Data are computed from the thermodynamic values presented in
Figure 3 and listed in Table S3 (Supporting Information).

apo- and holo-states of RC;. Noteworthy, the increment of AG
stabilization as a function of the Ficoll70 concentration (i.e., the
slopes of the lines in Figure 4, amounting to 1.5 and 7 kcal/
mol/Mg for apo-RC; and holo-RC, respectively) clearly
indicates that Ficoll70 stabilized the holo-state more than the
apo-state. Overall, Figures 3 and 4 show that Ficoll70 mostly
enhanced the stability of holo-RC; through an increase of the
T,, without significantly affecting the enthalpy changes. This
suggests that Ficoll70 stabilizes RCy through a reduction of the
conformational entropy of RCy rather than inducing structure
formation. Altogether the thermal-denaturation data of both
apo- and holo-RCy are in agreement with the hypothesis that
molecular crowding favors the more compact conformations of
macromolecules.

B DISCUSSION

In the present work we describe the effects of molecular
crowding on ligand-induced folding and stability changes of an
intrinsically disordered protein. According to the excluded
volume theory, one of the major effects of crowding agents on
macromolecules is a destabilization of the unfolded state.”®*’
Most of these models have been well studied in silico, and
additional experimental validations are clearly needed.

Here, we carried out an extensive characterization of the
effects of molecular crowding on a calcium-binding protein,
RC;, an RTX-containing protein, derived from the bacterial
CyaA toxin. RC is a 155-residue polypeptide (corresponding
to the isolated block V of the CyaA toxin®°) that is intrinsically
disordered in the absence of calcium and folds, upon calcium
binding, into a compact and stable state.”* The RC; protein
therefore constitutes an excellent model to investigate the effect
of molecular crowding agents on the ligand-induced transition
from disordered to ordered states of intrinsically disordered
proteins.

We showed by SR-CD and FTIR that the addition of up to
400 g/L Ficoll70 did not induce significant conformational
changes of RCy, either in its apo-state or in its holo-state. We
then demonstrated that molecular crowding increased the
affinity of RC, for calcium ions (Kp). However, it did not affect
the cooperativity (ny) of the folding process, suggesting that
the calcium-induced folding is similar in the absence or
presence of Ficoll70. We propose that the molecular confine-
ment, induced by high concentrations of crowding agents,

reduces the conformational entropy of the intrinsically
disordered state of apo-RC;, facilitating calcium binding to
the protein by decreasing the effective free energy barrier to
fold into the holo-state. In the case of RCy, this effect might be
particularly strong as calcium binding triggers a transition
between two states that display markedly distinct structural,
thermodynamic, and hydrodynamic properties (i.e., an intrinsi-
cally disordered state and a folded state).** Our data are in
agreement with the suggestion that, in confining environments,
the compact holo-state (R = 2.2 nm) should be energetically
favored as compared to the disordered apo-state (Ry = 3.2
nm).>!

We further investigated how molecular crowding affects the
stability (AH,; and T,,) of both the apo- and holo-states of
RC; upon temperature-induced denaturation. SR-CD and
fluorescence data indicated that Ficoll70 does not change the
AH,y values, suggesting that the enthalpy changes and the
structural content of both the apo- and holo-states are not
affected by molecular crowding. Conversely, it is noteworthy
that the T, values increased for both the apo- and holo-states
of RC; as a function of the Ficoll70 concentration. As
mentioned above, one of the effects of the excluded volume is
to physically reduce the conformational entropy, i.e., the space
available for protein conformational fluctuations. These steric
constraints due to molecular confinement lead to the
destabilization of the unfolded state of the protein, which
consequently favors the folded state and shifts the T, values
toward higher temperatures. Moreover, it has been shown that
molecular crowding excludes solvent around proteins and
affects protein hydration, thus driving proteins to adopt more
compact conformations.>** These effects result in an entropi-
cally favorable protein stabilization, as exemplified here by the
large increase of the AT, of RC; with Ficoll70. In agreement,
the Ficoll70-induced AG changes (Figure 4) further showed
that molecular crowding stabilizes the holo-state more than the
apo-state, probably because the changes of molecular volume
induced by temperature are larger for the holo-state than for
the apo-state of RC;.
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Figure S. Ficoll70 effect on the melting temperature (AT,) as a
function of the Ficoll70 excluded volume (¢) using data coming from
apo-RC; (<) and holo-RC| thermal denaturation followed by
tryptophan intrinsic fluorescence (@) and by SR-CD in the far-UV
region (M). The Ficoll70 excluded volume is computed with a
hydration of 0.3 g/g. See the Supporting Information for details on the
@ calculations.
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Figure 6. Conformational changes, hydrodynamics, and thermodynamics of RCy, at 37 °C. In the absence of calcium, RC adopts an intrinsically
disordered state, while the addition of calcium induces its folding and stabilization. Molecular crowding increases the affinity of RCy, for calcium. At
37 °C, the apo state is in equilibrium between its native state and its unfolded state, while in the presence of calcium, the native holo state is highly
favored in comparison to the unfolded holo state. Molecular crowding further increases the stability of the holo state. Molecular crowding studies
also indicate that the unfolded holo state adopts a random coil conformation, while the unfolded apo state adopts an elongated conformation, which
might be favorable to protein secretion through the type 1 secretion system (see Discussion). The protein is represented in red, calcium ions are

shown in green, and protein hydration is represented in blue.

Cheung and Tirulamai proposed that the effect of molecular
crowding agents on the thermal stability of proteins could be
theoretically evaluated according to the size of the confinement
space (AT, = y*¢°), where y is a constant (see the
Supporting Information) and @ a factor related to the Flory
exponents v of the unfolded states.*® A recent in vitro study on
ubiquitin supports the power-law dependence of AT,, on ¢.**
As shown in Figures 5 and S7 (Supporting Information), plots
of In AT, as a function of In ¢ follow straight lines for both
apo- and holo-RC;, the slopes of each, a/3, being related to the
Flory exponents v according to v = 1/a + 1/3 (see the
Supporting Information). The calculated Flory exponent scales
the gyration radius, Rg, to the length, N, of the macromolecules
(Rg = RoNY), with R, being a scaling factor. The v values range
from 0.3 to 0.5-0.6 for folded and unfolded proteins,
respectively, and reach higher values for extended macro-
molecules in good solvent.”>*® The Flory exponents v for the
thermally induced unfolded state of RC; in the presence of
calcium are 0.53 and 0.56 from SR-CD and fluorescence data,
respectively (Table S4 (Supporting Information) and Figure 6).
These values are in good agreement with the Flory exponent of
unfolded proteins behaving in a space of three dimensions (d =
3 and v & 0.6) and are characteristic of random coils in good
solvent conditions’” (see the Materials and Methods and Table
S4 in the Supporting Information). It is noteworthy that the
Flory value for the unfolded state of RC in the absence of
calcium is 0.77 (Table S4 (Supporting Information) and Figure
6). This suggests that the thermally induced unfolded
conformations of the intrinsically disordered apo-state of RC,
are expanded, behaving like elongated polymers in a good
solvent.*” The difference between the Flory exponent values of
apo-RC, (v = 0.77) and holo-RC_ (v = 0.55) suggests that
calcium is able to induce a partial collapse of the extended
conformations of the heat-denatured polypeptides. Calcium
may screen the electrostatic repulsion between the negatively
charged aspartic acid residues of RCy in its apo-state,” thus
allowing a partial collapse of the polypeptide chain (Figure 6).
Interestingly, other intrinsically unfolded proteins, which are
highly charged at neutral pH like apo-RC; (pI = 4.4), also
appeared expanded as compared to what was found for the
chemically denatured states of folded proteins.>®

Our present results provide several novel insights into the
secretion process of RTX-containing proteins. Most RTX
proteins are virulence factors produced by more than 250
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Gram-negative bacterial species.”” They are all predicted to be
secreted by a type I secretion machinery (T1SS) and to require
calcium to exert their cytotoxicity. We previously suggested
that, within the host bacteria, due to low intracellular calcium
concentrations (less than micromolar), the RTX motifs are
mainly unfolded, thus favoring the polypeptide secretion
through the dedicated type I secretion machinery.*® As several
studies have reported that partially folded proteins can achieve
their folding to the native state in the presence of molecular
crowding agents,*****™® we aimed to determine whether the
crowded intracellular environment might be able to favor
structural folding of an RTX-containing protein. Clearly, our
present data show that the apo-state of RC, remains
intrinsically disordered and does not acquire any secondary
structure in the presence of the crowding agent Ficoll70 (even
at the highest concentration of 400 g/L). Molecular crowding
inside bacteria is expected to range from 200 to 300 g/L
biomolecules,*" below the 400 g/L Ficoll70 tested here. Our
data suggest that the RTX motifs of the TISS protein
substrates remain intrinsically disordered inside the bacteria
prior to secretion, despite the highly crowded environment of
the bacterial cytosol. Similar observations have been reported
for other IDPs.*

We previously showed that, in the absence of crowding
agents and at rather low concentrations, the shape of the
natively disordered apo-state of RTX proteins, including RCy, is
globular.”* However, the Flory exponent of the thermally
unfolded RC; (v = 0.77) in the absence of calcium indicates
that RTX motifs have the potential to adopt elongated
conformations, similarly to stretched polymers confined in
capillaries or inside slits.>* Indeed, macromolecules diffusing in
a space of two dimensions (d = 2) are characterized in a good
solvent condition by a Flory exponent of 0.75*" (see the
Supporting Information), a value close to 0.77 for the thermally
unfolded apo-RC;. It is tempting to speculate that such
extended conformations might contribute to an efficient uptake
and passage of the polypeptide substrates through the narrow
channel of the type 1 secretion machinery.

Interestingly, our thermodynamic data show that the
energetic cost to fully unfold and extend apo-RCy is rather
low, between —0.3 and +0.4 kcal/mol (from 0 to 400 g/L
Ficoll70; see Figure 4 and Table S3, Supporting Information) at
physiological temperatures (37 °C). Hence, in the crowded
bacterial cytosol, in the absence of calcium, the disordered apo-
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state of RTX motifs may adopt elongated conformations (v =
0.77) most favorable for secretion at essentially no energetic
cost.

Finally, we showed that the affinity of RC for calcium in a
crowded environment is favored and that its stability increases
with increasing crowding agent concentration. These results
strongly suggest that, during the secretion process, once the
RTX polypeptide substrate exits the secretion machinery to
reach the calcium-enriched extracellular medium, the holo-state
is highly favored at the expense of the disordered apo-state.
This transition may provide the energy for a molecular ratchet
mechanism of secretion due to the difference of stability
between the disordered state inside the bacteria (in a low
[Ca®*] environment) and the stable and folded holo-state in the
extracellular environment (see AG changes in Figure 4). Taken
together, we may hypothesize that molecular crowding favors
the disordered state of the RTX proteins within the bacteria
and facilitates their secretion and finally their calcium-induced
folding to their cytotoxic active form in the extracellular
environment.
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