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The effect of Ficoll 70 on thermally-induced and

chemically-induced conformational transitions of
an RTX protein is quantitatively accounted for by
a unified excluded volume modelf}

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 24461

Alexandre Chenal & * and Allen P. Minton (2 *°

A unified excluded volume model based upon the effective hard particle approximation is developed
and used to quantitatively model previously published experimental measurements of the effect of
adding high concentrations of an “inert” polymer, Ficoll 70, on conformational transitions of the toxin
protein RCL that are induced by addition of calcium at constant temperature or by increasing
temperature in the absence and presence of high calcium concentrations. The best-fit of this model,
which accounts quantitatively for all of the published data to within experimental precision, yields an
estimate of the volume of solution excluded to Ficoll by each of four identified conformational states of
RCL: H - the most compact conformation adopted in the limits of high calcium concentration and low
temperature, H* — the conformation adopted in the limits of high calcium concentration and high tem-
perature, A — the conformation adopted in the limits of low (or no) calcium at low temperature, and
A* — the conformation adopted in the limits of low calcium and high temperature. Ficoll exclusion
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DOI: 10.1039/d4cp02213k volumes increase in the order H < H* < A < A*. These results are discussed in the context of the phy-

siological functions of the RTX proteins, which are involved in the secretion process and the calcium-
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|. Introduction

In 2013, Sotomayor-Peréz et al. published a study on the effect
of high concentrations of an “inert” polymer, Ficoll 70, upon
the conformational changes of a repeat-in-toxin (RTX") protein,
RCL.” RCL is a polypeptide corresponding to the Block V of the
adenylate cyclase (CyaA) toxin and its C-terminal flanking
region (residues 1530 to 1680 of CyaA). The CyaA toxin is
produced by Bordetella pertussis, the causative agent of the
whooping cough.>® The primary sequence of RCL is described
in supporting files of Sotomayor Perez et al.” The present work
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induced folding of bacterial virulence factors.

is an extension of that study, and we shall refer to it henceforth
as SP. It has been shown that RCL constitutes an autonomous
RTX calcium-binding protein®’ required for folding, and
both cytotoxic and hemolytic activities of the full-length CyaA
8712 In the absence of calcium, apo-RCL exhibits the
hallmarks of intrinsically disordered proteins.”™>™* Its
unfolded and flexible ensemble of conformations in the apo-
state result from internal electrostatic repulsion between
negatively charged residues.'® The apo-state of RTX proteins
is appropriately sized for its bacterial uptake and secretion
through the narrow channel of their dedicated secretion sys-
tems (internal diameter of 2 nm) and acquires its folded and
stable holo-conformation upon secretion in the calcium-rich
lung environment.'®"” The calcium-induced folding of RTX
proteins is finely regulated by the calcium gradient across the
bacterial cell wall.'® Calcium binding causes a strong reduction
of the mean net charge and local structuring of Ca binding
sites, thereby triggering the compaction, folding and stabili-
zation of holo-RCL.”"®

The study of SP was and remains unique among many
studies of the effect of high concentrations of a chemically
“inert” species upon the conformation of a dilute or trace
species of protein (reviewed by Speer et al.*®) for the following
reason. Experiments were carried out by SP on solutions of

toxin.
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Fig. 1 Schematic illustration of the four conformational states of RCL, as proposed by SP. Figure adapted from SP.

identical composition to characterize crowding effects upon
thermal unfolding in the absence and presence of high con-
centrations of calcium (Ca), as well as the effect of Ficoll
concentration on the binding of Ca upon protein folding at
constant temperature. Thus, the effect of crowding upon both
thermally-induced unfolding and chemically-induced unfold-
ing (via loss of a structure-stabilizing binding partner, ie.,
calcium) of the same protein under comparable conditions
was quantitatively characterized.”

Analysis of the results of these and other experiments led SP
to propose the existence of four distinguishable conformational
states of RCL, schematically illustrated in Fig. 1: (1) fully folded
holo-RCL in the low temperature limit in the presence of
saturating concentrations of Ca, which we shall refer to as
holo-state (H), (2) partially unfolded apo-RCL in the low tem-
perature limit in the absence of Ca, referred to as apo-state (A),
(3) partially unfolded holo-RCL in the high temperature limit in
the presence of Ca, referred to as high-temp holo-state (H*) and
(4) fully unfolded apo-RCL at the high temperature limit in the
absence of Ca, referred to as high-temp apo-state (A*).

SP provided experimental evidence that conformational
transitions between H and H*, and between A and A*, may be
characterized as two-state transitions. In the present work, we
shall demonstrate that even though RCL contains multiple
binding sites for Ca, the conformational transition between
H and A may also be described to within experimental precision
as two-state.

In Section II we summarize a simple excluded volume model
for the effect of macromolecular crowding upon a generic two-
state conformational transition. In Section III a quantitative
model for the simultaneous effects of Ca binding and Ficoll 70
upon the conformational changes of RCL at constant (low)
temperature is presented and the relevant data of SP analyzed
in the context of this model. In Section IV the data of SP on the
thermally-induced conformational transitions of H and A in the
presence of different concentrations of Ficoll 70 are then newly
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analyzed in the context of the two-state theory of thermal
unfolding,”® extended in accordance with the excluded volume
model presented in Section II. In Section V the results of analyzing
both thermally and chemically induced conformational transi-
tions are incorporated into a unified picture of the relative
interaction between Ficoll 70 and each conformational state. It
will be shown that the data provided by SP permit us to char-
acterize quantitatively the relative nonspecific interactions of each
conformational state with Ficoll 70, and demonstrate that these
interactions may be described to within experimental precision as
independent of temperature, and hence primarily entropic in
nature. The significance and potential biological relevance of
the findings reported here is discussed in the concluding section.

Il. First-order excluded volume model
for the effect of molecular crowding
on a two-state

conformational transition

The effect of thermodynamic nonideality upon the equilibrium
between two conformations of a protein or other macromole-
cule in solution (generically labeled here as conformations
1 and 2) is described by

Kip=2= K €y
1 72
where c¢; and y; denote the molar concentration and thermo-
dynamic activity coefficient of species i respectively, and k3,
denotes the equilibrium constant in the ideal limit, i.e., when
all y; approach unity.>* Eqn (1) is equivalent to

InK;, =Ink3, + Iny; — Iny,. 2

We consider the case in which a trace amount of the protein
under consideration (‘tracer’) is dissolved in a solution containing
a significantly higher concentration of an inert macromolecule
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(‘crowder’) that interacts with the trace protein. In this case the
activity coefficient of each conformational state of the trace
protein is given to first order by

Iny; = Bicce (3)

where ¢ denotes the molar concentration of crowder, and
B;c denotes the two-body interaction coefficient, which is a
function of the potential of mean force acting between state i
and crowder.””> According to the effective hard particle
model,**">® B;c may be expressed as a volume that is excluded
by an effective hard particle representing a molecule of the ith
conformation of tracer to the center of mass of a second
effective hard particle representing a molecule of crowder
(or the volume that is excluded to crowder to the ith conforma-
tion of tracer). This volume is referred to as the covolume of the
ith tracer conformation and crowder,>® denoted by V;c. Within
the context of the effective hard particle model, eqn (3) is
equivalent to

Iny; = Victe (4)
Combination of eqn (2) and (4) leads to
InKy, = InK%, + oq5cc (5)

where o1, = Vig—Vac, and o,y = —0q,.

According to the excluded volume model, the effect of
excluded volume (quantified by the parameter «;,) is orthogo-
nal to and independent of changes in other experimental
variables that would contribute to changes in the value of
K?,, such as changes in temperature or binding of ligand to
tracer. In addition, we note that when two different two-state
conformational transitions have one conformation in common,
such as {1} =2 {2} and {2} = {3}, then it follows from eqn (3)
and (4) that

013 = 0gp T Ua3. (6)

We shall subsequently apply this model to the analysis of the
results of experiments by SP that measure the effect of Ficoll 70
on the equilibria between holo and high-temp holo, between
apo and high-temp apo, and between holo and apo at 25 °C.
Far-UV circular dichroism (CD) spectra of holo-RCL as a
function of temperature in the absence and in the presence
of 200 g 17" Ficoll 70 presented in SP (Fig. 3A and Fig. S3,
see ref. 2) indicate that the conformational transitions
between holo and high-temp holo in the absence presence
and presence of Ficoll are two-state, and that Ficoll does not
significantly affect the secondary structure of either holo or
high temp holo. The results of CD and tryptophan fluores-
cence ratios presented in SP (Fig. S4-S6, see ref. 2) also
indicate that the secondary and tertiary structures of RCL at
low and high temperatures are very similar in the absence and
presence of 200 g 1" Ficoll, suggesting that Ficoll has little if
any effect upon the secondary/tertiary structures of the con-
formational states of RCL either at low or high temperature,
but has a significant effect upon the equilibrium between
these states.

This journal is © the Owner Societies 2024
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Ill. Dependence of RCL conformation
upon the concentrations of Ca and
Ficoll 70 at 25 °C

A. Excluded volume model

The two-state allosteric model presented below derives from
that developed originally by Monod, Wyman and Changeux,””
with generalization to allow for thermodynamic nonideality
attributed to volume exclusion. We assume that RCL can exist
in either the apo (A) or holo (H) state at 25 °C. We define the
thermodynamic conformational equilibrium constant

_an, _ 7uy[Hol )

0 an, B YAq [Ao]

where ay , yu,, and [Ho] respectively denote the thermodynamic
activity, the thermodynamic activity coefficient, and molar
concentration of H in the absence of Ca, and a,, 74, and [Ao]
respectively denote the same three properties of A in the absence
of Ca. We may then define the apparent equilibrium constant
L=l (8)
[Ao) VH,

We next assume that both A and H states contain n identical
and independent binding sites for calcium, with equilibrium
association constants for binding Ca to an individual site given
by K, and Ky; respectively. Thus, the equilibrium concentration
of the species of A binding i molecules of Ca may be written:

A= ]| | e ©)

where ac, denotes the thermodynamic activity of Ca, and L. }

denotes the number of microstates with i molecules of Ca
bound to 7 sites, given by

i w

The equilibrium concentration of the species of H binding i
molecules of Ca may similarly be written

[H,] = [Ho] m (Knaca)". (11)

Let us define the ratio z = Ky/K,. Then equation [11] may be
rewritten

[H] = L= [A] m (Kaac,)'= LZ'[4)). (12)

The fractional saturation of binding sites by Ca at equili-
brium may then be written as

1

1

l([Az] + [H,]) i}l|::l:| (1 + in)(KAacﬂ)i
== } . (13)

y=

M:

n (I+ Lz")(KAaCa)i

(81w ns ]

i=0
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The fraction of protein in the holo (H) state is given by

z”: [H[] Xn: |:7:| in(KAacu)i
fH — = ~ = s (14)
AL+ HD) 3 H (1 + L2 (Knaca)

Crowding by an inert molecule C (C for crowder) occupying
volume fraction ¢ of the solution is assumed to affect the
thermodynamic activity of the A and H states of protein and Ca.
Assuming that Ca may occupy all of the volume available to
solvent, the effect of volume occupancy by Ficoll upon Ca
activity is relatively small:

aca = [Ca]/(1 = ¢) = [Ca] /(1 = Ywc). (1)

where 7 and w¢ respectively denote the partial specific volume
and w/v concentration of crowder. [The data provided by SP
includes this correction, but in that publication, they referred
to the activity of Ca as the “effective concentration”.]

According to eqn (4), the activity coefficients of dilute A and
H states are given by

Inyx = Vxepc (16)

where X denotes either A or H, and Vxc denotes the volume
excluded by a molecule of conformational state X to a molecule
of crowder, and p¢ the number density of crowder molecules. It
follows from eqn (4), (5) and (16) that

InL =InLy + (Vac - Varc)pc- (17)

Since the covolumes, and hence (Vac — Vic) are assumed
constant, and p¢ is proportional to the w/v concentration of
Ficoll, eqn (17) is equivalent to

InL =1InLy + owgie. (18)

Since In L is dimensionless, the units of o are inverse
concentration. It follows that if wg;. in eqn (12) is expressed
in units of g-Ficoll per cm®, « denotes the difference between
volume excluded to Ficoll by A and by H in cm® per gram of
Ficoll.

B. Modeling the data

The model described above provides relations for the calcula-
tion of the value of fi;, the mass fraction of RCL in the holo (H)
state as a function of the concentrations of Ca and Ficoll 70.
Here we describe the procedure used to model experimental
data obtained by SP, plotted in Fig. 2. These data consist of
fractional change in the ratio of intrinsic tryptophan fluores-
cence at 360/320 nm (denoted subsequently by FIR for fluores-
cence intensity ratio) as a function of the thermodynamic
activity or ‘“effective concentration” of Ca, (denoted by ac,),
measured at constant concentration of Ficoll 70 at approxi-
mately even increments of the logarithm of ac,, in the absence
of Ficoll and at four different concentrations of Ficoll.

It is assumed that in the absence of Ca, RCL exists entirely in
the A state, and that the fractional change in FIR upon addition
of Ca is equal to the fraction of H state (fy), since the
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Fig. 2 Fractional change in fluorescence intensity ratio (FIR) vs. logarithm
of the thermodynamic activity of Ca (ac,) at 25 °C, in the presence of the
following concentrations of Ficoll 70: O (squares), 0.1 g cm™> (open
diamonds), 0.2 g cm~® (closed diamonds), 0.3 g cm™ (open circles),
0.4 g cm~® (closed circles). Blue and red curves are calculated using best
fit values of model functions obtained as described in the text.

tryptophan reporter residues are not within any of the Ca-
binding motifs (SP Fig. S1, see ref. 2).

Given values of the model parameters 1, K3, z, and L defined
in the previous section, one may then use eqn (14) to calculate
the fraction of RCL in the H conformation. The first three of
these parameters are assumed to be independent of Ficoll
concentration, while the logarithm of L is predicted to vary
linearly with Ficoll concentration according to eqn (18). The
conversion from fiy to FIR requires additional specification of
the values of the four empirical parameters s;1, S12, Sz1, and Sy
defined in eqn (S1) and (S2) (ESIt). Examination of the data
plotted in Fig. 2A of SP suggests that the values of s, and s,,
may be fixed equal to 0, and the value of s,; may be fixed equal
to 100. However, the asymptotic limit of FIR in the limit of low
Ca concentration appears to vary between data sets, and so we
allow one additional parameter, s;4, to vary to achieve a best fit
of the model to each data set. Thus, global modeling of the data
for the five data sets obtained at different Ficoll concentrations
requires specification of the values of the three global para-
meters n, K,, and z, plus one value of L and one value of s,, for
each Ficoll concentration, or 13 parameters in all.

Initially, the data plotted in Fig. 2 were modeled using
eqn (8) and eqn (S1) and (S2) (ESIt) to calculate the best fit of
the model to the measured dependence of FIR upon dac,. This
was accomplished by allowing the values of each of the para-
meters listed in column 1 of Table S1 (ESIY) to vary in order to
achieve simultaneous minimization of the sum-of-squared resi-
duals for all five data sets (Wi = 0, 0.1, 0.2, 0.3, and 0.4 g mL ™)
plotted in Fig. 2. We refer to this as the independent L model.
The best-fit dependence of FIR upon ac, to all five data sets
calculated according to the independent L model is plotted as
blue curves in Fig. 2. The best fit values of the input parameters
are presented in column 2 of Table S1 (ESI{), and the best-fit
values of In L are plotted as a function of Ficoll concentration in

This journal is © the Owner Societies 2024
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Fig. 3 Best fit values of In L obtained by global least-squares fitting of the
data by the independent L model, plotted as a function of wg. Error bars
correspond to one standard error of estimate calculated via parameter
scanning.2® Also plotted is the best-fit straight line through the points, with
a slope of 16.1 cm® g~* Ficoll.

Fig. 3. It may be seen that the results are well described by the
linear dependence predicted by the excluded volume model
relation (18), with oay = 16.1 cm® g .

Given the success of modeling with independently variable
values of In L, the data were subsequently modeled using the same
equations, except that the values of In L at different Ficoll
concentrations were constrained to obey the linear dependence
indicated in eqn (18), and only In L, and o,y are allowed to vary
instead of the five independent values of In L. We refer to this
approach as the constrained L model, which requires only 10
variable parameters rather than 13. The best-fit dependence of FIR
upon ac, to all five data sets calculated using the constrained L
model is plotted as red curves in Fig. 2, and the best fit values of
the input parameters are presented in column 3 of Table S1 (ESIt).
The best-fit value of o,y obtained with the constrained L model is
approximately 15.4 cm® g, which agrees with the value of
16.1 obtained indirectly via the unconstrained model to within
5%. We conclude that the effect of Ficoll on the calcium-induced
two-state conformational change at 25 °C is satisfactorily described
by the constrained L model, according to the first order excluded
volume treatment summarized in text eqn (5) and (18).

IV. Dependence of RCL conformation
upon temperature and Ficoll
concentration in the absence and
presence of calcium

A. Description of the excluded volume model

It is assumed that an increase in temperature leads to conversion of
a more folded conformational state 1 (representing either H or A) to
a less folded state 2 (representing either H* or A*). It is further
assumed that the addition of an “inert” crowding species C does
not affect the properties of either conformational state. Justification

This journal is © the Owner Societies 2024
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for these assumptions is provided in the Discussion. The calculation
of the temperature dependence of f, follows that utilized by SP,
summarized below and generalized to allow for the effect of volume
excluded by C to the trace protein undergoing unfolding.

The fraction of protein that is unfolded as a function of
temperature is given by

fr) =2t

- 1 +K12(T) (19)

where K;,(7) is the apparent equilibrium constant relating the
concentrations of states 1 and 2:

K15(T) = ca/c1 = exp(-AG12(T)/RT). (20)

Here AG;, denotes the temperature-dependent change in Gibbs
free energy accompanying the transition between states 1 and
2, given by the Gibbs-Helmholtz relation

AG»(T) = AHy (1 = T/Tw) — ACp[Tm — T + TIn(T/ Tw)]
(21)

where R denotes the molar gas constant, 7 the absolute
temperature, Ty, denotes the temperature at which the protein
is half-unfolded, AHr,  the enthalpy change of unfolding at Tr,
and AC;, the heat capacity change, assumed to be independent
of temperature and the concentration of crowder.

It is assumed that the Ficoll concentration dependence of
K;, and the thermal unfolding curve via eqn (19) is calculated
according to the first-order excluded volume model eqn (5).

B. Modeling the data

The two-state model presented above provides relations for the
calculation of the value of the fraction of thermally unfolded
conformation (H* in the presence of Ca and A* in the absence
of Ca) as a function of temperature and Ficoll concentration.
It is assumed that in the low temperature limit, RCL exists
entirely in the apo (A) state in the absence of Ca and entirely in
the holo (H) state in the limit of saturating concentration of Ca.
It is further assumed that in the high temperature limit, RCL
exists entirely in the A* state in the absence of Ca and entirely
in the H* state in the presence of high Ca concentration.
Given the values of T, AH; and AC,, eqn (20) and (21) are
used to calculate the value of K3, (in the absence of Ca and
Ficoll) and K{;;- (in the presence of high Ca and the absence of
Ficoll) as a function of temperature. Then eqn (5) and (19)
together with specified values of aas» and ayy~ are then used to
calculate the dependence of fy+ and fi;» upon temperature and
Ficoll concentration. Finally, eqn (S1) and (S2) (ESIt) are used
to calculate the dependence of the experimentally measured
signal upon both temperature and Ficoll concentration. Non-
linear least-squares modeling was used to globally fit the two-
state excluded volume model for thermal unfolding of holo to
the temperature dependence of ellipticity of RCL measured in
the presence of 5 mM Ca and in the absence and presence of
Ficoll 70 plotted in Fig. 4A. The curves calculated using the
best-fit parameter values presented in column 1 of Table S2
(ESIt) are plotted together with the data. Using the same model

Phys. Chem. Chem. Phys., 2024, 26, 24461-24469 | 24465


https://doi.org/10.1039/d4cp02213k

Published on 12 September 2024. Downloaded on 4/6/2026 6:11:21 AM.

Paper

1N o o
EN o e

MRE (normalized)

o
N

FIR 360/320

20 40 60 80 100
T°C
Fig. 4 Data and best-fit model calculation of the dependence of experi-
mentally measured signal of conformational change of RCL as a function of
temperature. (A) normalized mean residual ellipticity (MRE) of RCL in the
presence of 5 mM Ca (H —» H*. MRE (normalized) = (MRE — MRE;;,)/
(MREax — MREin). Ficoll: O (circles), 200 g 1! (squares). (B) FIR of RCL in the
absence of Ca (A — A*). Ficoll: O (circles), 0.3 g cm™ (squares), 0.4 g cm™>
(diamonds). Best fit model parameter values are reported in Table S2 (ESI+).

Fig. 5 Equivalent hard particle representation of holo as a sphere and
Ficoll 70 as a spherocylinder (not to scale). The covolume of the two
particles is the volume excluded to the center of the sphere by the
spherocylinder, the surface of which is indicated by the black line.
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equations, the two-state excluded volume model for the ther-
mal unfolding of apo was then globally fit to the temperature
dependence of the fluorescence intensity ratio of RCL mea-
sured in the absence of Ca and in the absence and presence of
Ficoll 70, plotted in Fig. 4B. The curves calculated using the
best-fit parameter values presented in column 2 of Table S2
(ESIY) are plotted together with the data. We conclude that the
experimental data measuring the effect of Ficoll 70 on the
temperature-dependent conformational change of RCL in the
presence of high Ca (H — H*) and the absence of Ca (A — A¥)
are well accounted for by the two-state excluded volume model
presented here.

V. Characterization of the interaction
between Ficoll 70 and the four
conformational states of RCL

In the preceding two sections, two-state models have been
successfully fit to the data obtained from measurements by
SP of the effect of high concentrations of Ficoll 70 upon (i) a
calcium-induced conformational change at low temperature
and (ii) thermally-induced unfolding in the absence and
presence of calcium. These have led to approximate evaluations
of the following three parameters:

oag = Vag — VHE ~ 15cm? gil
oxu* = Var — Var ~ —llcm3 gfl (22)
aans = VaF — Varp ~ —6cm’ g™

where Vxr denotes the volume excluded by a molecule of X to a
molecule of Ficoll in units of inverse concentration. Combi-
nation of these values leads to

Vasg ~ Vag + llcm3g71

Vasg ~ Vyar + 21 cm’ gfl (23)
Vag ~ Virp +10em® g 7!

The covolume of holo-RCL and Ficoll 70 cannot be evaluated
from the data of SP, but a rough estimate of its value may be
made given the results of earlier nonideal tracer sedimentation
equilibrium measurements,*® which were interpreted in the
context of a model in which proteins and other macromole-
cules are represented as equivalent hard convex particles. The
equivalent hard convex particle representation of Ficoll 70 best
accounting for the thermodynamic interaction of Ficoll and
BSA, depicted schematically in Fig. 5, was found to be a
spherocylinder with a cylindrical radius of ~1.4 nm and a
cylindrical length of ~15.7 nm.?® The equivalent hard convex
particle representation of holo-RCL, the most compact of the
conformations in the four-state model, is assumed to be
approximately spherical. Given the molar mass (17100 g
mol™")” and density (0.72 cm® g')*° of RCL, the radius of the
equivalent spherical particle representing holo-RCL, depicted
schematically in Fig. 5, is calculated to be ~1.7 nm.'”> The

This journal is © the Owner Societies 2024
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Fig. 6 Estimated covolumes of each of the four conformational states of RCL with Ficoll 70, calculated as described in the text. These results indicate
that the relative extension (i.e., Ficoll exclusion volume) of each state increases in the order H < H* < A < A*.

covolume of these two hard convex particles, calculated using
relations presented in ref. 26, is ~6 cm® g '. Assuming that
this estimate is semi-quantitatively valid, the numeric relations
presented above lead to estimates of the covolumes of each of
the four conformational states of RCL, in units of cm® g~ '-
Ficoll, shown in Fig. 6.

VI. Conclusions

The analysis presented here is based upon application of the
effective hard particle model for interpretation of intermolecu-
lar interactions. We recognize that this model represents a
simplified parameterization of interaction coefficients, and
that the calculation of covolumes of equivalent hard particles
representing partially or fully unfolded proteins or polymers is
subject to some uncertainty.*! Nonetheless, the effective hard
particle model has proven to provide a self-consistent and semi-
quantitative interpretation of a variety of measurements of the
concentration-dependent behavior of proteins and protein
mixtures in highly nonideal solutions.

Analysis of the combined measurements of the effect of
Ficoll on both the chemically induced folding of A to H at
constant temperature and the thermally induced unfolding of
both A and H to A* and H*, respectively, within the context of
the effective hard particle model permits a simple yet compre-
hensive and quantitative interpretation of a large number of
experimental results, summarized in Fig. 2 and 4. This analysis
leads to the following qualitative conclusions about the relative
net interaction of Ficoll 70 with each of the four conformational
states of RCL identified by SP.

(1) The transition between H and A is accompanied by a
significantly greater change in repulsive interaction with Ficoll
70 than the transition between H and H*.

(2) The transition between A and A* is accompanied by a
significantly smaller change in repulsive interaction with Ficoll
70 than the transition between H and H*.

In the previous section, the difference between V. and Vg
was estimated to be ~6 cm® g7*, and the difference between
Vigr and Vigp to be ~11 ecm® g~ . Assuming that the differences
between these several covolumes is due primarily to the differ-
ence between the Ficoll exclusion volumes of the effective
spherical (or quasi-spherical) particles representing the various

This journal is © the Owner Societies 2024

conformational states of RCL, this result suggests that the
thermal unfolding of A in the absence of Ficoll is associated
with a significantly smaller ‘“expansion” of RCL than the
thermal unfolding of H in the absence of Ficoll. If we addition-
ally assume that “expansion” is correlated with a loss of
attractive intramolecular interactions, then the two conclusions
enumerated above are in qualitative accord with the observa-
tion that in the absence of Ficoll, thermally-induced unfolding
of A is accompanied by a significantly smaller change in
enthalpy and free energy than the thermally-induced unfolding
of H (SP and Table S2 of ESIf).

The compacting effect of addition of Ca upon RCL folding
is due to a combination of two factors. First, binding of Ca to
~8-9 specific sites on RCL leads to acquisition of localized
secondary and tertiary structure, presumably resulting in some
measure of overall compaction. Second, the addition of Ca
at concentrations encountered in the experiments of SP
(up to 5 mM) results in a substantial increase in the ionic
strength of the solution, which acts nonspecifically to damp
out the predominantly repulsive electrostatic interactions
driving conformational expansion.*” The nonspecific effect of
increasing ionic strength upon protein compaction has been
experimentally observed upon addition of NaCl to solutions of
RD,"? a protein with calcium-binding properties similar to those
of RCL."*'® Thermally induced unfolding, on the other hand, is
due primarily to the nonspecific enhancement at high tempera-
ture of entropic contributions to the free energy of conforma-
tional change. According to the model of the energetics of
conformational change associated with calcium binding
described in Section II.1, apo retains the ability to bind calcium
to specific sites, although with an affinity that is approximately
10-fold smaller than that of holo (Table S1, ESIt). In the presence
of very high concentrations of Ca (on the order of 5 mM) entropic
effects alone would probably be insufficient at high temperature
to result in complete dissociation of Ca from RCL, so H* would
likely retain some residual Ca-linked stabilization relative to H.

In bacterial cytoplasm at a host temperature of 37 °C, in the
absence of calcium and in the presence of a collectively high
concentration of biomolecules, RCL exists as an equilibrium
mixture of the intrinsically disordered A state and the fully
thermally unfolded A* conformations, as shown in Fig. 4B. The
model described in text Section IV may be used together with
the values of the best-fit parameters presented in column 3 of
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Fig. 7 Ficoll dependence of the fraction of apo existing as A* in an
equilibrium mixture of A + A* at 37°, calculated using the excluded volume
model described in the text.

Table S2 (ESIT) to calculate the equilibrium fraction of apo
existing in the fully unfolded state A* at 37 °C as a function of
Ficoll concentration, and the results are plotted in Fig. 7. It may
be seen that the addition of Ficoll to a concentration compar-
able to the total concentration of macromolecules in the
cytoplasm of E. coli reported by Zimmerman and Trach®
(0.3-0.4 g cm?) reduces the equilibrium fraction of A* at 37°
from ~0.6 to less than 0.2. While this calculation is much too
simple to accurately portray the effect of volume exclusion
within bacterial cytoplasm, it is nevertheless of qualitative value
as indicating how crowding-induced partial compaction of apo-
RCL (from A* to A state) could influence its interaction with the
specific secretion channel T1SS and the consequent kinetics of
secretion. The molecular basis of this interaction and its
ramifications for regulation of toxin secretion is the subject
of current research.
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