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Abstract: Ligands such as enzyme inhibitors stabilize the native conformation of a protein upon
binding to the native state, but some compounds destabilize the native conformation upon binding

to the non-native state. The former ligands are termed "stabilizer chaperones" and the latter ones

"destabilizer chaperones." Because the stabilization effects are essential for the medical chaper-
one (MC) hypothesis, here we have formulated a thermodynamic system consisting of a ligand and

a protein in its native- and non-native state. Using the differential scanning fluorimetry and the cir-

cular dichroism varying the urea concentration and temperature, we found that when the coenzyme
NADP1 was absent, inhibitors such as isolithocholic acid stabilized the aldo–keto reductase

AKR1A1 upon binding, which showed actually the three-state folding, but destabilized AKR1B10. In

contrast, in the presence of NADP1, they destabilized AKR1A1 and stabilized AKR1B10. To explain
these phenomena, we decomposed the free energy of stabilization (DDG) into its enthalpy (DDH)

and entropy (DDS) components. Then we found that in a relatively unstable protein showing the

three-state folding, native conformation was stabilized by the negative DDH in association with the
negative DDS, suggesting that the stabilizer chaperon decreases the conformational fluctuation of

the target protein or increase its hydration. However, in other cases, DDG was essentially deter-

mined by the delicate balance between DDH and DDS. The proposed thermodynamic formalism is
applicable to the system including multiple ligands with allosteric interactions. These findings

would promote the development of screening strategies for MCs to regulate the target

conformations.
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Introduction

Medical chaperones (MCs)1–4 are small molecules

capable of modulating the free energy landscape of a

protein upon binding, thereby increasing the stability

of the native conformation and preventing the abnor-

mal aggregate formation. Although MCs are consid-

ered to be the candidates of therapeutic agents for

treating various conformational diseases,1–4 the gen-

eral formulation of their mechanism of action or con-

crete experimental evidence showing the degree of

stabilization have not yet been described. Here we

propose the thermodynamic formulation of the stabili-

zation effects on protein conformations upon ligand

binding, and also provide the experimental evidences

for the proposed formalism using aldo–keto reduc-

tases (AKR) superfamily proteins.

AKR superfamily5,6 was extensively studied as a

target for anti-cancer drug design.7,8 Especially

AKR1B10 was reported to be closely associated with

cell carcinogenesis and tumor development by regu-

lating the retinoid acid homeostasis,5,6 the lipid

metabolism,9 and the isoprenoid metabolism.10 For

AKR superfamily, various ligands were synthe-

sized11,12 and their interactions were extensively

studied.10 Hence, AKR superfamily was considered

to be the appropriate system to examine the pro-

posed formalism.

To describe the ligand binding to the protein,

population of the denatured state is not negligible,

as the Gibbs free energy difference (DG) between the

denatured (D) and native state (N) is usually< 10

kcal/mol,13 and the ligand binding may markedly

perturb DG, affecting the population of N. Therefore

in order to discuss the stability of the native confor-

mation, here we introduce ligand (L), N, intermedi-

ate state (I) and D into the physical model described

by the following scheme;

D 1 L$ N 1 L$ I 1 L$ IL$ NL Scheme 1ð Þ;

in which N and NL are considered to be within the

native ensemble in the presence of L, while I, IL, and

D are within the non-native ensemble. DL may be

eliminated in case of MCs because of their specific

interaction with the well-defined binding pockets.

Under the above perspective, the ligand can

perturb the stability of the native state with the

free energy of stabilization (DDG) as illustrated in

Figure 1, whose sign is either negative [Fig. 1(A)] or

positive [Fig. 1(B)]. The native conformation is stabi-

lized in the presence of a ligand (stabilizer chaperone)

[Fig. 1(A)] or destabilized (destabilizer chaperone)

[Fig. 1(B)]. Here we present several experimental

examples of stabilizer and destabilizer chaperones

demonstrated by the differential scanning fluorimetry

(DSF),14 and the circular dichroism (CD) as a func-

tion of denaturant concentration and temperature.

By the nonlinear curve fitting, we also decom-

posed DDG into the enthalpy contribution (DDH),

and the entropy contribution (DDS), which depends

on the characteristics of the conformational fluctua-

tion of the protein and/or the solvation,15 and finally

discussed on the overall thermodynamic pictures of

the stabilizer- and the destabilizer chaperones.

Results

Effects of isolithocholic acid on the stability of

AKR superfamily proteins

The melting temperature (Tm) of AKR1A116 [Fig.

2(A)] decreased with increasing concentration of iso-

lithocholic acid (ILCA) in the presence of coenzyme

NADP1, as shown in Figure 2(C). However, Tm of

AKR1B1017 [Fig. 2(B)] increased with increasing

concentration of ILCA, as shown in Figure 2(D).

Thus, in the presence of NADP1, ILCA destabilized

AKR1A1, but stabilized AKR1B10.

Next, we surveyed Tm for 24 combinations of six

compounds (C9, C26, C18, C21, C12, and C14) and

two proteins (AKR1A1 and AKR1B10) in the presence

or absence of NADP1 (Fig. 3). The difference in Tm

upon binding of ligands (DTm) varies depending on

the combination of ligand, protein, and NADP1. How-

ever, DTm values were almost all positive, indicating

the stabilizing effect on AKR1s, except for the combi-

nation of ILCA and AKR1A1 shown in Figure 3(D).

According to the thermodynamic formulation on

the change in stability of the conformation upon

ligand binding shown in the Eq. (A15) in Appendix,

DDG is linearly dependent on temperature upon

binding in the experimental condition where T � Tm

(See Appendix for definitions of variables.).

DDG

T
� 2DDS1 DCp;D2N Tð Þ DT1ln

Tb
m

T0
m

� �� �
(1)

We measured the Tm of a lysozyme solution as a

function of urea or guanidine hydrochloride. As

Figure 1. Possible mechanisms for the (de)stabilization of the

native state by ligands. The ligand binding to different states

results in different thermodynamic effects on proteins. (A) The

ligand preferentially binds to the native state (N), which results

in the stabilization of the native state (DDG<0). (B) The ligand

preferentially binds to an intermediate state (I) or the denatured

state (D), which results in the destabilization of the native state

(DDG>0). Note that DDG5DGfree 2 DGligand.
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shown in Figure S1 (Supporting Information), Tm

decreased almost linearly with increase in the urea

or guanidine hydrochloride concentration. As the

free energy of the protein solution is linearly depen-

dent on the denaturant concentration,18 this clearly

indicates that Eq. (1) is valid within the observed

temperature scale.

We used SYPRO Orange for the fluorescence

detection in DSF, but it binds to the intermediate

state or the denatured state of a protein, and thus

destabilizes the native conformation. To remove this

effect of SYPRO Orange, we used the difference in

the melting temperature (DTm). However, to confirm

the above phenomena further and to analyze the

effects of ligand binding more quantitatively, we

used CD spectra as a function of temperature and

urea concentration, applied the proposed formalism

to the AKR and inhibitor system, and evaluated

DDG, DDH, and DDS upon ligand binding.

Stabilization of AKR1A1 by ligand binding in the

absence of NADP1

We measured the urea denaturation curve of

AKR1A1 in the absence of coenzyme NADP1 using

CD spectra [Fig. S2(A), Supporting Information;

4(A)]. Surprisingly, during the folding process of

AKR1A1, a folding intermediate was clearly

observed [Fig. 4(A), red], indicating that the process

involves at least three states. Native, intermediate,

and denatured populations were obtained by fitting

of the CD denaturation curves as a function of urea

concentration [Fig. S2(C), Supporting Information].

Conversely, in the presence of ILCA, the native con-

formation was markedly stabilized, as shown in Fig-

ure S2(B) and S2(D), Supporting Information.

AKR1A1 was stabilized by the binding of ligands

such as C18 or C21 (ILCA) [Fig. 4(A)], and also

strongly stabilized by the binding of NADP1 [Fig.

4(B)]. To understand the thermodynamic origin of

the stability, we next decomposed the free energy of

stabilization into the enthalpy- and the entropy com-

ponents using a previously described method.19,20

Briefly, we measured urea-denaturation at various

temperature (5–358C) in the presence or absence of

ligands, to obtain the temperature dependence of

DG. The DG versus temperature plot was subse-

quently fit to Gibbs–Helmholtz equation [Eq. (2)] to

calculate the DS and DH contributions to the DG.

The DDH and DDS were then calculated using the

Eqs. (5) and (6), and plotted in Figure 5(A). Notably,

entropy decreased upon the binding of C18 and C21

to AKR1A1 (DDS< 0).

Destabilization of AKR1A1 by ligand binding

in the presence of NADP1

Next, we performed a similar analysis in the pres-

ence of NADP1. Intriguingly, the folding reaction of

AKR1A1 almost showed a two-state process in the

presence of NADP1 [red line in Fig. 4(B)]. Moreover,

Figure 3. Changes in melting temperature (DTm) of AKR1A1

and AKR1B10 in the presence and the absence of NADP1

with C9 (A), C26 (B), C18 (C), C21 (D), C12 (E) and C14 (F),

which are considered as potential inhibitors of human aldo–

keto reductases familie members (AKR1).

Figure 2. (A) Three-dimensional (3D) structure of AKR1A1 in

complex with NADP1 (PDB: 2ALR16). (B) 3D structure of

AKR1B10 in complex with NADP1 (PDB: 1ZUA17). A key

structural difference between AKR1B10 and AKR1A1 lies in a

loop region at the N-terminus, which is indicated by the dot-

ted circle. (C) Differential scanning fluorimetry (DSF) curves of

AKR1A1 in the presence of various concentrations of C21

[Isolithocholic acid (ILCA), 0 (black), 3.13 (yellow), 6.25 (light

blue), 12.5 (green), 25 (blue), and 50 (red) lM)]. (D) DSF

curves of AKR1B10 in the presence of various concentrations

of C21 [0 (black), 3.13 (yellow), 6.25 (light blue), 12.5 (green),

25 (blue), and 50 (red) lM].
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the binding of ligands such as C12, C18, or C21

destabilized the native conformation of AKR1A1

[Fig. 4(B)]. The positive DDG values depend on the

delicate balance of entropy- and enthalpy contribu-

tion, as shown in Figure 5(B).

Destabilization of AKR1B10 in the absence

of NADP1

We measured the urea denaturation curve of

AKR1B10 in the absence of the coenzyme NADP1

using CD spectra [Fig. 4(C)]. AKR1B10 showed a

clear two-state transition. Conversely, in the pres-

ence of C18, C21 (ILCA), and C26, the native confor-

mation was markedly destabilized, as shown in

Figure 4(C). The temperature dependence of DG was

obtained using the curve fitting of [H]222 as

described above, and the obtained DDS and DDH

contributions are plotted in Figure 5(C). Notably,

entropy increased upon the binding of C18, C21, and

C26 (DDS> 0).

Stabilization of AKR1B10 in the presence

of NADP1

We conducted a similar analysis for AKR1B10 in the

presence of NADP1. The folding reaction of

AKR1B10 was shown to have two-state characteris-

tics in the presence of NADP1 [Fig. 4(D)]. Intrigu-

ingly, the binding of ligands such as C21 and C26

stabilized the native state of AKR1B10 [Fig. 4(D)].

DDG decreased upon binding of C21 and C26 [Fig.

5(D)], and DDS values were positive.

Discussion

The key and lock model or induced fit model21 was

used to describe the interaction between a protein

and a ligand, enabling the determination of the free

energy of binding. However, this approach never

explains the stability of the native conformation or

DDG, because the denatured state is not included in

the model. Historically the effect of ligands on pro-

tein stability was investigated using calorimetry22,23

and the spectroscopic methods.24,25 Recently, coupled

folding-binding reaction was reported on the intrin-

sically disordered protein.26,27 The idea of stabiliza-

tion of the native state by ligand binding was

qualitatively described,28 and the quantitative for-

mulation and its numeric solution were recently

proposed.25

Here we have shown that ILCA stabilizes the

native state of AKR1A1 in the absence of NADP1,

while destabilizes the native state of AKR1A1 in the

presence of NADP1. Conversely, ILCA destabilizes

the native state of AKR1B10 in the absence of

NADP1, while stabilizes the native state of AKR1B10

Figure 5. Thermodynamic profiles at 208C (DDG, DDH, and

2TDDS) of the ligand binding to (A) AKR1A1 in the presence

of NADP1, (B) AKR1A1 in the absence of NADP1, (C)

AKR1B10 in the presence of NADP1, and (D) AKR1B10 in the

absence of NADP1.

Figure 4. The thermal stability of AKR1A1 and AKR1B10

measured using far-UV CD. Measurements were performed

at 58C in the presence and absence of various compounds.

(A) AKR1A1 in the absence of NADP1. The molar ellipticities

as a function of urea in the absence of ligand (red circles) or

in the presence of C18 (green circles), or C21 (blue circles)

are shown. (B) AKR1A1 in the presence of NADP1. The molar

ellipticities as a function of urea in the absence of ligand (red

circles) or in the presence of C12 (purple circles), C18 (green

circles), or C21 (blue circles) are shown. (C) AKR1B10 in the

absence of NADP1. The molar ellipticities as a function of

urea in the absence of ligand (red circles) or in the presence

of C18 (blue circles), C21 (purple circles), or C26 (green

circles) are shown. (D) AKR1B10 in the presence of NADP1.

The molar ellipticities as a function of urea in the absence of

ligand (red circles) or in the presence of C21 (purple circles)

or C26 (green circles) are shown. The solid lines represent

least-square fits to three-state or two-state unfolding

equations.
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in the presence of NADP1. Binding site of NADP1

was already elucidated16,17 and the binding site of

Tolrestat (C12) was different than that of NADP1.

Thus those interactions are considered to be the allo-

steric effect.27,29,30 The structure of AKR1A116 is

slightly different from that of AKR1B1017 in the

region indicated by the dotted circle in Figure 2(A)

and (B). AKR1A1 forms a b-sheet, whereas AKR1B10

forms a loop, both of which are somewhat close to the

NADP1-binding site. Although the structures near

the catalytic site differ between the two proteins, the

differences in their interactions with ligands remain

elusive.

In order to treat these complex systems, we

need to establish a general scheme in which the

interaction with more than one ligand and the con-

formational change of a protein upon ligand binding

are allowed.

We here propose a simple thermodynamic model

system as described in Appendix, which is generally

applicable to the system including the non-native- or

denatured state to yield DDG upon binding of a

ligand using the equilibrium binding constants (KdN

and KdI) or the general thermodynamic parameters

(see Appendix).

In order to decompose DDG into DDH and DDS

contributions, here we also included the DCp contri-

bution in the analysis shown in Eqs. (1–4), and

found that to stabilize the relatively unstable native

state (DDG< 0), it might be important to reduce the

conformational fluctuation (DDS< 0) with the

expense of DDH (> 0), as shown in Figure 5(A),

while in other case, the sign of DDG generally

depends on the delicate balance of DDS and DDH, as

shown in Figure 5(B–D), and Table I. Of note, as

shown in Table I, DCp and m values were distinct

but similar between different protein systems.

High energy states4,31 usually associated with

the ligand binding were reported to be within the

native ensemble, and the bound state is considered

to be different than the unbound state. However, as

long as these multiple states are within the native

ensemble, they may increase overall stability of the

native ensemble. Whereas these states are outside of

the native ensemble, they will decrease the stability

of the native ensemble.

Therefore, the ligands that stabilize the native

state (DDG< 0) [Fig. 1(A)] bind primarily to the

native conformation (N), while those destabilize the

native state (DDG> 0) bind to the intermediate (I) or

denatured state (D) [Fig. 1(B)]. In this viewpoint, it

is intriguing that in the absence of NADP1, ligands

mainly bind to the native AKR1A1 and to the inter-

mediate or the denatured state of AKR1B10, while

in the presence of NADP1, ligands mainly bind to

the intermediate or the denatured state of AKR1A1

and to the native AKR1B10, as shown in Figure 4.

Although ligand binding to denatured state25,32 of

other proteins were reported, in AKRs there is no

structural evidence for the binding to the non-native

or denatured state at this stage and their native

structures are actually similar [Fig. 2(A,B)]. Howev-

er, because the homology of aminoacid sequences of

AKR1A133 and AKR1B1034 is 51.5%, ligand-binding

properties of their denatured states may be some-

what different. It must be emphasized again that

DDG depends on the subtle balance between DH and

DS and also between the binding constants with

native, intermediate, and denatured states.

ILCA may bind to the intermediate state of

AKR1A1 with NADP1 [Fig. 4(B)] where binding

pocket may be at least conserved, but this state has

not been directly observed. Although bile acids are

reported to induce protein unfolding,35 here it was

shown that ILCA stabilizes the native conformation

of AKR1A1 without NADP1 [Fig. 4(A)]. It is inter-

esting to note that lithocholic acid inhibits the poly-

merization of PiZ alpha-1-antitrypsin,36 and extends

the life span of the yeast Saccharomyces cerevisiae.37

The variety of functions of lithocholic acids may be

arose from their action on the wide spectrum of the

protein conformation.

A thermodynamic study on the stabilization of

a-galactosidase upon binding of a pharmacological

chaperone was reported.38 It was also reported that

the aggregation of a-galactosidase is a determinant

of its efficacy against Fabry disease.39 Therefore,

stabilization of the native conformation of proteins is

an important strategy to prevent the diseases associ-

ated with protein misfolding. However, many reports

on the small compounds have emphasized their sta-

bilization effects on the native conformations thus

far. In fact, during the in silico screening process of

anti-prion compounds, we eventually found that

many compounds inhibited pathogenic conversion,

although some compounds promoted the pathogenic

conversion reaction.40 Small compounds that stabi-

lize the native conformation of a prion protein may

be regarded as stabilizer chaperones, whereas com-

pounds that destabilize the prion protein and pro-

mote conversion reaction may be regarded as

destabilizer chaperones. Thus an important goal is

to establish a rational strategy to design stabilizer

or destabilizer chaperones depending on the target

proteins. For instance, to prevent the aggregate for-

mation, we may stabilize either native-, intermedi-

ate-, or even denatured state depending on the

conformational properties of the target protein.

Materials and Methods

Materials
Dimethylsulfoxide (DMSO), methanol, NADP1, and

the fluorescent dye used in the DSF experiments, as

well as SYPROVR Orange Protein Gel Stain (supplied

as S5692) were obtained from Sigma-Aldrich Co.
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LLC. (St. Louis, MO). SYPRO Orange was supplied

as a DMSO solution at 50003 concentration. The

buffer GibcoVR PBS 13 pH 7.2 was purchased from

Thermo Fisher Scientific Co. (Waltham MA). The com-

pounds C9 [7-hydroxy-2-(4-methoxyphenylimino)22H-

chromene-3-carboxylic acid benzylamide)]11 and C26

[3-(4-hydroxy-2-methoxyphenyl)acrylic acid 3-(3-hydro-

xyphenyl)propyl ester)]12 were synthesized as previ-

ously described. C12 (Tolrestat), C14 (Zopolrestat),

and C17 (Fidarestat) were kindly donated by Dr. P.F.

Kador (University of Nebraska Medical Center). C18

(bisdemethoxycurcumin) was obtained from Nagara

Science Co. (Gifu, Japan). Other reagents were pur-

chased from Wako Pure Chemical Industries (Osaka,

Japan).

Preparation of recombinant enzymes
Recombinant AKR1A1 and AKR1B10 with the N-

terminal 6-His tag10 were expressed in Escherichia

coli cells harboring their cDNAs, and purified to

homogeneity, as previously described.

Differential scanning fluorimetry
SYPRO Orange is an environmentally sensitive dye.

The unfolding process exposes the hydrophobic

region of proteins and results in a large increase in

fluorescence, which is used to monitor the protein-

unfolding transition. DSF was performed using the

Applied BiosystemsVR StepOnePlusTM Real-Time PCR

System [Thermo Fisher Scientific Co.], The SYBR

green melting curve protocol was followed in each

experiment to obtain the Tm with this PCR system

machine. Initially, the general procedure outlined by

Nielsen et al. was followed.41

We tested six compounds (C9, C26, C18, C21,

C12, and C14) for AKR superfamily proteins. C9

(0.8 mM) and the other compounds (1 mM) were dis-

solved in DMSO/methanol (1:9v/v) and in methanol,

respectively. In a single well of a 96-well PCR plate

(Ultra Amp PCR plates; Sorenson, BioScience, Mur-

ray, UT), a 20-lL reaction solution was placed in

each well prepared by mixing 4 lL of protein solu-

tion, 4 lL of 203 SYPRO Orange (diluted from

50003 stock in DMSO), 0.5 lL of the compound,

10.5 lL of buffer solution (phosphate-buffered saline,

pH 7.2) and a 1 lL of NADP1 (24 lM) solution. The

final concentrations of protein and compound in

each well were 5 and 25 lM, respectively. DMSO/

methanol or methanol was used as a background

vehicle control at a final concentration of 2.5%–

3.0%. Well plates were sealed with a qPCR adhesive

seal sheet (4titude, Dorking, UK), centrifuged using

a low-speed Flexpin Bench-top Centrifuge (TOMY-

LC-220, TOMY, Japan) at 1000 rpm for 1 min to

remove air bubbles, and then placed in the RT-PCR

instrument. DSF was performed from 25 to 958C in

increments of 18C per minute. Tm was determined

using the software, StepOnePlus or Igor Pro V.6.

DSF measurements were repeated at least three

times.

CD measurements and analysis
The thermal stabilities of AKR1A1 and AKR1B10 in

the absence or presence of various ligands (C12,

C18, C21, C26, and NADP1) were investigated using

near-UV circular dichroism (CD). The concentrations

of the proteins and the ligands used in the experi-

ments were 5 and 25 mM, respectively. Buffers used

for CD measurements were 50 mM sodium phos-

phate (pH 7) containing 150 mM NaCl, 1 mM 2-

mercaptoethanol, 0.5 mM EDTA, 4% glycerol, and

various concentrations of urea (0–9 M). A 150-mL

fraction of each samples was placed in a quartz cell

with the path length of 1 mm, and the ellipticity at

190–260 nm was recorded at 58C using Chirascan-

Plus CDTM spectrometer (Applied Photophysics,

Leatherhead, Surrey, UK). Then, the temperature

was gradually increased up to 358C with the rate of

18C /min, and the change of the ellipticity at 222 nm

was recorded every 2.58C. The ellipticity as a func-

tion of urea concentration at the various tempera-

tures was analyzed by assuming a two-state or

three-state unfolding mechanism42 to derive the

free-energy difference between the native and

unfolded states (DGUN). The DGUN versus T plot was

subsequently analyzed by Gibbs–Helmholtz

equation19,20

DGUN5DHvH 12
T

Tm

� �
2DCp Tm2T1T ln

T

Tm

� �
(2)

where DHvf, DCp, and Tm represent the van’t Hoff

enthalpy, isobaric heat capacity change upon the

unfolding and melting temperature, respectively.

Here, the Tm value was fixed to the values obtained

by DSF experiments (see above), and DHvf, DCp

were determined by a least squares fitting. DH and

DS at arbitrary temperature were calculated accord-

ing to the following equations.

DH Tð Þ5DHvH1DCp T2Tmð Þ (3)

DS Tð Þ5DSvH1DCpln T=Tm5 DHvH=Tm1DCpln T=Tm

(4)

The CD measurements and analysis were also per-

formed in the presence of various ligands, and DDG,

DDH and DDS were calculated by the following

equations.

DDG5DGfree2DGligand (5)

DDH5DHfree2DHligand (6)
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DDS5DSfree2DSligand (7)

The subscripts free and ligand refer to the values in

the absence or presence of a ligand, respectively. Of

note, in order to simplify the fitting process, the m-

value and DCp were assumed to be not affected by

the presence of ligand, as these two parameters are

mainly determined from the change in the solvent-

accessible surface area upon unfolding (DSASA).43

Based on the crystal structure of AKR1B10 complex

with the Tolrestat (C12) (PDB: 1ZUA), as well as an

estimated solvent accessible surface area of the

unfolded state,44 DSASA is calculated to be 40,775

and 41,526 Å2 in the absence and presence of the

ligand, respectively, which are almost unchanged by

the ligand binding.

APPENDIX: THERMODYNAMIC THEORY ON

THE CHANGE IN STABILITY OF THE NATIVE

CONFORMATION UPON LIGAND BINDING

In a new system consisting of native state
(N), intermediate or denatured state (I), and
ligand (L), the following reaction occurs.

NL$ N 1 L$ I 1 L$ IL (A1)

Then, the free energy of stabilization
(DDG) upon ligand binding is calculated as
follows:

DDG5RT ln
N½ �0
I½ �0

2ln
N½ �L1 NL½ �L
I½ �L1 IL½ �L

� �
;

KdN5
N½ �L L½ �L
NL½ �L

; KdI5
I½ �L L½ �L
IL½ �L

(A2)

where [X]o and [X]L indicate the population
of X without and with ligand, respectively.
Here we considered [N]L and [NL]L to be
within the native ensemble, and [I]L and
[IL]L within the non-native ensemble. Then
we can further proceed as follows:

NL½ �L5
N½ �L L½ �L

KdN
; IL½ �L5

I½ �L L½ �L
KdI

;

ln
N½ �L1 NL½ �L
I½ �L1 IL½ �L

5ln
N½ �L1

N½ �L L½ �L
KdN

I½ �L1
I½ �L L½ �L

KdI

5

ln
N½ �L
I½ �L

11
L½ �L

KdN

� �

11
L½ �L
KdI

� �
0
@

1
A5 ln

N½ �L
I½ �L

1ln
11

L½ �L
KdN

� �

11
L½ �L
KdI

� �
0
@

1
A

(A3)

Thus, DDG5RTln
N½ �0
I½ �0

2RTln
N½ �L1½NL�L
I½ �L1 IL�L½

5RTln
N½ �0
I½ �0

2RTln
N½ �L
I½ �L

2RTln
11

L½ �L
KdN

� �

11
L½ �L
KdI

� �
0
@

1
A (A4)

If the free ligand never affects the free ener-
gy levels of the native and non-native states,
that is, it has no effect on the solvent struc-
ture, then

DDG52RTln
11

L½ �L
KdN

� �

11
L½ �L
KdI

� �
0
@

1
A (A5)

which can be negative (stabilizer chaperone)
or positive (destabilizer chaperone) depend-
ing on binding constants and also free ligand
concentration.

Also we can formulate the melting
temperature (Tm) obtained by differential scan-
ning fluorimetry (DSF).14 In the absence of
ligand, for small changes in Tm (DTo5T2T0

m),

DGD2N Tð Þ �
�

2DSD2N Tð Þ2DCp;D2N tð Þ

ln
T

T0
m

� �
2T0

mDCp;D2N tð Þ

�
DTo

(A6)

where DXD-N(T) 5 XD(T)2XN(T)

While in the presence of ligand, for small
changes in Tm (DTb5T2Tb

m),

DGD2NL Tð Þ �
�

2DSD2NL Tð Þ2DCp;D2NL tð Þ

ln
T

Tb
m

� �
2Tb

mDCp;D2NL tð Þ

�
DTb

(A7)

If we define DDS as follows:

DDS5DSD2N Tð Þ2DSD2NL Tð Þ (A8)

DDCp5DCp; D2N Tð Þ2DCp; D2NL Tð Þ (A9)

DDG52DSD2NL Tð ÞDTb1DSD2N Tð ÞDTo2DCp;D2NL tð Þ

ln
T

Tb
m

� �
DTb1DCp;D2N tð Þln

T

T0
m

� �

DTo2Tb
mDCp; D2NL Tð ÞDTb1T0

mDCp; D2N Tð ÞDTo

(A10)

Thus,

DSD2N Tð Þ5DSD2NL Tð Þ1DDS (A11)

DCp;D2N Tð Þ5DCp;D2NL Tð Þ1DDCp (A12)
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DDG5DSD2N Tð ÞDTo1 2DSD2N Tð Þ2DDS
� 	

DTb

1DCp;D2N tð Þln
T

T0
m

� �
DTo2 DCp;D2N Tð Þ1DDCp

� 	

ln
T

Tb
m

� �
DTb1 T0

mDCp;D2N Tð ÞDTo

1 2Tb
mDCp;D2NL Tð Þ2Tb

mDDCp

� 	
DTb

(A13)

Finally, we can obtain the alteration of free
energy upon ligand binding as follows:

DDG52DSD2N Tð ÞDT2DDSDTb1DCp;D2N tð Þ

ln
T

T0
m

� �
DTo2ln

T

Tb
m

� �
DTb

� �
2DDCpln

T

Tb
m

� �

DTb1DCp;D2N Tð Þ TDT2DT2
� 	

2DDCpTb
mDTb

(A14)

in which DT5Tb
m2T0

m; DT25 Tb
m

� 	2
2 T0

m

� 	2
:

Therefore, when DDCP can be neglected,
DDG can be linearly dependent on the tem-
perature with a slope of

DDG

T
� 2DDS1 DCp;D2N Tð Þ DT1ln

Tb
m

T0
m

� �� �
: (A15)

This additivity generally persists even in
case of multiple ligand binding including
allosteric effect.
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