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Abstract: Tetratricopeptide repeats (TPRs) are a class of all alpha-helical repeat proteins that are

comprised of 34-aa helix-turn-helix motifs. These stack together to form nonglobular structures

that are stabilized by short-range interactions from residues close in primary sequence. Unlike
globular proteins, they have few, if any, long-range nonlocal stabilizing interactions. Several

studies on designed TPR proteins have shown that this modular structure is reflected in their

folding, that is, modular multistate folding is observed as opposed to two-state folding. Here we
show that TPR multistate folding can be suppressed to approximate two-state folding through

modulation of intrinsic stability or extrinsic environmental variables. This modulation was

investigated by comparing the thermodynamic unfolding under differing buffer regimes of two
distinct series of consensus-designed TPR proteins, which possess different intrinsic stabilities.

A total of nine proteins of differing sizes and differing consensus TPR motifs were each thermally

and chemically denatured and their unfolding monitored using differential scanning calorimetry
(DSC) and CD/fluorescence, respectively. Analyses of both the DSC and chemical denaturation

data show that reducing the total stability of each protein and repeat units leads to observable

two-state unfolding. These data highlight the intimate link between global and intrinsic repeat
stability that governs whether folding proceeds by an observably two-state mechanism, or whether

partial unfolding yields stable intermediate structures which retain sufficient stability to be

populated at equilibrium.
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Introduction

The linear repeat proteins are a diverse collection of

superfamilies that are all comprised of small mod-

ules (20–40 amino acids), which are stacked together

to form stable nonglobular domains.1–3 After immu-

noglobulins, linear repeat proteins constitute the

second most abundant group of proteins whose pri-

mary function is ligand-binding. For example, the

TPR superfamily, identified in 1990, is ubiquitous

throughout nature and currently numbers over

119,000 entries in the PFAM database.4–6 They are

used by a diverse set of proteins for roles in eukary-

otic cell-signalling (protein phosphatase 5), chaper-

one-assisted protein folding (Hop), regulation of

cell-division (anaphase promoting complex) and

mitochondrial fission in the budding yeast Saccharo-

myces cerevisiae (Fis1), amongst others.7,8

There are many other families of linear repeat

proteins which include proline-rich repeats (PRR),

leucine-rich repeats (LRR) and ankyrins.1–3 Unlike

globular proteins, these repeat proteins do not rely

on complex long-range stabilizing interactions.

Instead, their modular nonglobular structures are
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dominated by regularized short-range interactions

(both inter- and intra-repeat). This distinctive fea-

ture, which results in a quasi one-dimensional struc-

ture, has made them extremely attractive targets as

models for protein folding and design studies.3,9–11

Recently, the literature has shown great interest

in the folding kinetics, cooperativity and equilibrium

stability of repeat proteins.12–20 In particular, stud-

ies have primarily focused on natural ankyrin

repeat proteins and, to a lesser extent, TPR repeat

proteins. These have investigated whether the mod-

ular nonglobular structures of repeat proteins

inherently influence their folding and stability. Sig-

nificantly, this has been shown to be the case, with

both their kinetic and equilibrium folding being

prone to the population of partially folded interme-

diate states. However, whether such intermediates

are populated seems to be linked to the competing

factors of the intrinsic stability of helices/repeats

and the generation of favorable interfaces between

helices/repeats.

Designed consensus repeat proteins provide an

excellent system for further investigation into the fun-

damental properties of repeat proteins, as each repeat

has identical intra- and intra-repeat interactions.3,21

Thus, designed repeat proteins are more structurally

symmetrical than natural repeat proteins and can eas-

ily be extended or shortened by adding or removing

whole repeats. This tolerance to sequence splicing is

remarkable, compared to globular proteins and is

exquisitely tuneable, thus forming a powerful sandbox

for exploring the effects of their modular design on

their biophysical characteristics. A prime example of

such a system of designed consensus proteins is one

based on the tetratricopeptide repeat family.11

We and the Regan laboratory have engineered

two series of designed consensus TPR proteins (in

which the repeating unit is a stacking helix-turn-he-

lix motif, 34 residues in length), called CTPR and

CTPRa proteins. These proteins represent a highly

tunable system that has allowed investigation of the

dependence of folding kinetics, thermodynamic char-

acteristics, and the denatured state upon increasing

repeat number (Fig. 1; the two series only differ by

a 2-aa substitution per repeat).11,12,17 NMR and

equilibrium chemical denaturation studies on the

CTPR2 and CTPR3 proteins suggest that, despite

the apparent cooperative equilibrium unfolding, in-

termediate states with frayed terminal helices are

populated through the denaturation transition.23,24

Further, Regan and coworkers have used DSC to

show that all the CTPRa proteins undergo multi-

state equilibrium folding under their conditions.20

This multistate folding was elegantly described by

fitting and modeling the thermodynamic unfolding

transition of chemical denaturations to these repeat

proteins using a homozipper Ising model.12 The

model was defined as a series of coupled folding

Figure 1. Topological and ribbon representations of CTPR/

CTPRa proteins. (A) Topological map of a native CTPR/

CTPRa proteins. The brackets around the central TPR motif

indicate that the CTPR/CTPRa proteins can be increased or

decreased in size whilst retaining the same topology. For

example, for CTPR3, i ¼ 1. (B–D) The crystal structures of

CTPR2 (PDB entry: 1NA3), CTPR3 (PDB entry: 1NA0) and

CTPRa8 (PDB entry: 2FO7), respectively. In A–D the

consecutive repeat units are colored from red (N-terminus)

to magenta (C-terminus), with the solvating helix (S) in gray

(absent from the crystal structure of CTPRa8). (E) shows

detail of the different interactions that the -PNN- of CTPR3

and the -PRS- of the CTPRa8 make in their respective

crystal structures. It can be seen that the double mutation

(N33R and N34S) changes the interactions present within

the interrepeat loops. The N34 sidechain of CTPR3 is

optimally aligned for making an amide–pi bond with Y5 of

the A-helix from the preceding repeat (a1): the d-nitrogen of

the amide is positioned 3.66 Å from the phenolic ring pi

system in the crystal structure of CTPR3.22 N33 is oriented

toward solvent. The R33 and S34 sidechains of CTPRa8

have no opportunity to make stabilizing interactions in the

crystal form of CTPRa8 and are oriented toward solvent.

These structural features result in the -PNN- loop of the

CTPR conferring greater stability than the -PRS- loop of the

CTPRa protein counterparts. These figures were prepared

using PYMOL. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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units (individual helices) via nearest-neighbor inter-

actions within a one-dimensional lattice.

These biophysical studies provide a strong foun-

dation for understanding the thermodynamic behav-

ior (stability, energetics, and equilibrium two to mul-

tistate folding) of repeat proteins and, specifically,

designed TPR proteins. Such investigations are

essential as repeat proteins begin to be used as bio-

materials25 (Phillips et al. manuscript in prepara-

tion), antibody substitutes26,27 and disease diagnos-

tics/drugs.28 However, such uses will involve changes

in protein sequence and chemical environment.

Therefore in this study, we have investigated how

changing environmental conditions and intrinsic sta-

bility of constructs effect the equilibrium unfolding

energy landscape of the CTPR proteins. To do so, we

probe the equilibrium thermal and chemical unfold-

ing of two series of CTPR proteins of differing intrin-

sic stabilities (CTPRa2 to CTPRa10 and CTPR2 to

CTPR3) and compare them to studies conducted in

different pH and salt regimes. The data illustrate the

subtlety of the equilibrium energy landscape of the

designed TPRs by showing how destabilizing these

normally multistate folding proteins can induce

observably two-state folding. Importantly, they also

show that observable multistate folding can be tuned

by changing the intrinsic stability of the repeat mod-

ules through mutation and by altering the cumula-

tive stability of the entire protein.

Results

Consensus TPR proteins (CTPRs) were built from

arraying multiple copies (n) of a 34-aa idealized

sequence with a C-terminal single ‘‘solvating’’ (S) helix.

The CTPR and CTPRa series differ in the loop region

between the B-helix of one TPR and the A-helix of the

next (AEAWYNLGNAYYKQGDYDEAIEYYQKALEL

DPXX). The CTPR series loop encodes PNN and the

CTPRa series loop encodes PRS (amino acid posi-

tions 33 and 34 in the TPR repeat). Both CTPR and

CTPRa series have the same sequence for the C-ter-

minal, solvating S-helix (AEAKQNLGNAKQKQG).

All proteins adopt the distinctive alpha helical TPR

fold with the unique feature of possessing identical

modular structures, although the two series differ

slightly in structure around the two different resi-

dues described above (Fig. 1). Here we have studied

and compared the chemical and thermal denatura-

tions of seven proteins from the CTPRa series

(CTPRa2 to CTPRa10) and two from the CTPR

series (CTPR2 and CTPR3).

Thermal denaturation of CTPRa and CTPR
proteins

Thermal unfolding of the two series of consensus lin-

ear repeat proteins (CTPRa2 to CTPRa10 and

CTPR2 to CTPR3) were performed at pH 7 (50 mM

phosphate) by differential scanning calorimetry

(DSC) and by thermal melting monitored by circular

dichroism (CD) ellipticity at 222 nm (Fig. 2; Table I;

Supporting Information Fig. 1). All of the CTPRa

and CTPR proteins underwent a single reversible

transition as the increase in temperature caused

unfolding of their native structure to yield a dena-

tured polypeptide. This is evident as there is only a

single transitional peak by DSC and a single unfold-

ing transition by CD (midpoints of unfolding, Tm,

are consistent between both experimental methods—

Fig. 2; Table I).

Differential scanning calorimetry. All CTPRa

and CTPR proteins unfolded reversibly under the

conditions studied. This was confirmed by subjecting

samples to multiple cycles in the calorimeter cell

and through repeating experiments at differing pro-

tein concentrations. These showed that the Tm did

not significantly alter, with a variance of only 60.4

K (Supporting Information Fig. 1). To analyze each

DSC endotherm, Origin software modified by Micro-

Cal Software was used to convert each trace to

excess heat capacity, it was then buffer reference

subtracted, normalized for protein concentration and

then progress baselines subtracted—Material and

Methods. Each trace was numerically integrated to

obtain the area under the heat capacity endotherm

and a Tm (using previously published values of DCp

assumed to be invariant with temperature.20). After

correcting for concentration, the area beneath a DSC

endotherm is equal to DHcal (the enthalpy change of

unfolding per mole of the protein). In both series of

proteins, as the number of arrayed repeat units

increased, so did the Tm and also DHcal, indicating

that the proteins were growing in stability (Table I).

The DHcal obtained for each protein was then

used together with their Tm and DCp
20 to calculate a

model-independent free energy of unfolding (DGD-N)

using the Gibbs–Helmholtz equation [Eq. (1) and Ta-

ble I]. This calculation was performed for each of the

CTPRa/CTPR proteins and extrapolated to 10�C
(temperature at which our previous study of chemi-

cal denaturations were performed17—Table I and

Figures 2 and 3. When these stabilities for both

CTPRa and CTPR proteins are compared, they show

that the CTPR proteins are of greater stability than

the CTPRa proteins of the same size (due their dif-

ferent sequences, wherein CTPR proteins make an

amide–pi interaction between the interrepeat loop

and the preceding A-helix, which is abrogated by the

N to S mutation in CTPRa—Fig. 1). They also show,

in line with published data that as each series

increases in repeat number, stability is also

increased. Interestingly, when the proteins in the

more extensive CTPRa series are compared, their

stability increases relatively linearly from CTPRa2

to CTPRa6, corresponding to an addition of �1 kcal

mol�1 per repeat, but this deviates and the increase

Phillips et al. PROTEIN SCIENCE VOL 21:327—338 329



in stability becomes nonlinear from CTPRa8 onward

(Table I; Fig. 3). Taken together, this suggests a

switch from an apparent cooperative two-state fold-

ing to less cooperative multisate folding. As, if the

folding switches to multistate, the intermediates

populated would require additional energy to unfold.

This is also consistent with the changing shape of

the DSC endotherms. These reduce in symmetry

upon increasing repeat number, also suggesting a

switch from two to multistate folding (Fig. 2).

Equilibrium folding cooperativity—from two to
multistate equilibrium unfolding

Importantly, in addition to a model-free enthalpy

and stability, DSC provides a definitive means to

assess the cooperativity of a protein’s equilibrium

folding, that is, whether a protein unfolds in a

simple two state manner where only the denatured

and native state are populated or in a multistate man-

ner where intermediate states are also populated. This

is because, in addition to a model independent fit,

DSC endotherm traces can also be fitted to a specific

folding model to give an DHvH (enthalpy change of

unfolding per mole of cooperative folding unit). In the

case of a two-state folding process, endotherms are fit

to the van’t Hoff equation that assumes a single

two-state transition [DHvH(T) ¼ -R(dlnK/dT�1)]. If a

protein folds via a cooperative two-state equilibrium

process: (i) the DSC endotherm will fit well to this two

state model (single cooperative folding unit29–31) and

(ii) the DHvH produced from the model-dependent

equation will equal the model-independent DHcal

(as shown by many studies on small globular

proteins).32,33

Figure 2. DSC Thermograms of CTPRan and CTPRn protein series. DSC thermograms for the series of (A) CTPRan (2 � n �
10) and (B) CTPRn (for n ¼ 2,3) at protein concentrations between 20 and 100 lM. Inset in both (A) and (B) are the thermal

denaturation traces of the CTPRa and CTPR proteins, respectively, followed by ellipticity at 222 nm shown as a fraction of

unfolded protein. The denaturation midpoint (Tm) from DSC and CD were in good agreement. (C) and (D) illustrate the limits of

a two-state model (black dashed line) to fit the DSC thermograms of CTPRan and CTPRn proteins. Data are shown as solid

lines. For both series of CTPRan/CTPRn: n ¼ 2 (red), 3 (orange), 4 (yellow), 5 (green), 6 (cyan), 8 (blue), and 10 (magenta). The

fits to the data in (C) and (D) are shown in dashed lines. The two-state model, in which DHvH ¼ DHcal, reasonably fits CTPRan

for n � 6, but does not adequately fit the data for CTPRa proteins with eight or ten repeat units (C). Neither of the CTPRn

proteins studied could be fit to a two-state model (D). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

330 PROTEINSCIENCE.ORG Modulation of the Designed TPR Proteins



When the CTPRa protein endotherms were fit

to the two-state model it was found that qualita-

tively between two and six repeats fit well (CTPRa2-

CTPRa6). In contrast, CTPRa8, CTPRa10 and the

CTPR proteins did not produce satisfactory fits

[Fig. 2(c,d)]. This discrepancy was quantified by

comparing the v2/DoF values and the residuals of

the two state fit to those of the numerically inte-

grated model-independent fit (Supporting Informa-

tion Fig. 2). For CTPRa2 to CTPRa6, the residuals

to the different model fits overlapped with an ampli-

tude <1 kcal mol�1 deg�1 and both produced similar

v2/DoF values. In contrast, v2/DoF for the two-state

fit to CTPRa8 thermal unfolding data were two

orders of magnitude greater than for the multistate

fit. This difference increased to more than three

orders of magnitude when fit to CTPRa10 data.

Applying this same index to the more stable CTPRn

series, the v2/DoF for a two-state fit to CTPR2 was

two times that of the multistate fit and this

increased to a fivefold difference for CTPR3. This

shows that the CTPR proteins and the largest two

CTPRa proteins in this study cannot be adequately

fit to a two state model, giving a clear indication of

multistate folding. In contrast, CTPRa2 to CTPRa6

fit equally well to the simpler, two-state model which

supports the interpretation that they fold in an

observable two state manner under the conditions

studied. To confirm, the DHcal and DHvH values for

CTPRa2 to CTPRa6 were compared as a ratio, b, in
Table I. For a two-state, fully cooperative unfolding

transition one would expect the calorimetric

enthalpy to be identical to the van’t Hoff enthalpy,

that is, b ¼ 1. This is precisely what is observed

(Table I). These data show that total stability of the

CTPR/CTPRa protein constructs (as a result of the

differing loop sequences and of the number of

arrayed repeat units) is correlated with their ability

to form stable intermediate species, that is, observ-

able multistate folding can be tuned by changing the

intrinsic stability of the constructs through mutation

and by altering the cumulative stability through the

number of arrayed repeat modules.

Modulation of observable equilibrium multi-

state folding of CTPRa proteins through extrin-

sic influences on global stability. When our

DSC melts of the CTPRa series are compared to

those recently published by Cortajarena and Regan

in different buffer conditions (with NaCl and at

lower pH) we find that for all proteins our Tm values

are lower and the areas beneath the endotherms are

smaller, Table II.20 For example, the DHcal and Tm

for CTPRa4 in Cortajarena and Regan’s work are

103 kcal mol�1 and 73�C, respectively, whereas we

observed values of 73 6 7 kcal mol�1 and 68�C.
These data show that by changing buffer conditions

we are changing the absolute stability of the CTPRa

proteins. This was confirmed by performing thermal

denaturations monitored by CD for CTPRa3 and

CTPRa4 between pH 5 and pH 8 (Supporting Infor-

mation Fig. 3 and Supporting Information Table I).

In both cases the Tms of the curves significantly

increased as pH decreased. This behavior can be

Table I. Thermodynamic Measurements from DSC and CD Monitored Thermal Melts

Protein

Differential scanning calorimetry (DSC)a

C.D. thermal meltb,c
Model independent fit

(numerically integrated) Model dependent fit (two state)

Tm (�C)
DHcal

(kcal mol�1)

DGH2O
D�N (10�C),

(kcal mol�1) Tm (�C)
DHvH

(kcal mol�1) b (�C)d Tm

DHvH

(kcal mol�1)e

CTPRa2 53 6 0.3 44 6 4 3.2 6 0.6 55 61.2 48 6 4 0.9 6 0.1 51 6 0.2 37 6 4
CTPRa3 63 6 0.6 65 6 3 4.8 6 0.4 62 61.1 59 6 1 1.1 6 0.1 62 6 0.04 60 6 6
CTPRa4 68 6 0.1f 73 6 7 4.2 61.1 68 60.7 88 6 1 0.8 6 0.1 67 6 0.03 67 6 7
CTPRa5 71 6 0.1 95 6 5 6.0 6 0.8 71 60.5 101 6 5 1.0 6 0.1 70 6 0.03 84 6 8
CTPRa6 71 6 1.0 116 6 2 7.7 6 0.2 73 60.3 112 6 15 1.0 6 0.1 71 6 0.03 99 6 10
CTPRa8 74 6 0.5 178 6 8 14.3 6 1.5 g g g g g

CTPRa10 74 6 1.3 250 6 11 23.4 6 2.1 g g g g g

CTPR2 68 6 0.04f 73 6 0.4 7.6 6 1.1 g g g g g

CTPR3 76 6 0.1f 108 6 1 12.0 6 0.7 g g g g g

a The thermodynamic data have been calculated from the DSC thermograms using a model free analysis in MicroCal Ori-
gin. Values are the mean of at least two independents experiments. Errors, unless otherwise stated, are the mean spread
of at least two experiments. In most cases the error in the fit was smaller than the mean spread between experiments.
b Values were obtained from singly fitted datasets to a two state folding model with errors given as the fit of the data.
CTPRa3 and CTPRa4 were repeated twice and produced Tm and DHvH that were within the error of the data fitting.
c Values obtained are estimated using DCp calculated from a value of 10 cal/mol/residue/deg (7).
d b is the ratio of DHCal/DHvH. For a two-state, fully co-operative unfolding transition the calorimetric enthalpy should be
identical to the van’t Hoff enthalpy, i.e., b ¼ 1.
e Errors stated are 610% owing to fitting constraints.
f Errors stated are from the fit of individual experiments as this was greater than the mean spread between experiments.
g Not calculated as endotherms/melts are not two state transitions.
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rationalized as the CTPRan and CTPRn proteins have

a predicted isoelectric point of 4.2 and 4.0, respectively.

These changes in stability (Supporting Information

Fig. 3 and Supporting Information Table I) can again

be correlated with a switch from simple two-state to

multistate folding of the TPRs: the more stable condi-

tions of Regan and coworkers resulted in observably

multistate folding for almost all lengths of arrayed

CTPRan, whereas under our conditions (at higher pH

and without NaCl) we observed two-state folding up

until six arrayed repeat modules (CTPRa6), with

CTPRa8 and CTPRa10 being multistate.

Equilibrium chemical denaturation

Comparison with DSC DGD-N values. Chemical

denaturations performed previously at 10�C with

the same buffer conditions and analyzed with a two-

state and Ising model analysis17 were compared

with the (model free fit) DSC presented here (Fig.

3). Significantly, they show that, for those proteins

that have been shown here to be observably two-

state (CTPRa2 to CTPRa6), there is a broad agree-

ment between the DSC model free DGD-N and DGD-N

from the two state fit of the chemical denaturation.

For those shown to be observably multistate by DSC

(CTPRa8, CTPRa10, and the CTPR series), the DGD-

N was larger by DSC than by two-state analysis of

chemical denaturation (as one would expect from

multistate folding proteins). This reaffirms the two-

state to multistate equilibrium unfolding spectrum

with respect to the length, thus total stability, of the

CTPRa array, as highlighted by the DSC analysis.

Comparison of chemical denaturation upon

changing buffer conditions. To confirm the dif-

fering trends in multistate behavior observed by

DSC upon changing buffer conditions, chemical dena-

turations using Guanidine hydrochloride (GuHCl)

were performed at 25�C under our buffer conditions

and were compared with published results acquired

at lower pH and with the addition of NaCl (Fig. 4,

Supporting Information Fig. 4).12 There are six

CTPRa proteins (CTPRa2, 3, 4, 6, 8, 10)12 and both

CTPRn proteins.23 for which published reciprocal

data exists under alternative buffer conditions. When

these are compared there is a clear difference in the

unfolding equilibria for the CTPRan proteins [Fig.

4(B) and Supporting Information Fig. 4]. All denatu-

rations still have a single reversible transition; how-

ever, both the midpoint and the gradient of the tran-

sition, therefore stability, increase in those

experiments conducted at a more acidic pH and in

the presence of NaCl. Both of these effects are most

pronounced for the CTPRa proteins (concomitant

with both a lower stability and also a greater change

in pH between experimental conditions).

Homozipper Ising model analysis. Recently, we

and other groups have analyzed linear repeat pro-

tein equilibrium unfolding using a 1D homozipper

Ising model.12,17,19,34,35 This model treats each

arrayed element of a repeat protein as an equivalent

independently folding unit with nearest-neighbor

pairwise interactions between those units. Thus, it

breaks down the folding of a linear repeat protein

into a linear series of interacting units. By globally

fitting a homozipper Ising model to chemical denatu-

rations for a whole series of repeat proteins that differ

only by their number of identical repeats, the intrinsic

energy of a repeated unit and the interaction energy

Figure 3. The stability at 10�C of each CTPRan protein

versus number of linearly arrayed repeat units (C-terminal

capping helix represented here as half a repeat) calculated

using three different experiments. (A) DG values were

calculated from model-free analysis of DSC data (filled

triangles). The dashed line shows the linear best fit to

CTPRa2 to CTPRa6 (a gradient of �1.0 kcal/TPR). (B) DG
values shown were calculated from two-state fit to urea

denaturation CD data (open squares) and two-state

analysis of GuHCl denaturation CD data (open circles) and

model-free analysis of DSC data (filled triangles). All

chemical denaturation stabilities were obtained from Javadi

and Main.17 Error bars represent the propagation of error

from data fitting for chemical denaturation and mean

spread of at least two experiments for DSC. For chemical

denaturations analyzed by a two-state model free energy

was calculated as the product of the denaturant midpoint

and the m-value, whereas for DSC experiments the DG was

calculated at 10�C by extrapolation using the Gibbs–

Helmholtz equation [Eq. (1)].
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between the folded units can be delineated.12,17,19,35

These values can then be summed to obtain the total

stability of each protein within the series. We ana-

lyzed our denaturation data obtained at 25�C and

compared it to previously published values under dif-

fering buffer conditions, but at the same temperature.

Both the Regan-derived 1D Ising model12 and an

alternative formulation used by Barrick and co-

workers35 was used to fit the data—Material and

Methods [Fig. 4(A)].

All datasets fit well to these models and gave

the following parameters for the Regan-derived

Ising: xc (midpoint of unfolding of a single a-helix in

the protein), m1 (denaturant dependence of a single

a-helix in the protein), J (the coupling energy

between a-helices) from which H (half of the differ-

ence in free energy between the folded and dena-

tured states of a single helix in the absence of

coupling to its neighbors; Supporting Information

Table II). From these data a DGH2O
i (intrinsic helix

energy in water), DGH2O
ij (Interface interaction

energy between folded helices in water; Table III)

and DGH2O
0!j (the free energy of folding in water for a

protein with j a-helices) can be calculated (Table III,

Supporting Information Table III). In a similar man-

ner, data fit to the Barrick-derived Ising model

directly produces DGH2O
i , m1 (denaturant dependence

of a single a-helix in the protein) and DGH2O
ij . From

these, DGH2O
0!j can also be calculated. Both formula-

tions of the Ising model give values for the stability

of a helix and interface interaction energy between

helices that were essentially the same (Supporting

Information Table III). They show, as expected and

previously reported, that in water individual helices

and single repeat units are not stable, but 1.5

repeats are marginally stable with all larger con-

structs being stably folded. This is achieved through

the additive positive effects of the stronger favorable

interaction energy between folded helices that over-

comes their unfavorable intrinsic stability.

Interestingly, it has been suggested that the pro-

pensity of a repeat protein to exhibit multistate or

two state folding can be resolved by examining the

mismatch between these intrinsic and interfacial

energies.19 For example, a repeat protein that has a

large mismatch from a high magnitude of favorable

interfacial energies and unfavorable intrinsic repeat

stabilities is more likely to cooperatively fold/unfold

in a two state manner. When previous studies on

CTPRn/CTPRans proteins are compared to other

repeat proteins like ankyrins, they have a much

lower mismatch and are therefore proposed to be

more likely multistate. Here we can compare the dif-

ferences in interface and intrinsic stabilities when

changing the total stabilities of the proteins through

buffer conditions and mutation (Table III).

Change in buffer. For the CTPRan protein series,

the switch in buffer composition gives the same

interface energy between folded repeat units, but

under the more stabilizing conditions causes the

intrinsic stability of a folded repeat to be less unfav-

orable (by 0.7 kcal mol�1). This change slightly

increases the mismatch energy and, when combined

to give the total energy of the protein, the small dif-

ferences stack quickly to produce proteins of far

greater stability. For the CTPRn constructs the con-

ditions are not changed sufficiently to change the

stability substantially (all values are within error).

Change in sequence. In comparison to the change

in buffer, the mutation of -PRS- (CTPRan) to -PNN-

(CTPRn) destabilizes the intrinsic stability of the

helices but also greatly increases the stabilizing

interaction energy between helices. The greater of

the two effects resides with the increase of the inter-

face interaction energy; which leads to an increase

in mismatch energy for the more stable CTPRn over

the CTPRan constructs and thus a greater total pro-

tein stability. This change can be rationalized as the

crystal structures show that the change from -PRS-

to -PNN- causes the gain of the stabilizing amide–pi

bond with the preceding A-helix (Fig. 1).

Table II. Thermodynamic Measurements from Our DSC Study in Comparison to Published Cortajarena and
Regan Study

DSC—this studya DSC—Cortajarena and Reganb

Tm (�C) DT1/2 DHcal (kcal mol�1) Tm (�C) DT1/2 DHcal (kcal mol�1)

CTPRa2 53 6 0.3 17 44 6 4 58 16 47
CTPRa3 63 6 0.6 11 65 6 3 68 11 78
CTPRa4 68 6 0.1c 9 73 6 7 73 9 103
CTPRa6 71 6 1.0 6.5 116 6 2 77 6 192
CTPRa8 74 6 0.5 5 178 6 8 79 5 257
CTPRa10 74 6 1.3 4 250 6 11 80 4 335

a The thermodynamic data have been calculated from the DSC thermograms using a model-free analysis in MicroCal Ori-
gin. Values are the mean of at least two independents experiments. Errors, unless otherwise stated, are the mean spread
of at least two experiments. In most cases the error in the fit was smaller than the mean spread between experiments.
b Duplicated from Table 1 of Cortajarena and Regan 2011 (7).
c Errors stated are from the fit of individual experiments as this was greater than the mean spread between experiments.
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In both cases, highlighted above, increasing total

stability through changes in sequence or buffer causes

slight increases in the mismatch between interface

and intrinsic stabilities. The additive effect of these

quickly produces large increases in total protein stabil-

ity. This would therefore suggest that although mis-

match of the energies is an important factor in deter-

mining the propensity for a repeat protein to be two- or

multistate folding; here, the total stability of the native

protein and minimally stable species, under the

unfolding conditions present, is of more importance.

Discussion

The modulation of cooperative equilibrium

folding in designed TPRs

The calorimetric and equilibrium chemical denatura-

tion data presented here highlight three features of

the designed CTPRan and CTPRn series: (i) for the

CTPRa series the absolute stability of the proteins

and, consequently, the stability of the minimally

folded unit are influenced by changing the buffer

conditions; (ii) the stability of the proteins is

increased in positive correlation with the number of

TPR units, but the relationship is not linear by DSC

using a model free analysis; (iii) the stabilizing inter-

repeat loop mutations from -PRS- (in CTPRan) to

-PNN- (in CTPRn) significantly increase DGD-N, facili-

tating the emergence of stable intermediate states

with a smaller number of repeats. In contrast, the

absolute stability of the CTPRan is reduced in our

buffer conditions, to the extent that the size of the

minimally stable species is necessarily larger. Where

they occur as partially folded states of larger struc-

tures, these species constitute the intermediate states.

Consequently, intermediates and multistate behavior

are only observed in the larger CTPRan proteins.

Thus, although it has been shown that at equi-

librium CTPRan and CTPRn proteins have the pro-

pensity for multistate folding and the population of

stable intermediates,23,24,36 our data show that this

observable multistate folding can be modulated and

is determined by the total stability of the protein

and, consequently, the stability of the remaining

partially folded species under the unfolding condi-

tions. If they are unstable the protein acts as an

observably two-state unfolding system (e.g., CTPRa2

and CTPRa3), with intermediates being high-energy

and not populated. However, as the number of

repeats (n) is increased, the stability of the whole pro-

tein and partially unfolded intermediates increases.

Under our conditions the switch in behavior from

observable two-state equilibrium unfolding to a situa-

tion where partially folded states are populated under

the unfolding conditions, occurs between CTPRa6 to

CTPRa8 for the CTPRan series and CTPR2 onward

for the CTPR series. Interestingly, the total stability

of the whole protein at which intermediates are popu-

lated at equilibrium is around the same stability in

both the CTPRn and CTPRan series (above 7.5 kcal

mol�1). After this stability is reached, either through

Figure 4. Denaturation of consensus TPR proteins in

GuHCl at 25�C. (A) Fluorescence at 320 nm for CTPRan

constructs with protein concentrations between 1 and 4 lM
in 50 mM phosphate at pH 7.0—CTPRa2 (filled circles),

CTPRa3 (open circles), CTPRa4 (filled squares), CTPRa5

(open squares), CTPRa6 (filled diamonds), CTPRa8 (open

triangles), CTPRa10 (filled triangles). Lines correspond to the

global best fits to a description based on the Regan-derived

(solid black) or Barrick-derived (dashed red) one-dimensional

Ising model—Materials and Methods. (B) Comparison of

fraction unfolded versus [GuHCl] for CTPRa2 (circles) and

CTPRa10 (squares) under differing buffer conditions: open

symbols—50 mM phosphate, pH 7.0; filled symbols—50 mM

phosphate, pH 6.5 þ 150 mM NaCl (filled symbols—data

obtained from Kajander et al.12 with the program Un-SCAN-

IT [Silk Scientific]). (C) Comparison of fraction unfolded

versus [GuHCl] for CTPR2 (circles) and CTPR3 (triangles)

under differing buffer conditions: open symbols—50 mM

phosphate, pH 7.0; filled symbols—pH 6.8 phosphate buffer

þ 150 mM NaCl (filled symbols—data were obtained from

Main et al.23
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a greater number of arrayed repeat units or with sta-

bilizing mutations (i.e., PRS in CTPRan to PNN in

CTPRn), multistate folding is observable.

Importantly, these results show that observable

multistate folding can be tuned by changing the

intrinsic stability of the repeat modules through

mutation and by altering the cumulative stability of

the entire protein, either through changes to the

environment or to the number of linearly arrayed

repeat modules. The generality of such an approach

leads to exciting possibilities. For example, one can

envisage a designed repeat protein that could be trig-

gered to specifically partially unfold in response to

environmental stimuli, thus exposing a cryptic inter-

face. Such behavior represents an exciting opportu-

nity, as it would be the first step in designing new

types of biosensors/switches as synthetic components.

Materials and Methods

Cloning, protein production, and purification

The two differing series of designed CTPR/CTPRa

proteins were expressed, and purified as previously

described.11,12 As stated at the beginning of the

results section, the CTPR and CTPRa series differ in

the loop region between the B-helix of one TPR and

the A-helix of the next (AEAWYNLGNAYYKQGDY

DEAIEYYQKALELDPXX). The CTPR series loop

encodes PNN and the CTPRa series loop encodes

PRS (amino acid positions 33 and 34 in the TPR

repeat). This difference arose from the need for an

effective and simple cloning strategy when making

the larger series of consensus repeat proteins

(CTPRan series). As such it was not easily feasible

to construct synthetic genes for CTPR proteins of

greater repeat number. These considerations meant

that the CTPRan series of proteins were extended to

10 repeats, whereas the CTPR series only contained

CTPR1 to CTPR3. Earlier publications describe both

the synthesis and cloning rationale in detail.11,12

Biophysical studies
All biophysical measurements were performed at

10�C in 50 mM phosphate pH 7.0 buffer (phosphate

buffer), unless otherwise stated.

Differential scanning calorimetry. DSC was

performed from 20 to 90�C, at a rate of 1�C min�1

with a MicroCal VP-DSC. Protein samples were dia-

lyzed into phosphate buffer and were scanned

against this dialysis buffer at concentrations of 30–

150 lM. The thermograms generated with the pro-

tein samples were analyzed using Origin software

(MicroCal Software). Data were converted to excess

heat capacity, reference trace-subtracted, normalized

for concentration and then progress baselines were

subtracted. The processed data were then fitted to a

model free analysis in the MicroCal Origin software

to obtain the midpoint of unfolding (Tm), calorimet-

ric enthalpy (DHcal) and width at half height of

denaturation peak (DT1/2). To obtain the van’t Hoff

enthalpy (DHvH), the processed data were also fitted

to a model-dependent two-state folding analysis and

a non-two-state analysis fitted with one transition

(MicroCal Origin software).

Using the Gibbs–Helmholtz equation [Eq. (1)],

the free energy of unfolding, DGD-N, was calculated

for each protein at 10�C (283 K):

DGD�N Tð Þ ¼ DHD�N Tmð Þ 1� T

dTm

� �

� DCp Tm � Tð Þ þ Tln
T

Tm

� �� �
(1)

where DHD-N (the enthalpy term) is substituted with

either DHcal or DHvH, Tm is the midpoint of unfold-

ing, DCp is the change in heat capacity (assumed to

be invariant with temperature over the range stud-

ied37) obtained from Regan and co-workers20 and T

is temperature at which you wish to calculate DGD-N

(10�C).

Table III. Intrinisic Stability of a Helix and the Interface Energy Between Helices Obtained from Fitting Chemical
Denaturations Conducted at 25�C for the CTPRan and CTPRn Series of Proteins to the Regan-Derived Homozipper
Ising Model Under Different Buffer Conditions

Protein series Study
Temp.
(�C) pH

Salt
(mM) mi

a

DGH2O
i (kcal mol�1)b

(Intrinsic

helix energy)

DGH2O
ij (kcal mol�1)c

(interface

interaction energy)

CTPRan This studyd 25�C 7.0 0 0.7 6 0.02 3.0 6 0.2 �4.5 6 0.2
Kajander et al.e 25�C 6.5 150 0.96 6 0.01 2.3 6 0.1 �4.5 6 0.1

CTPRn This studyd 25�C 7.0 0 0.8 6 0.03 4.4 6 0.6 �7.0 6 0.6
Main et al.d,f 25�C 6.8 150 0.9 6 0.02 4.1 6 0.3 �6.9 6 0.3

a Obtained from global fit of equilibrium data using Eq. (5).
b Obtained using Eq. (6).
c Obtained using Eq. (7).
d Errors are the propagated errors from the fit of the data and are quoted to a 95% confidence interval (twice the standard
error of the fit).
e Experimental results and errors obtained from Kajander et al. (17) and propagated.
f Data obtained from Main et al.(26) and reanalyzed with regan-derived ising model. Values are the average of those
obtained from fitting CTPRn series of GuHCl denaturations followed by CD and fluorescence.
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Although the errors in enthalpy at the Tm are

large (�17 kcal mol�1) with respect to the free

energy of folding, which for most proteins lies

around 5–15 kcal mol�1, the extrapolation to a com-

mon temperature (283 K) from the Tm serves to

reduce the error since:

dDGD�N Tð Þ ¼ dDHD�N Tmð Þ 1� T

dTm

� �

� dDCp dTm � Tð Þ þ Tln
T

dTm

� �� �
(2)

where dDGD-N(T), dDHD-N(Tm), dTm, and dDCp are the

errors in the free energy of unfolding at temperature

T, in the enthalpy of unfolding at the melting temper-

ature, in the calculation of the melting temperature

and in the change in absolute specific heat capacity

of the protein with temperature respectively.38

Thermally induced unfolding monitored by far-

UV CD. Reversible thermal unfolding of all protein

samples (1–4 lM) were monitored by far-UV CD at

222 nm from 20 to 90 or 95�C. The temperature was

ramped at a rate of 1�C min�1 with data points

taken every degree. Data were fitted to a two-state

folding model (using KaleidaGraphTM software—

Synergy Software, PCS), represented by Eq. (3):

kobs ¼
ðaN þ bNTÞ þ ððaD þ bDTÞexp� ½DHD�NðTMÞ 1�T

Tm

� �
� DCp Tm � Tð Þ þ Tln T

Tm

� �h i
=RT�

1þ exp� ½DHD�NðTMÞ 1�T
Tm

� �
� DCp Tm � Tð Þ þ Tln T

Tm

� �h i
=RT�

(3)

where aN and aU are the intercepts, and bN and bD are

the slopes of the baselines at the low (N) and high (D)

denaturant concentrations, DHD-N is the enthalpy of

unfolding, Tm is the midpoint of unfolding, DCp is the

change in heat capacity (assumed to be invariant with

temperature over the range studied37) obtained from

Regan and co-workers20 and T is temperature.

Once values for DHD-N and Tm are known, to-

gether with DCp, Eq. (1) was used to give the free

energy of unfolding at temperature T.

Equilibrium chemical denaturation experi-

ments. Fluorescence and far-UV circular dichroism

equilibrium unfolding measurements were per-

formed as described previously.17

Equilibrium data analysis. Data were analyzed

in two specific ways. They were either analyzed with

a two-state model17 or with a homozipper Ising

model12,17,35 Analysis of the data with the homoziper

Ising model is described below. In the case of two-

state model analysis, free energy of unfolding in

water was calculated from the relationship:

DGH20
D�N ¼ mD�N½D�50%:

1D Ising model. We fitted the data to two formu-

lations of one-dimensional homozipper Ising model.

One was that defined by the Regan Laboratory12

and the other was that of the Barrick Laboratory.35

In both cases GraphPad Prism (using a Marquardt

algorithm nonlinear least-mean-squares fitting rou-

tine) was used to globally fit each series of CTPRan

proteins equilibrium data simultaneously (either CD

or Fluorescence).

Regan Laboratory homozipper Ising model. The

partition function for a CTPRn/CTPRan protein of

N-helices was taken as:

ZN ¼ expfðN þ 1ÞJg expð�NHÞf½ð1� g�ÞgNþ1
þ

�ð1� gþÞgNþ1
� �=ðgþ � g�Þg ð4Þ

where N is the number of helices within a CTPRn/

CTPRan protein, J is the interaction between

lattice sites (a-helices), g6 ¼ exp Hð ÞðcoshH6ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sinh2 þ exp �4JÞð Þ

q
and H is the internal energy of

a single lattice site (each a-helix).
The global fitting of equilibrium curves was

achieved by numerically calculating the magnetiza-

tion, m ¼ dlogZ/dH, and thus the fraction folded,

f ¼ (1 þ m)/2, as a function of J and H ¼ 1/2m1([D] -

[D]c). Where m1 is denaturant dependence of a sin-

gle a-helix in the protein, [D] is the concentration of

denaturant and [D]c is the value at which H ¼ 0. To

numerically calculate the magnetization a step size

of 0.001M was used. The global fitting produced val-

ues for J, m1 and [D]c that were the same for all of

the series of proteins fitted.

The equilibrium curves could also be globally fit-

ted, in the same manner as above, without convert-

ing the observed signal to fraction folded by using

Eq. (5):

kobs ¼ aN þ bN½D�ð Þf þ aN þ bN½D�ð Þ 1� fð Þ (5)

where kobs is the observed signal (fluorescence or

CD), aN and aD are the intercepts, and bN and bD
are the slopes of the baselines at the low (N) and

high (D) denaturant concentrations, [D] is the con-

centration of denaturant and f ¼ f(H,J) is the frac-

tion of the protein that is folded according to the
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Ising Model. Here, J, m1 and [D]c were globally fit-

ted to obtain values that were the same for all

CTPRan proteins. Whereas, aN, aD, bN, and bD were

not globally fit, but were specific for each CTPRan

protein’s equilibrium unfolding curve. Equation (5)

assumes that kobs of each proteins native state, kN,
and each proteins denatured state, kD, are linearly

dependent on the denaturant concentration (kN ¼ aN
þ bN[D], kD ¼ aD þ bD[D]).

Free energies for folding were then calculated

using Eqs. (6)–(9):

DGH2O
i ¼ �RTH þ 4RTJ (6)

DGH2O
ij ¼ 4RTJ (7)

DGH2O
0!j ¼ �nRTH þ 4RTJ (8)

DGH2O
0!j ¼ �nDGH2O

i þ ðn� 1ÞDGH2O
ij (9)

where, DGH2O
i is the intrinsic helix energy in water,

DGH2O
ij is the interface interaction energy between

folded helices in water), DGH2O
0!j is the free energy of

folding in water for a protein with j a-helices, n is

the number of folded a-helices in each protein, R is

the gas constant, T the temperature at which the

experiment was calculated, H is the internal energy

of a single lattice site (a-helices) and is calculated

from H ¼ 1/2 m1([D] - [D]c) and J is the interaction

between the lattice site (a-helices).

Barrick laboratory homozipper Ising

model. We constructed a one-dimensional homo-

zipper Ising model essentially as was previously

described.35,39 This takes two equilibrium constants,

j and s, for the unfolding of an arrayed unit (helix)

and dissociation of folded units, respectively:

j ¼ exp � Gi þ m:x½ �ð Þ=RT½ � (10)

s ¼ exp �Gij=RT
� 	

(11)

The partition function, Z, and thus the fraction

of folded protein, y, for a protein of n arrayed repeat

units (helices) are given by Eqs. (12) and (13):

Z ¼ 1þ
j jsf gnþ1� nþ 1f gjs� n
� �

js� 1ð Þ2 (12)

h ¼ 1

n

Xn
i¼0

i
n� iþ 1ð Þjisi�1

Z
(13)

The experimental data were globally fitted to

the Ising model using Eq. (5), where f¼y [Eq. (13)].

Gi, Gij, and m were reproducibly convergent to

shared values for all members of CTPRan and for all

members of CTPRn. Baseline interpolation parame-

ters aN, aD, bN, and bD were specific for each pro-

tein’s equilibrium unfolding curve.
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