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INTRODUCTION

Thioredoxin (TRX) is a small, �110 residue a/b pro-

tein found in all organisms.1 Its intracellular function is

to regulate the oxidative state of target proteins by main-

taining them in reduced form, while itself becoming oxi-

dized through formation of a disulfide bond. The cyste-

ine residues of the disulfide occur in a conserved C-X-X-

C motif found in thioredoxins and other thioredoxin

fold members. The greater stability of oxidized TRX

emphasizes its intracellular role in maintaining substrate

proteins in their reduced form.2 Extensively studied for

decades (see3,4 for two recent reviews), many TRX

sequences and structures are available. TRX influences a

wide variety of physiological functions due to its pivotal

role in regulating cellular redox balance.5 As a conse-

quence, TRX is associated with a number of human dis-

eases, including: cancer, cardiac disease, viral disease, etc.

In recent years, TRX is receiving increasing attention for
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ABSTRACT

We compare various predicted mechanical and thermody-

namic properties of nine oxidized thioredoxins (TRX)

using a Distance Constraint Model (DCM). The DCM is

based on a nonadditive free energy decomposition scheme,

where entropic contributions are determined from rigidity

and flexibility of structure based on distance constraints.

We perform averages over an ensemble of constraint topol-

ogies to calculate several thermodynamic and mechanical

response functions that together yield quantitative stability/

flexibility relationships (QSFR). Applied to the TRX protein

family, QSFR metrics display a rich variety of similarities

and differences. In particular, backbone flexibility is well

conserved across the family, whereas cooperativity correla-

tion describing mechanical and thermodynamic couplings

between the residue pairs exhibit distinctive features that

readily standout. The diversity in predicted QSFR metrics

that describe cooperativity correlation between pairs of res-

idues is largely explained by a global flexibility order pa-

rameter describing the amount of intrinsic flexibility

within the protein. A free energy landscape is calculated as

a function of the flexibility order parameter, and key values

are determined where the native-state, transition-state, and

unfolded-state are located. Another key value identifies a

mechanical transition where the global nature of the pro-

tein changes from flexible to rigid. The key values of the

flexibility order parameter help characterize how mechani-

cal and thermodynamic response is linked. Variation in

QSFR metrics and key characteristics of global flexibility

are related to the native state X-ray crystal structure pri-

marily through the hydrogen bond network. Furthermore,

comparison of three TRX redox pairs reveals differences in

thermodynamic response (i.e., relative melting point) and

mechanical properties (i.e., backbone flexibility and cooper-

ativity correlation) that are consistent with experimental

data on thermal stabilities and NMR dynamical profiles.

The results taken together demonstrate that small-scale

structural variations are amplified into discernible global

differences by propagating mechanical couplings through

the H-bond network.
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its therapeutic potential as a regulator of processes such

as cell growth, apoptosis, and inflammation.6

Here, we compare relationships between stability and

flexibility metrics across the TRX family using a distance

constraint model (DCM). Various interactions, such as

covalent bonds, hydrogen bonds (H-bonds), and local resi-

due conformational states are modeled as a network of

distance constraints, where each distance constraint is

assigned an energy and entropy contribution. Statistical

mechanics is used to calculate thermodynamic properties

over an ensemble of distance constraint networks (con-

straint topologies). The ensemble of constraint topologies

represents all possible structural conformations ranging

from native state fluctuations, partial unfolded states, all

the way through to the unfolded state. For each constraint

topology: Total enthalpy is given as the sum over enthalpy

contributions from each distance constraint present, and a

good estimate for total entropy is given as a sum over en-

tropy contributions from independent distance constraints

that are identified using graph-rigidity algorithms.7–15 In

addition to the thermodynamic properties, mechanical

properties (i.e., local flexibility/rigidity profiles, correlated

motions, etc.) are readily calculated. Because of the ex-

traordinarily large number of accessible constraint topolo-

gies, a hybrid method combining Monte Carlo sampling

with a mean field approximation is used.7,13

The results presented here are based on a minimal dis-

tance constraint model (mDCM) that we describe briefly

(see13,14 for a complete description). Accessible con-

straint topologies are limited to perturbations away from

the native protein structure. In other words, nonnative

contacts are not considered, as is commonly done in Go-

like models,16–18 COREX,19,20 and other Ising-like

models.21,22 Covalent bonds are modeled as distance

constraints, but because they do not break and form,

their enthalpy and entropy contributions factor out and

play no role in thermodynamic response. In contrast, H-

bonds and salt-bridges can break and form, and local

conformational states of residues defined by internal di-

hedral angles fluctuate. These fluctuating noncovalent

interactions govern the interesting thermodynamic and

mechanical response. The backbone and side-chain dihe-

dral angles that define the conformational state of a resi-

due are modeled to be either native-like or disordered.

The distance constraints that are used to enforce native-

like or disordered dihedral angle basins are called torsion

constraints. The characteristics of all native torsion con-

straints are considered to be the same, independent of

residue type. Likewise, all disordered torsion constraints

share the same characteristics. The mDCM has three ad-

justable parameters determined by fitting to experimental

data (heretofore, heat capacity, Cp, curves). The mDCM

was previously used to identify conserved stability/flexi-

bility relationships across a mesophilic/thermophilic

RNase H ortholog pair,23 and its predictions were mark-

edly consistent with earlier experimental conclusions.24

The mDCM was also used to understand fragment stabil-

ity in E. coli TRX, and it reconciled contradictory experi-

mental descriptions of TRX folding.15 More recently, the

mDCM has been used to highlight the importance of the

hydrogen bond network in four homologous periplasmic

binding proteins.25 Despite its simplicity, the mDCM

has provided key insight into the interplay between sta-

bility and flexibility for a diverse set of proteins.

In this report, we expand upon our earlier work on E.

coli TRX by comparing various QSFR metrics across a

family of nine different oxidized TRX homologs spanning

from prokaryota to human (see Table I). In addition,

three reduced TRX structures are also considered. Con-

centrating on the group of nine well-conserved structures

of the same function, we determine, for the first time,

how conserved (or diverse) the various QSFR properties

are across the TRX family. To circumvent finding three

adjustable parameters per protein, we transfer the same

three parameters obtained from the E. coli TRX to all

other members. With this fixed parameterization, we

verified that the mDCM correctly predicts all TRX

homologs to have a two-state folding/unfolding transi-

tion, and the single peak in Cp is used to define the

melting temperature, Tm. We find the native state back-

bone flexibility at respective Tm for each protein is well

conserved. Surprisingly, QSFR metrics involving residue–

residue correlations within the native state at respective

Tm show significant distinguishing features across the

family. Several model predictions are supported by exper-

imental conclusions; however, the scarcity of biophysical

characterizations across the family limits our ability to

corroborate the full set of predictions. Intriguingly, most

of the QSFR diversity revealed here is explained by the

relative locations of key points in the flexibility order pa-

rameter that characterize the free energy landscape, and

the mechanical transition between globally rigid and flex-

ible. Remarkably, the observed QSFR variations, includ-

ing these key points, do not correlate to global structural

similarity measures, such as the root mean squared devi-

ation (RMSD) in atomic positions. Moreover, the

mDCM predictions of mechanical and thermodynamic

response cannot be explained from small differences in

global properties of the H-bond network. In fact, even

the most similar TRX pair in regards to the H-bond net-

work reveals substantial QSFR variance due to just a few

critical H-bonds. This result highlights the sensitivity of

QSFR analysis to the detailed properties of the underly-

ing H-bond network.

RESULTS AND DISCUSSION

Thermodynamic properties

Published Cp curves for two (E. coli and S. aureus) oxi-

dized TRX homologs are currently available.26,27 Using

our previously described simulated annealing proce-
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dure,15 best-fit parameters, {u, v, dnat}, have been deter-

mined for each. The two best-fit parameter sets, which

are qualitatively similar, are provided in Table II. Cross-

ing the best-fit parameters, meaning applying the E. coli

parameters to S. aureus and vice versa, causes the melting

temperature, Tm, to be downshifted to a small amount;

however, a two-state transition and single Cp peak is

maintained [see Fig. 1(a)]. Conservation of a cooperative

transition indicates that the mDCM provides reasonable

thermodynamic descriptions; even when less than perfect

parameters are applied. Consequently, to eliminate arbi-

trariness, we subsequently apply the E. coli best-fit

parameters to the other TRXs considered here.

Application of the E. coli best-fit parameters to all

TRXs results in two-state transitions and a single peak in

Cp [Fig. 1(b)]. The assumption of parameter transferabil-

ity is reasonable given that DCM parameters are con-

structed to have physical meaning, and thus such values

should be more or less constant across the relatively ho-

mogeneous family. Sequence and structure conservation

across the TRX family has been appreciated for some

time.28 Previously, we have used the same strategy on

four bacterial periplasmic binding proteins (bPBPs). In

the bPBP work, we demonstrated that the height of the

predicted Cp curves, called Cp
max, are linearly related to

the number of H-bonds within the structure (R 5 0.90).

Interestingly, this is not the case here (R 5 0.12). This

result is naively counterintuitive. One might expect

greater correlation between a global H-bond characteris-

tic and thermodynamic descriptions in more conserved

families. However, just the opposite is found. When H-

bond networks are similar, there is not enough diversity

present to correlate to differences in Cp
max. In contrast,

the large variance found in the H-bond network within

the bPBP family did manifest as the dominant factor

governing Cp
max. For example, the number of H-bonds

varies between 293 and 504 within the bPBP dataset,

whereas the variance in H-bond number within the TRX

family is only 18. A similar decrease in correlation

between number of H-bonds and Tm is found. The num-

ber of H-bonds was more correlated to Tm in our previ-

ous investigation across the bPBP family (R 5 0.69) than

that across the TRX family (R 5 0.41). In fact, no single

structural parameter identified here is strongly correlated

to TRX Cp
max. These results highlight how subtle varia-

tions within the H-bond network and the strength of

individual H-bonds can result in pronounced and unex-

pected changes in thermodynamic and/or mechanical

response. This high level of sensitivity is rooted in the

nonadditive properties of the free energy decomposi-

tion.13–15,23

The two-state nature of the transition is identified

using the free energy landscape. Although the free energy

landscape is initially computed as a function of the num-

ber of native torsion constraints and number of H-bonds,

as seen in Eq. (1), it is convenient to express the free

energy as a function of the global flexibility order param-

eter, y. The global flexibility order parameter is defined

by: y(Nnt,Nhb) : hIdis(Nnt,Nhb)i/n where hIdis(Nnt,Nhb)i
is the average number of independent disordered con-

straints and n is the number of residues within the pro-

Table II
Best-fit Parameter Valuesa

E. coli S. aureus

u 22.24 22.44
v 20.89 20.95
dnat 0.97 1.48

aThe units of u and v are kcal/mol, whereas dnat is a dimensionless pure entropy.

Table I
Summary Statistics Describing the Structures Used in this Report

Protein Source PDBID Resola # Res # HB Avg HB Eb RMSDc Seq Idd

Oxidized structures
TRX E. coli 2TRX 1.7 � 108 141 22.6 0.0 � 100%
TRX S. aureus 2O7K 2.2 � 103 142 22.3 1.3 � 51%
TRX-m Spinach cholorplast 1FB6 2.1 � 104 130 22.4 1.0 � 48%
TRX-2 Anabaena sp. 1THX 1.6 � 108 142 22.6 1.0 � 43%
TRX-2 Human mitochondria 1W4V 1.8 � 107 142 22.5 1.2 � 38%
TRX-h C. reinhardtii cytosol 1EP7 2.1 � 112 142 22.5 1.4 � 36%
TRX-f Spinach cholorplast 1F9M 1.9 � 112 148 22.5 1.4 � 32%
TRX Fruit fly cytosol 1XWA 2.2 � 106 145 22.4 1.2 � 31%
TRX Human cytosol 1ERU 2.1 � 105 146 22.4 1.3 � 27%

Reduced structures
TRX-2 Human mitochondria 1UVZ 2.0 � 107 140 22.3 0.2 � 100%
TRX Fruit fly cytosol 1XWC 2.3 � 106 141 22.3 0.5 � 100%
TRX Human cytosol 1ERT 1.7 � 105 155 22.2 0.2 � 100%

aThe x-ray crystallographic resolution.
bThe average hydrogen bond energy (kcal/mol).
cThe a-carbon root mean square deviation comparing each structure to the E. coli homolog. In the case of the reduced TRXs, the comparison is to the oxidized state of

the same homolog.
dThe pairwise percent residue identity comparing each sequence to the E. coli homolog. In the case of the reduced TRXs, the comparison is to its oxidized state.
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tein. Figure 2(a) plots a typical free energy landscape,

G(T, y). At T 5 Tm, all free energy landscapes include

two minima, which highlight the native and unfolded

metastable states, and a straddling free energy barrier,

Gbar. Table III underscores that there is much variability

within Gbar, whereas the location of key points along the

one-dimensional free energy landscape are much more

conserved. The height of the free energy barrier is not

correlated with any structural input; however, it is

strongly correlated (R 5 0.89) with Cp
max. A similar

result was observed in the bPBP family.

Hysteresis is identified when both the native and

unfolded states are present within the ensemble. Previ-

ously,23 we have used the hysteresis temperature range

help to explain the varying mechanisms of thermal dena-

turation between E. coli and T. thermophilus RNase H

orthologs. The sizes of the TRX hysteresis temperature

ranges are provided in Table III, which are strongly cor-

related to Gbar and Cp
max (R 5 0.93 and 0.81, respec-

tively). These relationships are not surprising because

they are related to ensemble populations in similar ways.

Specifically, Cp is a direct measure of energetic fluctua-

tions across the ensemble, Gbar characterizes the kinetics

of the native ? unfolded transition, and hysteresis high-

lights the temperature regime in which the transitions

occur. Our previous comparison of the orthologous

RNase H pair revealed that native state energy, at Tm, is

quantitatively conserved, whereas native state entropy

was much more variable. We find the same trend here.

The standard deviation within H(Tm, ynat) is 24.2 kcal/

mol, whereas the standard deviation within 2TmS(Tm,

ynat) is nearly twice that of 48.1 kcal/mol. This result is

due to the nonadditive nature of component entropies

within the DCM and highlights how global properties

nontrivially emerge from local variations with the net-

work topology. For example, though H(Tm, ynat) is

strongly correlated to the total H-bond energy (R 5

Figure 2
An exemplar (a) free energy and (b) rigid cluster susceptibility

landscape. The native state, unfolded state, and crossover point are

labeled in each panel.

Figure 1
Oxidized thioredoxin heat capacity, Cp, curves. (a) Cp curves of the E.

coli and S. aureus homologs are shown. Open circles are experimental

data,26,27 whereas lines are predicted best-fit Cp curves obtained from

simulated annealing. In addition, the predicted Cp curves after crossing

the ‘‘crossing’’ the best-fit parameters are also shown. (b) Cp curves,

shifted to a relative melting point, of all nine thioredoxins using the

E. coli best-fit parameters.
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0.89), 2TS(Tm, ynat) is not (R 5 0.28). (Note that H(Tm,

ynat) is not perfectly correlated to the total H-bond

energy due to the presence of native torsion energies and

the fact that competing H-bonds to solvent vary as a per-

centage of the parent intramolecular H-bond.)

Characterizing the mechanical transition

As the flexibility order parameter increases, the protein

transitions from a native to unfolded state. The one-

dimensional free energy landscapes characterize the ther-

modynamic aspects of the transition [Fig. 2(a)]. Similar

to how heat capacity is used to locate the thermody-

namic melting temperature, the rigid cluster susceptibil-

ity, RCS, characterizes a mechanical transition that

describes the protein changing between being globally

rigid to flexible [Fig. 2(b)]. Specifically, RCS quantifies

the amount of rigid cluster size fluctuations occurring

across the ensemble (see14 for details). At low y, the pro-

tein is principally exploring the native state. The native

state is predominately composed of a single large rigid

cluster, plus many attached small rigid clusters forming

noncooperative flexible sidechains. At large y, the protein

is primarily exploring the unfolded state, which is com-

posed of many disjoint small clusters. The largest rigid

clusters at large y generally come from a-helices that

remain intact due to their intrinsic stability. At both the

extremes, RCS is low due to lack of fluctuations. How-

ever, at intermediate values of y, the RCS peak signifies

the point, called the rigidity percolation threshold (yRP),
where there is maximum rigid cluster size fluctuation

[see Fig. 2(b)]. The rigidity threshold corresponds to a

point where the protein transitions mechanically from a

globally rigid to flexible structure, or vice versa. Figure 3

compares RCS for all nine oxidized TRXs. Although the

location of yRP is somewhat conserved, there are signifi-

cant differences within the amount of fluctuations (char-

acterized by RCS peak height and width) occurring

across the ensemble. No correlation to structural input is

found for either RCS peak height or width. However,

RCS peak height is correlated to Cp
max (R 5 0.71). Again,

this result is not surprising as both metrics quantify

fluctuations, albeit from fundamentally different points

of view, across the ensemble. This result is extremely im-

portant because it highlights how the underlying ensem-

ble of constraint topologies fundamentally couples the

mechanical and thermodynamic descriptions.

The yRP values are provided in Table III. As with key

points along the free energy landscape, no global correla-

tion to structure input is observed. However, interesting

properties emerge when comparing yRP to key points

along the one-dimensional free energy landscape. Previ-

ously,14 we have compared yRP to yTS in order to assess

the compactness of the transition state. Across the nine

oxidized TRXs, yRP < yTS, meaning the TRX transition

states are voluminous because the mechanical transition

precedes the thermodynamic transition. In fact, the me-

chanical transition actually precedes the location of the

native state basin in two cases. Consequently, the native

states, in addition to the transition states, of these two

TRX homologs are also rather voluminous. Figure 4

highlights the relationship between the mechanical and

thermodynamic transitions in each of the nine oxidized

homologs. The native state of TRX-2 from Anabaena sp.

is predicted to be extremely compact (yRP � ynat), which
results in noteworthy mechanical linkage properties. At

the other extreme, the native state of TRX-f from spinach

Figure 3
Rigid cluster susceptibility curves for all nine thioredoxins. The peak

marks the mechanical transition of the protein from being

predominantly composed of a small number of larger rigid clusters to it

being composed of a large number of small clusters.

Table III
Characterization of the TRX Homologs Used in this Report

Source Tm
a Cp

maxb Hyst.c Gbar
d ynat

e yTS yunf yRP

E. coli 359 13.9 10.0 0.6 0.9 1.8 2.2 1.2
S. aureus 343 11.3 9.9 1.2 1.2 1.6 2.1 1.2
Spinach-m cholorplast 349 11.1 18.8 1.0 1.3 1.7 2.2 1.3
Anabaena sp. 366 25.3 62.8 5.4 1.0 1.6 2.4 1.4
Human mitochondria 376 21.3 61.0 2.5 1.1 1.7 2.2 1.3
C. reinhardtii cytosol 385 20.4 67.9 5.1 1.1 1.7 2.3 1.3
Spinach-f cholorplast 366 7.9 9.0 0.4 1.5 1.8 2.3 1.4
Fruit fly cytosol 379 15.6 30.0 1.9 1.3 1.9 2.5 1.4
Human cytosol 369 19.9 52.9 3.6 1.2 1.7 2.4 1.3
Average 365.8 16.3 35.8 2.4 1.2 1.7 2.3 1.3
Standard deviation 13.7 5.8 25.2 1.9 0.2 0.1 0.1 0.1

aMelting temperature (K).
bPeak height of the heat capacity curve in units of kcal/mol K.
cHysteresis temperature range (K).
dThe height of the straddling free energy barrier (units are kcal/mol) separating

the native and unfolded basins within the one-dimensional free energy landscapes.
eKey points along the one-dimensional free energy landscape at the respective Tm
are provided: ynat : minimum of the native free energy basin, yTS : location of

the transition state barrier, yunf : the minimum of the unfolded free energy

basin, and yRP : rigid cluster percolation threshold.

J.M. Mottonen et al.

614 PROTEINS



chloroplast is predicted to be voluminous (yRP < ynat),
which, in turn, results in clearly distinct mechanical link-

age properties. The key points that characterize certain

types of mechanical and thermodynamic response, when

taken together lend themselves for defining a global flexi-

bility signature for a protein, discussed further below.

Backbone flexibility

A QSFR flexibility metric, Findex, characterizes back-

bone flexibility. Positive Findex values reflect the amount

of excess degrees of freedom in flexible regions, and neg-

ative values reflect the amount of excess constraints in

rigid regions (see25 for an exact definition). In our ear-

lier investigation of bPBPs, we found that Findex is largely

conserved across that family. Plotting Findex against the

aligned backbone position for the nine oxidized TRXs

reveals Findex conservation is even greater across the TRX

family. The general conservation of backbone flexibility is

highlighted in Figure 5, where the multiple alignment

has been color-coded by Findex (red 5 flexible; blue 5
rigid) using TEXshade.29 Across the alignment, second-

ary structure elements appear more rigid, whereas inter-

vening loop regions are more flexible. In all cases, the N-

Figure 4
(a) Relative locations of key points along the free energy landscape and mechanical response functions are indicated. The gray and white squares

indicate ynat and yTS, respectively, whereas the black squares indicate yRP (the solid line is provided to guide the eye). (b) Across the TRX family,

most of the differences within QSFR can be explained by the relative locations of the native state and mechanical transition, yRP 2 ynat. Specifically,
TRX homologs in which the native state basin significantly precedes the mechanical transition (i.e., Anabaena sp. and E. coli) are predicted to be

more compact, whereas TRX-f from spinach chloroplast is expected to be voluminous since yRP < ynat.
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PROTEINS 615



and C-terminus have high flexibility, and the flexibility of

the N-terminus extends through strand b1. All other b-
strands are marginally rigid, whereas there is considerable

variation in the a-helices. Helices a1 and a4 are among

the most rigid portions of the protein, whereas the short

helix a3 is somewhat flexible. The long helix a2, contain-
ing the conserved active site sequence WCGPC, displays

the most intriguing behavior. Tracing from the N-termi-

nus, the tryptophan is flexible, yet the redox-active cys-

teines are rigid. Immediately after the active site, there is

a curious stretch of flexibility within a2 from all but two

of the TRX homologs. For the most part, the remainder

of the helix is very rigid. Ribbon diagrams (see Fig. 6)

highlight the active site differences across all nine homo-

logs, while also displaying an overall conservation of flex-

ibility/rigidity profiles.

Exceptions to the above canonical rigidity/flexibility

profiles are: (i) the lack of the small flexible region within

TRX-2 from Anabaena sp. and human mitochondria, (ii)

the lack of flexibility within the coil region connecting

the 3–10 helix and strand b4 in the Anabaena sp. homo-

log, and (iii) decreased rigidity of the C-terminal end of

helix a2 within TRX-f from spinach chloroplast, TRX

from E. coli, and TRX from S. aureus. The increased ri-

gidity of TRX-2 from Anabaena sp. and the diminished

rigidity within the spinach chloroplast and S. aureus

homologs follow along with naı̈ve expectations based on

the above yRP versus ynat comparisons. On the other

hand, the diminished rigidity of TRX from E. coli is puz-

zling as this trend is actually counter the yRP versus ynat
comparisons. Finally, the yRP versus ynat comparisons do

not suggest anything unique about human mitochondria

TRX-2. Nevertheless, like TRX-2 from Anabaena sp., it

too lacks the flexible region within a2 at the active site.

It is worth noting that these are the only two TRX-2

orthologs within the dataset, which may explain their

similarity in this regard. Another interesting variation

occurs within the active site flexibility of the two TRX

homologs from spinach chloroplast. The active site tryp-

tophan of TRX-f is predicted to be more flexible than

that of TRX-m, with Findex values of 0.39 vs. 20.12.

Encouragingly, the same result had been seen in previous

crystallographic analysis, where the flexibility of the

active site tryptophan in TRX-f was seen as a possible

factor in explaining the different substrate specificities of

the two spinach TRXs.30

Cooperativity correlation

Cooperativity correlation plots describe correlations

between a pair of residues in the native state at the re-

spective Tm that are either rigidity correlated, flexibly cor-

related, or not correlated. Blue regions correspond to

rigidity correlation, giving the extent that two residues

Figure 5
Multiple sequence alignment of the nine oxidized thioredoxins color-coded by Findex values. Isostatic residues, Findex 5 0, are colored white, flexible

residues are colored red, and rigid residues are colored blue. Although local variations are present, a global conservation of backbone flexibility that

is consistent with secondary structure is observed.

J.M. Mottonen et al.
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simultaneously fall within the same rigid cluster. Red

regions correspond to flexibility correlation, giving the

extent that a pair of residues is simultaneously flexible

within a path that flexibility can propagate. White

regions indicate no discernable mechanical coupling

between the two residues. In our investigation of bPBPs,

we observed a large amount of variation within coopera-

tivity correlation. Although bPBP backbone flexibility

was generally conserved, bPBP cooperativity correlation

was not. The variability within cooperativity correlation

was ultimately explained by key differences within the H-

bond network, even after normalizing for the different

sizes of the proteins. Because the TRX H-bond network

is much more conserved, we initially expected QSFR

metrics to exhibit conserved properties. Surprisingly, we

observe considerable diversity and richness in cooperativ-

ity correlation, as shown in Figure 7, for all nine oxidized

TRX proteins. To quantify the degree of similarity and

differences, all 36 pairwise correlation coefficients were

calculated. The average Pearson pairwise correlation coef-

ficient over all 36 pairs is 0.68 (standard deviation 5
0.10). The all-to-all pairwise statistical analysis reveals

that while some local patterns are well conserved, as was

also the case in the bPBP family, certain features of each

protein are quite distinct. Some interesting specific details

on the similarities and differences are now discussed.

The large amount of blue color indicates that the

native states of all TRX homologs are primarily com-

posed of one large rigid cluster. However, the size and

details of the rigid cluster are quite variable. For example,

the largest rigid cluster in TRX-2 from Anabaena sp. cov-

ers, on average, residues 5–91. Across the other seven

homologs, the largest rigid cluster is not contiguous in

sequence. The large swaths of lighter color (and, at the

Figure 6
Ribbon diagrams of the nine oxidized thioredoxins color-coded by Findex. Obvious differences within the active site are present; nevertheless, an

overall conservation of flexibility/rigidity is observed. Each structure is oriented in the same way and centered on the active site region. Ordering is

based on the relative values of yRP and ynat.

QSFR Across the Thioredoxin Protein Family

PROTEINS 617



Figure 7
Cooperativity correlation plots describing intramolecular couplings for the nine oxidized thioredoxins. Blue regions indicate the extent that two

residues are simultaneously within the same rigid cluster. Red regions indicate the extent that two residues exist within the same flexible region

where the flexibility contiguously propagates. White indicates no correlation between two residues in regards to their rigidity and flexibility.
Although some similarity in patterns can be seen, the details of each protein are quite distinct. The presented dendrogram describes the hierarchical

clustering of a correlation matrix constructed from all 36 pairwise comparisons using the Pearson correlation coefficient. In all cases but one,

clustering preserves the relative values of yRP and ynat.
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extreme, red color) demarcate regions not included

within the rigid cluster. Most often, it is the region span-

ning from helix a2 to strand b3 (�25–55) that is not

included within the rigid core. Additionally, in all of the

TRXs, the C-terminal helix a4 is disjoint from the rest of

the network. Although a4 is, in and of itself, mostly rigid

(see Fig. 5), it is generally not part of the core of the

protein. However, we stress that the cooperativity correla-

tion plots represent averages of mechanical couplings

between two residues based on the ensemble of con-

straint topologies. As such, the extent of a4 separation

from the core rigid cluster varies across the family. There

is virtually no interaction of a4 and the core (as high-

lighted by the predominantly white band at the C-termi-

nal end of Fig. 7) within the human cytosol, human mi-

tochondria, and spinach chloroplast (TRX-m) homologs.

Conversely, there is noticeable interaction within Ana-

baena sp. TRX-2. Note that we have previously reported

this separation of a4 from the core in our description of

the E. coli homolog.15 In fact, we demonstrated that

cleaving the backbone just before the start of a4 was

actually stabilizing due to conformational entropy effects.

The mostly rigidly correlated behavior of Anabaena sp.

TRX-2 is consistent with the above yRP versus ynat analy-
sis, indicating the native state is mainly a single large

rigid cluster. Expanding this analysis to all nine homologs

reveals a clear relationship between the relative positions

of yRP and ynat, and the extent of cooperativity correla-

tion. The Anabaena sp., E. coli, C. reinhardtii, human mi-

tochondria, and human cytosol homologs are predicted

to have the most compact native states, which is consist-

ent with their structures being mostly rigidly correlated,

yRP � ynat. The native states of TRX from fruit fly cyto-

sol and TRX-m from spinach chloroplast are also

expected to be compact, yRP > ynat, but not as much as

the previous five. A concomitant reduction of rigidity

correlation is observed in these two. Finally, TRX from S.

aureus and TRX-f from spinach chloroplast, which are

identified as having voluminous native states (yRP <
ynat), are the most flexibly correlated (and thus, the least

rigidly correlated).

Similarity and differences within the cooperativity cor-

relations are quantified by constructing a dendragram

(see Fig. 7) from a distance matrix based on the 36 pair-

wise comparisons introduced above (see Supporting

Information). Amazingly, with only a single exception,

the clustering in Figure 7 is exactly consistent with the

differences between yRP and ynat plotted in Figure 4. Spe-

cifically, the largest cluster of four TRX homologs, which

includes Anabaena sp., C. reinhardtii, human cytosol, and

human mitochondria, represent four (of the five) homo-

logs with the largest difference between the thermody-

namic and rigidity transitions, defined as yRP � ynat.
The two TRXs with the smallest positive difference, yRP
> ynat, (namely, TRX-m from spinach chloroplast and

TRX from fruit fly cytosol) cluster together, whereas the

two TRXs with yRP < ynat (namely, TRX-f from spinach

chloroplast and TRX from S. aureus) form a cluster dis-

tinct from the rest of the family. The sole outlier is the E.

coli TRX, which clusters near the fruit fly TRX/spinach

TRX-m cluster. By eye, it is clear that the large swath of

reduced rigidity approximately centered on residue 40

that is present in three of the four TRXs in the largest

cluster is absent within the E. coli homolog. Moreover,

traces of the decreased rigidity about a4 within the E.

coli homolog can be observed within the homologs it

clusters with.

Identifying allostery using cooperativity
correlation

It is evident that identifying relationships between the

mechanical and thermodynamic transitions may have far-

reaching consequences, including, connecting cooperativ-

ity correlation to allostery. Successful identification of

allostery from cooperativity correlation data rest on the

assumption that the intrinsic equilibrium fluctuations of

the native state appropriately reflects the response of a

protein to perturbation. This critical assumption is in the

spirit of linear response theory, for which there is

mounting evidence from computational31 and experi-

mental32 studies that this assumption works well. Along

this same line, we have demonstrated that the distribu-

tion of rigidity throughout a protein is a statistically sig-

nificant determinant for long-range intramolecular cou-

plings that exhibit nonadditivity in free energy changes

within double mutant cycles.33 Meaning, the intrinsic

properties of mechanical response of a protein correlates

to free energy couplings between two point mutations.

Because a cooperativity correlation plot is based on an

ensemble average of mechanical couplings, the ‘‘old’’

view of allostery34 is captured as a series of concerted

mechanical events propagating through the protein struc-

ture. Specifically, regions within the cooperativity correla-

tion plots colored blue are mechanically coupled through

rigidity, whereas mechanical pathways in which flexibility

can propagate are colored red. The high density of con-

straints that defines a rigid cluster provides a network of

interactions that physically couple all residue pairs within

the cluster. However, the rigid regions are not necessarily

static, as they themselves are allowed to fluctuate as con-

straints break and form.

The ‘‘new’’34 view of allostery (commonly called the

population shift model35–39) is also captured because

the appropriate Boltzmann factors are accounted for dur-

ing ensemble averaging. In other words, the free energy

basin (a local minimum) controls the most probable con-

straint topologies, and the fluctuations of constraints

around the most probable topology unify mechanical

and thermal response. For example, as the temperature is

lowered or raised, constraints are more easily formed or

broken, and the mechanical properties change. More
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interestingly, the temperature dependence for a constraint

to break (or form) strongly depends on all other con-

straints (i.e. their strength and where they are distrib-

uted) because network rigidity is a long-range interac-

tion. Consequently, cooperativity correlations depend on

solvent and thermodynamic conditions, and are sensitive

to mutations that induce changes in constraint topology,

so that the ‘‘old’’ mechanical view and the ‘‘new’’ ther-

modynamic view are united. Despite overall similarity

between the TRX proteins within the family, the diversity

found in cooperativity correlation suggests that allosteric

response will also vary significantly within the TRX fam-

ily, which is consistent with observations across other

protein families.40–45 To understand allostery further

with a direct connection to experimental data, the next

step is to calculate redistributions in backbone flexibility

and cooperativity correlation due to an external pertur-

bation. Recording the response of a protein to an applied

external perturbation that increases or decreases a local

energy term has proved to be a successful approach using

Ising-like models46–49 that stress thermodynamic

aspects, and with elastic network models50,51 that stress

mechanical aspects. This perturbation approach is in pro-

gress using the mDCM, where both the thermodynamic

and mechanical nature of the response is tracked.

Pairwise comparisons

The chief problem of analyzing such large amounts of

QSFR data is being able to concisely explain all mecha-

nistic variations. As such, we chose to primarily focus on

two exemplar pairwise comparisons, specifically: Ana-

baena sp. TRX-2 to E. coli TRX and Anabaena sp. TRX-2

to TRX-f from spinach chloroplast. The Anabaena sp.

and E. coli homologs represent the case with the largest

gap between yRP and ynat, whereas the TRX-f from spin-

ach chloroplast homolog represents the opposite trend.

As such, these two pairs bookend the full range of

observed variations in QSFR metrics across the nine TRX

proteins. Figure 8 highlights that the pairs are near the

two extremes of pairwise H-bond conservation across the

dataset. As expected, H-bond network conservation is

closely related to pairwise structural [Fig. 8(a)] and

sequence similarity. After adding additional protein fami-

lies to the analysis (unpublished results), a quadratic rela-

tionship between pairwise H-bond conservation and

pairwise structure or sequence similarity is revealed that

resembles the famous Chothia and Lesk plot52 showing a

similar relationship between pairwise sequence and struc-

ture similarity. The H-bond networks within the Ana-

baena sp./E. coli pair are 70% conserved [averaging over

Fig. 8(b)], whereas they are only 39% conserved across

the Anabaena sp./spinach chloroplast pair. Across the for-

mer pair, it is remarkable that such drastic QSFR varia-

tions can occur in spite of such global similarity within

their underlying H-bond networks [see Fig. 9(a–c)]. This

result highlights the long-range nature of rigidity and

how a small number of well-placed constraint differences

will drastically affect the mechanical linkage properties.

As expected, the latter pair exhibits even greater diversity

within the QSFR metrics [Fig. 9(d–f)]. Curiously, despite

only 23% pairwise sequence identity, TRX-2 from Ana-

baena sp. displays some known functional relationships

to TRX-f from spinach chloroplast. Differing with respect

to all other TRXs, it has been shown that TRX-2 and

TRX-f easily reduce spinach chloroplast fructose bisphos-

phatase.53 This functional similarity is not suggested by

the QSFR analysis herein. Although functional relation-

ships might be inferred by consideration of QSFR meas-

ures, this type of approach would require application of

more sophisticated pattern recognition methods, and

doing so is beyond the scope of the current work. How-

ever, it is known that TRX-f has other distinguishing

properties that differentiate it from all other TRXs such

as the ability to be reduced by glutathione and the lack

of many otherwise conserved TRX residues. Therefore,

the large QSFR differences predicted between TRX-f and

other TRXs is intriguing.

The QSFR analysis described above shows TRX-2 from

Anabaena sp. is one of the most atypical across our data-

set. The Anabaena sp. homolog shows much more exten-

sive regions of correlated rigidity when compared with

the others. The striking difference between it and the E.

coli homolog [Fig. 9(c)] is especially surprising consider-

ing the large amount of H-bond network similarity.

Moreover, global descriptions of the H-bond network

(i.e., number of H-bonds, average H-bond energy, and

total H-bond energy) are virtually identical. Despite great

global similarities in the H-bond network, it is known

that TRX-2 from Anabaena sp., like TRX-f from spinach

chloroplast, actually possesses quite different functional

properties (i.e., unusual enzymatic activities and substrate

specificities) from other common TRXs.54 It is encourag-

ing that the mDCM is sensitive to such subtle differences

in H-bond topology and strength.

The effect of redox state

Crystal structures for three reduced/oxidized TRX pairs

are currently available. As such, we attempt to elucidate

the differences within QSFR that arise from the loss of

the active site disulfide. Human cytosolic TRX was the

first redox pair solved, with the oxidized form obtained

from reduced form crystals by air exposure.55 The pair

showed only minute overall differences (pairwise RMSD

5 0.2 Å), with the greatest changes, as expected, local-

ized at the active site. Structural changes were also

observed near the dimer interface. The first redox pair of

crystals grown independently was from fruit fly cytosol

TRX.56 Once again, few global differences were observed

(pairwise RMSD 5 0.5 Å), and the largest localized dif-

ferences occurred near the active site. Finally, a third re-
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dox pair has been crystallized from human mitochon-

dria.57 Like the previous two pairs, the redox pair is

nearly equivalent (pairwise RMSD 5 0.2 Å). After aver-

aging over the six molecules in the asymmetric unit,

there is less deviation between redox pair than there is

after averaging only over the oxidized (or, similarly,

reduced) structures. Meaning, TRX exhibits minimal

global conformational changes during its functional cy-

cling between oxidized and reduced forms.

Although the static structures of oxidized and reduced

TRXs appear mostly similar, putative dynamic differences

are impossible to fully quantify from the static compari-

sons. The DCM is well suited to detect differences in

these structures based on their underlying H-bond net-

works. Using the same parameter set as above, the

reduced structures exhibit a two-state folding transition,

albeit the heat capacity curves have slightly smaller Cp
max

values [Fig. 10(a)] with lower melting temperatures. The

lowered Tm values of the reduced structures are consist-

ent with the diminished stability of the reduced form, as

demonstrated by the thermal stability analysis of Hiraoki

et al.58 This consistency between our predicted relative

stabilities and those determined experimentally gives con-

fidence that the mDCM is qualitatively identifying proper

two-state transitions. As can be seen in Figure 10(b), the

subtle structure rearrangements have a marked effect on

backbone flexibility. Overall, the two human structure

pairs, where the reduced form was obtained from oxi-

dized crystals, display more similar flexibility differences.

Some of the differences seen for the fruit fly TRX may be

due to the differing crystal forms used. In all three exam-

ples, there is considerable flexibility increase at the active

site. This is expected because the loss of the constraint

specified by the disulfide bond should lead to increased

mechanical flexibility in the immediate surrounding

region. Although most differences, few that they are,

Figure 8
Pairwise H-bond comparisons across the dataset. (a) Pairwise H-bond conservation vs. pairwise RMSD. Closed circles represent the 36 pairwise

comparison of the nine oxidized thioredoxins. Gray indicates the two pairs described in (c) and (d), whereas open circles identify the three redox
pairs. (b) Pairwise H-bond conservation vs. pairwise sequence identity (%). Color-coding is the same as in (a). (c) Pairwise H-bond conservation

vs. H-bond cut-off energy for the Anabaena sp. TRX-2 to E. coli TRX pair (gray) and the Anabaena sp. TRX-2 to spinach chloroplast TRX-f pair

(black). As can be clearly seen, the extent of H-bond conservation diminishes at more stringent cut-offs. (d) The rank ordering (1 5 most

conserved; 36 5 least conserved) of the H-bond conservation over each of cut-off energy.
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between TRX redox pairs are localized to the active

site,55–57 a general ‘‘loosening’’ of the entire protein

structure is revealed by NMR order parameters.59,60 In

line with these NMR results, we also observe that several

structurally remote regions exhibit increased flexibility.

Intriguingly, our results also indicate that some regions

actually become more rigid upon reduction. This effect

occurs due to the release of strain energy contained

within the oxidized active site region.15 Removal of the

disulfide allows other regions to become better packed,

resulting in a more optimized H-bond network. The

NMR work described above is for E. coli TRX (to the

best of our knowledge, NMR order parameters compar-

ing oxidized and reduced human or fruit fly TRX pairs

do not exist). It is interesting to note that the protection

factors reported in59 indicate that there is a small region

of increased rigidity just before the active site that is con-

sistent with the rigidity increase we observe in the fruit

fly TRX [see Fig. 10(b)]. However, an increase in rigidity

in this specific region is not predicted by the mDCM for

the two human TRX pairs. For the same reason of better

packing, the two reduced human TRXs are predicted to

have an increase in rigidity at the C-terminal ends.

Although the predictions form the mDCM are subject to

being an artifact of an oversimplified model or the

uncertainties within the X-ray crystal structure, these

results point to a plausible mechanism of structural rear-

rangement. There is also the general problem that the

time scale probed by NMR is very fast (ps-ns), whereas

the DCM flexibility predictions describe quasi-stationary

motions. It will be interesting to know if future experi-

ments will be able to confirm the nuanced details of

where increased rigidity is predicted in the different TRX

pairs, such as the C-terminal ends that we predict for the

two reduced human TRXs.

Figure 10(c) compares cooperativity correlation

between the reduced and oxidized pairs. In two of the

three cases (TRX-2 from human mitochondria and TRC

from human cytosol), there is a general decrease in rigid-

ity correlation, whereas the human cytosol pair is virtu-

ally unchanged. Consistent with the above results, the

relative changes within rigidity correlation are consistent

with the relative locations of yRP and ynat. To highlight

this point, we define v as the change in the relative posi-

tions of yRP and ynat of the oxidized and reduced struc-

tures (see Table IV). In the fruit fly cytosol pair, v 5 0.0,

Figure 9
Pairwise comparisons of QSFR descriptions. The TRX-2 from Anabaena sp. and TRX from E. coli pair are shown on top, whereas the TRX-2 from

Anabaena sp. and TRX-f from spinach chloroplast pair on shown on bottom. The thermodynamic (G(T 5 Tm,y)) and mechanical (RCS)

landscapes are shown in (a) and (d). G(T 5 Tm,y) is shown in solid line, whereas RCS is shown in dashed line. Backbone flexibility, Findex, is

shown in (b) and (e). In panels (a), (b), (d), and (e), TRX-2 from Anabaena sp. is colored black, TRX from E. coli is colored red, and TRX-f from

spinach chloroplast is colored blue. In panels (c) and (f), cooperativity correlation is compared for each TRX pair (TRX-2 is always in the top-left).

Color-coding in the cooperativity correlation plots is the same as in Figure 7.
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Figure 10
(a) Heat capacity curves for oxidized (solid lines) and reduced (dashed lines) TRX pairs. In each case the reduced form curve shifts to a lower Tm.

(b) Change in backbone flexibility, Findex
red 2 Findex

ox , upon variation within redox state. (c) Cooperativity correlation plots comparing each reduced

(top triangle) and oxidized (bottom triangle) TRX pairs. Color-coding is the same as in Figure 7.
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which is consistent with the pair’s strongly conserved

cooperativity correlation plots. Conversely, the other two

pairs show diminished rigidity correlation, which is pre-

dicted by v 5 0.3 and 0.4. Likewise, the increased flexi-

bility within the reduced human homologs parallels the

reduced rigidity correlation, even though the exact details

and extent of the change are not conserved. Taken as a

whole, the general trends in QSFR upon TRX reduction

is consistent with the observations across the nine TRX

homologs. It is important to note that attempts to

understand how QSFR is manifest in terms of simple

global metrics all failed, and rather, the differences are

attributed to subtle differences in the H-bond network.

CONCLUSIONS

Using the mDCM, we analyze QSFR descriptions of

nine oxidized and three reduced members of the TRX

family. Although backbone flexibility is well conserved in

the family, other QSFR metrics reveal rich amounts of

diversity in mechanical and thermodynamic response.

Intriguingly, QSFR diversity can be mostly explained by

comparing the relative locations of the mechanical and

thermodynamic transitions, described by yRP and ynat.
However, none of the predicted QSFR properties, includ-

ing yRP and ynat, are correlated to global structural prop-

erties (i.e., number of H-bonds, average H-bond strength,

total H-bond energy, etc.). This result demonstrates how

small-scale structural variations are amplified into dis-

cernible global differences by propagating mechanical

couplings through the H-bond network. Despite the sim-

plicity of the mDCM, its predicted QSFR differences are

largely consistent with known functional differences and

variations within allosteric response. Further detailed

comparisons will be possible upon completion of a more

sophisticated DCM that is currently underway, to predict

thermodynamic and mechanical response upon perturba-

tion of the protein by mutation or ligand binding.

METHODS

The minimal distance constraint model

All results were obtained by using the mDCM, which

has been extensively defined and explained in previously

published work.7,9,13–15,25 The critical elements are

highlighted here. Interactions are modeled as distance

constraints that are assigned enthalpy and entropy values.

The three-dimensional structure is mapped onto a graph

where nodes and edges represent atoms and distance

constraints, respectively. This graph defines a constraint

topology. A fixed constraint topology consists of all ac-

cessible molecular conformations consistent with a given

set of distance constraints between pairs of atoms. Start-

ing with the input graph, an ensemble of diverse con-

straint topologies is generated by perturbing away from

the input constraint topology. Because each internal di-

hedral angle can be locked with either a native or disor-

dered distance constraint, and each H-bond or salt-

bridge can be present or not, there are �2635 accessible

constraint topologies for thioredoxin. Because of the

immense number of possible constraint topologies

(graphs), a mean field approximation is invoked by bin-

ning states together that have the same total numbers of

native torsion constraints and H-bonds, which defines

the macrostate of a protein. The number of native tor-

sion constraints and number of H-bonds are used as

order parameters. The nontrivial feature of the DCM is

that nonadditivity of component entropies is explicitly

modeled. Rigidity and flexibility properties of the struc-

ture are used to determine if a distance constraint as in-

dependent or redundant.10 The total enthalpy is simply

a sum of all enthalpic components; however, the total en-

tropy, which is a nonadditive property,61,62 is only eval-

uated over the set of independent constraints.

Using the nonadditivity principles described above, the

free energy of each macrostate is calculated by Monte

Carlo sampling over topological frameworks that are

constrained to satisfy the two order parameters. From

this involved, yet computationally efficient procedure, the

free energy landscape, partition function, and all result-

ant thermodynamic quantities, are calculated for TRX in

less than a minute on a single CPU. Once the free energy

landscape is constructed, it is used to appropriately

weight mechanical properties to obtain proper thermody-

namic averages. Meaning, the essence of the DCM is to

use the mechanical properties to make more accurate

thermodynamic calculations based on macromolecular

structure, and then, in turn, to use the thermodynamic

properties to predict emergent mechanical response.

The free energy function of each macrostate is given

by:

GðNnt;NhbÞ ¼ UhbðNhbÞ � uNhb þ vNnt

� T ½ScðNnt;NhbjdnatÞ þ SmðNnt;NhbÞ� ð1Þ

Table IV
Comparisons of Oxidized and Reduced Thioredoxin Pairsa

Source Tm Cp
max Hyst. Gbar ynat yTS yunf yRP vb

Human mitoch. (ox) 376 21.3 61.0 2.5 1.1 1.7 2.2 1.3 —
Human mitoch. (red) 360 11.4 36.9 2.3 1.4 1.9 2.4 1.3 —
Difference 16 9.9 24.1 0.2 20.3 20.2 20.2 0.0 0.3
Fruit fly cytosol (ox) 379 15.6 30.0 1.9 1.3 1.9 2.5 1.4 —
Fruit fly cytosol (red) 354 6.4 7.5 0.4 1.5 1.8 2.2 1.2 —
Difference 25 9.2 22.5 1.5 20.2 0.1 0.3 0.2 0.0
Human cytosol (ox) 369 19.9 52.9 3.6 1.2 1.7 2.4 1.3 —
Human cytosol (red) 357 16.1 43.0 3.1 1.2 1.8 2.4 1.3 —
Difference 12 3.8 9.9 0.5 0.0 20.1 0.0 0.0 0.4

aThermodynamic descriptions of oxidized and reduced pairs. The first nine col-

umns are the same as in Table III.
bThe change in the relative positions of the mechanical and thermodynamic tran-

sitions is described by: v : (yRP
ox 2 yRP

red) 2 (ynat
ox 2 ynat

red).
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where Uhb is the intramolecular H-bond energy, uNhb

describes the H-bonding to solvent, vNnt describes native

torsion force energy, Sc(Nnt,Nhb|dnat) is the conforma-

tional entropy, and Sm(Nnt, Nhb) is the mixing entropy

associated with sampling the specified macrostate. The

values of the three phenomenological parameters u, v,

and dnat are determined by fitting to experimental Cp

curves from differential scanning calorimetry (DSC).

Although not specified here, Sc(Nnt,Nhb|dnat) is calculated
over the set of independent constraints, and this set is

sampled using Monte Carlo. Previous work has demon-

strated that the predicted thermodynamic and, even

more so, mechanical properties are robust to slight

parameterization differences. Therefore, a priori assuming

parameter transferability is reasonable.14

Structure preparation

Nine different oxidized and three reduced TRX homo-

logs are investigated here in order to provide a large evo-

lutionary cross-section for analysis, while still being a

tractable number for data handling and visual compari-

son. The dataset (see Table I) includes homologs from

prokaryotic bacteria (E. coli, S. aureus, and Anabaena

sp.), eukaryotic microbes (C. reinhardtii), plants (two

distinct spinach chloroplast paralogs), and animals (fruit

flies and humans).27,30,54–57,63,64 All TRXs investi-

gated here have X-ray crystal structures solved at high re-

solution (greater than 2.3 Å resolution). Moreover, the

structures are remarkably similar; the pairwise a-carbon
root mean square deviation (RMSD), computed by com-

binatorial extension,65 ranges from 0.7 to 1.6 Å. NMR

structures of TRXs were also attempted, but gave poorly

defined heat capacity transitions. Thus, they were

excluded from further analysis.

Hydrogen atoms are added to initial structures using

H11 web server.66 In addition to adding missing hydro-

gen atoms, H11 uses Poisson-Boltzmann continuum

electrostatic theory to calculate the appropriate ionization

state of the protein and performs an optimization of

hydrogen positions. H11 is a convenient method to gen-

erate input structures to the mDCM, involving minimal

perturbation away from the experimental structure. Elec-

trostatic parameters used include a salinity of 0.15M and

external/internal dielectrics of 80 and 6, respectively. Out-

put structures were protonated assuming a pH of 7.0,

which is consistent with the conditions used in the origi-

nal DSC experiments.

Hydrogen bond network comparisons

H-bond network similarity is computed on a pairwise

basis. Starting with the pairwise sequence alignment of

two TRX homologs, equivalent residue positions are

identified. Equivalent H-bonds are simply defined by

identical donor and acceptor residue pairs. Although this

residue-level approach does not identify variations that

can occur at the atomic-level, a cursory overview of the

results suggests that the variation between the two

approaches is insignificant. As such, overall H-bond net-

work similarity is simply computed as the ratio of equiv-

alent H-bonds to the average number within each being

considered. However, it does not necessarily make sense

to consider equivalence within a feeble (Ehb � 20.1 kcal/

mol) and a strong (Ehb < 26.0 kcal/mol) H-bond. As

such, we invoke a series of H-bond energy cut-offs, such

that only H-bonds stronger than the cut-off are consid-

ered present.

Hierarchical comparison of cooperativity
correlation

Using R (http://www.r-project.org/), each cooperativity

correlation plot pair is compared using the Pearson cor-

relation coefficients, which are hierarchically clustered

using Ward’s method with Euclidean distances. Note that

the results are generally conserved when using the Spear-

man rank correlation instead of Pearson.
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