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Abstract

The branched sidechain residues 24 and 33 in the hydrophobic core of rubredoxin differ between the Clostridium pasteurianum (Cp) and
Pyrococcus furiosus (Pf) sequences. Their X-ray structures indicate that these two sidechains are in van der Waals contact with each other,
while neither appears to significantly interact with the other nonconserved residues. The simultaneous interchange of residues 24 and 33 between
the Cp and Pf rubredoxin sequences yield a complementary pair of hybrid proteins for which the sum of their thermodynamic stabilities equals
that of the parental rubredoxins. The 1.2 kcal/mol change arising from this two residues interchange accounts for 21% of the differential
thermodynamic stability between the mesophile and hyperthermophile proteins. The additional interchange of the sole nonconserved aromatic
residue in the hydrophobic core yields a 0.78 kcal/mol deviation from thermodynamic additivity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microbial life thrives at temperatures ranging from the
freezing point to the boiling point of water. Likewise, the
constituent proteins exhibit a wide range of thermal stabilities
that generally reflect the growth conditions of the corresponding
organism. Both practical and theoretical interest in how these
differential stabilities have evolved stimulates the ongoing
comparisons of structurally homologous proteins derived from
organisms adapted to markedly different environments.

If the introduction of a residue from a thermophile protein
into the sequence of a homologous mesophile protein yields an
increase in thermodynamic stability, then this residue is
generally considered to account for at least the corresponding
proportion of the overall difference in stability between the
parental mesophile and thermophile proteins. On the other
hand, a quantitative estimate of the differential stability
contribution can only be obtained if the introduction of the
complementary sequence change into the thermophile sequence
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results in an equivalent decrease in thermodynamic stability. In
the most straightforward case, each residue interchange
provides an increment in stability that is independent of the
other residues that are not conserved between the two
homologous protein sequences. However, only for the cold
shock protein [1,2] and cytochrome c551 [3,4] has it been
directly demonstrated that a small subset of the residues
differing between the mesophile and thermophile homologs,
each providing an approximately independent increment in
stability, fully account for the large (N20 °C) difference
between the Tm values of the parental proteins.

When there are significant interactions between two or more
nonconserved residues in a given parental structure such that
equivalent interactions can not be formed upon exchange of
each such residue into the other parental protein, then
independent additivity of stability for the individual residues
can not be expected to apply. In this circumstance, it may be
asked whether the simultaneous interchange of a cluster of
nonconserved residues could yield equal and opposite changes
in the thermodynamic stability for the resultant complementary
pair of hybrid proteins. This question is particularly germane to
buried residues for which double mutant cycle analysis of
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interaction energies [5,6] can be limited by the assumption that
the protein structure is unperturbed by the mutational exchange.
We [7] recently reported an algorithm designed to identify
clusters of nonconserved residues that can be interchanged
between a pair of structurally homologous proteins so as to
potentially maintain the parental-like interactions across the
putative hybridization interface.

The rubredoxin from Pyrococcus furiosus (Pf ) was the first
hyperthermophile protein for which an X-ray [8] as well as an
NMR [9] structure were reported. In its role as a model for this
class of proteins, numerous hypotheses have been offered as to
which aspects of the structure yield increased thermostability
relative to the homologous rubredoxins from mesophilic
organisms. As for many of the other proteins derived from
hyperthermophilic organisms [10,11], rubredoxin does not
reversibly unfold under typical thermal or denaturant condi-
tions, thus precluding quantitative interpretation of the
thermodynamic effects for systematic mutational analysis.
However, recently we [12] found that the rapid reversible
unfolding of the mesophile and thermophile rubredoxins can be
monitored in the presence of the much slower irreversible
denaturation process.

In applying the residue cluster analysis algorithm [7], we found
that seven nonconserved residues of the metal binding site region
could be interchanged between the sequences of Pf rubredoxin
and the structurally homologous protein from Clostridium
pasteurianum (Cp) to yield a pair of complementary hybrids
with free energies of stability that differ symmetrically from the
corresponding parental protein values by slightly over 2 kcal/mol.
This ΔΔG value corresponds to 39% of the differential stability
for the mesophile and hyperthermophile rubredoxins arising from
these seven residues [13]. These rubredoxin chimeras appear to
provide the first example of a complementary pair of hybrids
systematically designed from known parental protein structures
that exhibit full thermodynamic additivity upon exchange of a
cluster of mutually interacting nonconserved residues that define
a substantial hybridization interface (360 A2) across the core of a
protein domain.

In the present study, the residue cluster analysis was applied
to further characterize the structural contributions to the
differential stability of the rubredoxins. Of particular interest
for thermostability analysis of rubredoxin is its hydrophobic
core which is composed of five highly conserved aromatic
residues, one less strongly conserved aromatic residue and
several aliphatic residues. Recently, ab initio calculations
[14,15] have been applied to the rubredoxin hydrophobic cluster
to assess the energy stabilization arising from these interactions.
Neutron and X-ray diffraction [16] as well as NMR studies on
the metal-free state [17] have been carried out on a Pf rubredoxin
containing Cp-derived residues at the nonconserved aromatic
position and the two nonconserved branched sidechain amino
acids at positions 24 and 33 within the core. With the same
interaction criteria as were used to identify the seven residue
cluster, the branched aliphatic sidechains at positions 24 and 33
were predicted to form a two residue nonconserved cluster.
Stability measurements were conducted on the hybrids of Cp
and Pf rubredoxins formed by interchange of residues 24 and 33,
both singly and as a pair. In addition, the nonconserved aromatic
core residue was also interchanged. 1H NMR thermal chemical
exchange measurements established the degree to which these
pairs of complementary hybrids exhibit additivity in their
thermodynamic stabilities relative to the parental proteins.

2. Materials and methods

2.1. Sample preparation

Escherichia coli codon-optimized genes for Cp and Pf A2K
[18] rubredoxins in the plasmid pT7-7 [19] were altered at
residues 4, 24, and 33 by site-directed mutagenesis (Quik-
Change, Stratagene). The mutagenesis reactions were per-
formed for 18 cycles in Perkin-Elmer Gene Amp PCR System
(Model 9600) according to the manufacturer's recommended
procedure. Expression of the rubredoxin proteins was carried
out in the BL21(DE3) system (Novagen), modified by
introduction of a second plasmid, which constitutively over-
produces the methionine peptide deformylase to yield homog-
enous N-terminal processing [18]. The protein samples were
purified as previously described [20].

2.2. NMR measurements

The protein samples were concentrated and exchanged by
centrifugal ultrafiltration into 100 mM sodium borate buffer in
D2O at a pD⁎ of 9.08, where pD⁎ is the uncorrected reading on
a 1H2O saturated electrode. The protein solution was aliquoted
into multiple NMR pressure tubes (No. 524-PV-7; Wilmad
Glass, Buena, NJ), and O2 was purged by repeated flushing with
nitrogen. The tubes were then sealed under 35 psi of N2 to help
reduce reflux at higher temperatures. Spectrometer temperature
calibration was carried out with 80% ethylene glycol in
dimethylsulfoxide-d6 (WGH-130; Bruker BioSpin Corp., Bill-
erica, MA). Data collection and the temperature-dependent
chemical shifts corrections were conducted as previously
described [12]. The chemical shifts for resonances shifted
more than 1 ppm in the native state were normalized to the
difference between the native state and model peptide values
[21] to yield population estimates for the folded and reversibly
unfolded states. These values were fitted to the Gibbs–
Helmholtz equation:

DGoðTÞ ¼ DHoðTmÞð1−T=TmÞ−DCo
p ½ðTm−TÞ þ T lnðT=TmÞ�

with ΔCp set to 0.5 kcal mol−1, typical for a protein of this size
[22]. The data from each resonance were weighted by the
magnitude of the nonlinear temperature-dependent change in
frequency monitored by that resonance.

3. Results and discussion

3.1. Exchange of residues 24 and 33 in Cp rubredoxin

In the X-ray structure of Cp rubredoxin [23], the Cδ of Ile
33 is surrounded by the aromatic sidechains of Tyr 13, Phe 30,



Fig. 2. Chemical exchange dynamics in the 1H NMR spectrum of the I33L
variant of Cp rubredoxin. Illustrated is the upfield methyl spectral region as a
function of temperature. Leu 33 Hδ1 and Leu 33 Hδ2 are the two most strongly
upfield shifted resonances. The amplitude of the signals decreases at higher
temperatures, due to both the dynamic broadening of the resonances and the loss
of signal intensity into the irreversibly denatured protein component.

485D.M. LeMaster, G. Hernández / Biophysical Chemistry 125 (2007) 483–489
and Trp 37 as well as by the sidechain methyls of Val 24 and
Thr 28 (Fig. 1). The ring current effects from these aromatic
residues cause the Ile 33 Hδ resonance to be shifted by more
than 2 ppm upfield. Substitution of leucine at this position
results in a further 0.5 ppm upfield shift for the Hδ1 under
similar conditions, approximately equal to the shift observed
for this leucine methyl resonance in Pf rubredoxin. With the
exception of Val 24, all of the residues containing atoms within
6 Å of Ile 33 Cδ are conserved in sequence and conformation in
Pf rubredoxin [24].

Although the rubredoxins exhibit irreversible denaturation
behavior under typical calorimetric conditions, we have
observed that the wild type Cp and Pf [12] and various hybrid
[13,25] rubredoxins undergo a reversible unfolding transition
which can be directly monitored via the chemical shift migration
of the strongly shifted resonances as a function of temperature.
Both Cp and Pf rubredoxins (un)fold in approximately 40 μs at
their thermal transition temperatures so that the chemical
exchange effect results in 1H resonances that are a weighted
average of the chemical shifts for the folded and reversibly
unfolded species, as illustrated in Fig. 2 for the upfield shifted
methyl resonances of the I33L variant of Cp rubredoxin.

1H NMR thermal chemical exchange measurements have
been carried out on a number of proteins that reversibly unfold
in the μs-ms timeframe [26–31]. The varying linewidth and
migrating chemical shifts of the monitored resonances report the
rate of the reversible unfolding transition and the populations of
the folded and unfolded states, respectively. Only the reversibly
refolding species contribute to these dynamically averaged
resonances. The accumulation of irreversibly denatured protein
that occurs during data acquisition on the rubredoxins increases
the signal intensity for resonances near the random coil shift
values and reduces the fraction of protein undergoing the
reversible unfolding transition. However, the irreversibly
denatured component only indirectly affects the monitored
Fig. 1. The hydrophobic core of Cp rubredoxin surrounding the sidechain of Ile
33. The Cδ of Ile 33 is colored in black. The Cγ2 position of Val 24, which is
transformed into an ethyl group upon substitution of isoleucine, is colored in
white. All residues containing atoms within 6 Å of the Ile 33 Cδ atom are shown.
resonances of the reversibly refolding species via the resultant
decrease in their intensity.

In general, protein thermal chemical exchange studies have
focused on the resonance broadening effect to measure the rate
of interchange between the folded and unfolded states as a
function of temperature. Due to the favorable characteristics of
the rubredoxins, these experiments also provide accurate
determinations of the folding equilibria up to near 144 °C, the
Tm of wild type Pf rubredoxin [12], a value 40° above the
highest reversible Tm for a monomeric protein reported by
calorimetric methods [32]. In addition to the Leu 33 methyl
resonances illustrated in Fig. 2 (and the analogous Ile 33 Cδ

resonance of the parental Cp rubredoxin), the resonances of the
conserved core residues Phe 30 Hδ, Trp 37 Hζ3, and Phe 49 Hα

are generally well resolved in the native state and are all shifted
by at least 1 ppm from their random coil values. The
temperature-dependent migrations for each of these resonances
provide independent monitors of the unfolding transition.

Since in most cases the peak shifts are easily measured to
within a Hz, the population of reversibly unfolded species at
levels of 1% or less can be accurately determined, depending
only on the reliability of the estimated reference shifts for the
native and reversibly denatured states. The broad thermal
stability range of the rubredoxins enables demonstration of the
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linear temperature dependence for the native state chemical
shifts of these strongly shifted resonances, which can then be
used to extrapolate the native state resonance frequency into the
thermal transition [12,13,25]. Since the chemical shifts for the
reversibly unfolded state can not be directly observed for the
rubredoxins, reference peptide values [21] are assumed. The precise
consistency of each of these strongly shifted 1H resonanceswith the
thermal dependence of the Gibbs–Helmholtz equation [12,13,25]
is consistent with a two-state transition. Furthermore, the con-
sistency among the population estimates for various resonances
vindicate the use of model peptide referencing for the reversibly
unfolded state, since deviations in those reference values of more
than 0.1–0.2 ppm can be detected by the divergence of the
corresponding curve [12].

In Fig. 3A are given the unfolded state population values as a
function of temperature, derived from the upfield methyl
resonance of residue 33 in wild type Cp rubredoxin (•) as well
as the V24I (▴) and I33L (▾) single mutants, the V24I, I33L
(▪) double mutant and the Y4W, V24I, I33L (★) triple mutant
of the parental Cp protein. The accompanying curves represent
the optimal fits of the Gibbs–Helmholtz equation to the
combined chemical shift migration patterns of the Phe 30 Hδ,
Trp 37 Hζ3, Phe 49 Hα and Leu (or Ile) 33 Hδ methyl
resonances. Introduction of the residues 24 and 33 from the
Fig. 3. Reversible unfolding equilibria for wild type and hydrophobic core
variants of rubredoxin. The symbols in panel A indicate the fraction of
reversibly unfolded species as a function of temperature, as monitored by the
chemical exchange analysis, for wild type Cp rubredoxin (•), the V24I (▴) and
I33L (▾) single mutants, the V24I, I33L (▪) double mutant, and the Y4W,
V24I, I33L (★) triple mutant of the parental Cp protein, as determined from the
most strongly upfield shifted methyl resonance (i.e., Leu 33 Hδ1 or Ile 33 Hδ).
Optimal fits to the modified Gibbs–Helmholtz equation were obtained from
combined chemical shift migration patterns of the Phe 30 Hδ, Trp 37 Hζ3, Phe
49 Hα and Leu (or Ile) 33 Hδ methyl resonances. In panel B, the analogous
population data for the parental hyperthermophile Pf A2K (•), the single-
residue variants I24V (▴) and L33I (▾), the double-residue variant I24V, L33I
(▪), and the W4Y, I24V, L33I (★) triple mutant. The spectra collected more
than 30° below the Tm values were used to determine a linear temperature
dependence of the relative native state chemical shifts. The fraction of unfolded
protein is derived from the observed chemical shift normalized to the difference
between the native state and model peptide chemical shifts [21].
hyperthermophile sequence into Cp rubredoxin, either singly or
as a pair, yields an increase in thermal stability.

These thermal chemical exchange measurements allow the
fraction of reversibly unfolded species, and hence the free
energy of stability, to be directly determined under the same
temperature conditions for a series of related proteins. As a
result, one can avoid the model-dependent extrapolations
standardly invoked when ΔΔG values are estimated for such a
set of proteins. At 107.6 °C, the ΔΔG for unfolding of the wild
type, the V24I and I33L single-residue variants, and the V24I,
I33L variant of Cp rubredoxin are 0.36, 0.76, and 1.31 kcal/mol,
respectively. The independent population estimates derived
from the individual monitored resonances yield an estimated
uncertainty of 0.09 kcal/mol in the ΔΔG values for these three
variant rubredoxins, relative to the wild type Cp protein.

3.2. Comparison of interchanging residues 24 and 33 in Pf vs.
Cp rubredoxin

Thermal chemical exchange experiments were also carried
out on the hyperthermophile rubredoxin (•) and the single-
residue variants I24V (▴) and L33I (▾), as well as the double-
residue variant I24V, L33I (▪) (Fig. 3B). The pattern of
decreasing thermal stability arising from these substitutions of
residues from the mesophile Cp rubredoxin sequence closely
mirrors the pattern of increasing stabilization for the comple-
mentary substitutions into Cp rubredoxin (Fig. 3A). For these
studies, an A2K variant of Pf rubredoxin [18] has been utilized
as the parental reference, since this protein retains the N-
terminal methionine and exhibits interactions at that terminus
which mimic those of Cp rubredoxin. The Tm value for Pf A2K
rubredoxin is 7 °C below that of the wild type Pf protein [12].
The free energies of stability for the complementary Pf A2K
rubredoxin variants were analyzed at 133.6 °C. The differential
free energies of each variant, relative to the parental proteins,
are illustrated in Fig. 4.

Introduction of residues from Pf rubredoxin into the Cp
protein sequence at positions 24 and 33 gives rise to increases in
thermodynamic stability of 0.36 and 0.76 kcal/mol, respectively
(Fig. 4A), while the complementary mutations in Pf A2K
rubredoxin yielded decreases in thermodynamic stability of
0.55 and 0.88 kcal/mol, respectively (Fig. 4B). The magnitudes
of the ΔΔG values are similar to those recently reported for an
analogous reciprocal interchange of Val and Ile at position 30 of
the homologous hyperthermophilic Sac7d and Sso7d proteins
[33]. However, the sum of the increments in stability for the two
single mutants of the rubredoxins is somewhat less than the
stability increase resulting from the combined V24I, I33L
mutations, suggesting a modest degree of synergy between the
two sites. Similarly, the sum of the decreases in stability arising
from the complementary single mutations in the Pf A2K
background appreciably exceeds the destabilization arising
from the combined I24V, L33I mutations (Fig. 4B).

As the population estimates within panel A and within panel B
of Fig. 4 are obtained under the same experimental conditions, to
the accuracy of these populations, the ΔΔG values are
independent of any assumption regarding a two-state transition



Fig. 4. Differential free energies of stability for the hydrophobic core variants as
compared to those of the parental mesophile and hyperthermophile rubredoxins.
The ΔΔG values for the variants at residues 24 and 33 are given with respect to
Cp rubredoxin (panel A) and Pf A2K rubredoxin (panel B). Panel C illustrates
the net additivity of the sum of the thermodynamic stabilities of the
complementary pairs of hybrids as compared to those of the two parental
rubredoxins. Given the additivity in thermodynamic stability observed for the
residues 24 and 33 double mutation, the differential free energies for the
additional mutation at residue 4 (gray) are referenced to those of the double
mutant.

Table 1
Rubredoxin thermal transition parameters

Tma ΔHTm

b

Cp wt 107.0(0.3) 62
V24I 109.5(0.3) 59
I33L 111.8(0.2) 64
V24I,I33L 115.2(0.4) 65
Y4W,V24I,I33L 113.7(0.5) 63
Pf A2K 138.8(0.4) 81
I24V 136.1(0.4) 74
L33I 134.3(0.4) 73
I24V,L33I 132.7(0.5) 62
W4Y,I24V,L33I 128.8(0.4) 66

aUncertainty estimated from independent fits of the individual resonances to
the Gibbs–Helmholtz equation assuming a common ΔHTm

.
bEnthalpy of unfolding (kcal/mol).
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or heat capacity value. However, as the temperature differs
between the data of panel A and that of panel B, direct comparison
between these two data sets requires the additional assumption
that ΔΔS for the parent vs. variant unfolding transitions is
independent of temperature over this range. Given that
assumption, the sum of the differential stability values for the
mesophile (Fig. 4A) and hyperthermophile (Fig. 4B) proteins
yields the difference between the sum of the thermodynamic
stabilities for the pair of complementary hybrids vs. the
corresponding sum for the parental rubredoxins (Fig. 4C).
There is only a small difference in the sum of the thermodynamic
stabilities of the pair of residue 24 variants vs. that of the parental
rubredoxins, although this difference is larger than the estimated
uncertainty. The corresponding differences in stability for the
interchanges of only residue 33 and for residues 24 and 33
together are yet smaller. Fitting to a two-state model yields the
thermodynamic parameters of the thermal transitions given in
Table 1.

Within the experimental uncertainty, the increase in
thermodynamic stability upon the simultaneous substitution of
V24I and I33L into the Cp wild type protein is equal to the
decrease in thermodynamic stability for the complementary
double-residue substitution into Pf A2K rubredoxin. Given the
previously estimated 5.8 kcal/mol difference in free energy
between the parental proteins, the thermodynamic additivity
demonstrated for the double mutant indicates that the 1.2 kcal/
mol change that occurs upon the simultaneous exchange of
residues 24 and 33 accounts for 21% of the difference in
stability between the Cp and Pf A2K rubredoxins. The
interchange of residue 33 alone accounts for ∼14% of that
difference in stability between the parental proteins.

With the exception of the covalent structural changes due to
conversion of Ile to Val at positions 24 and Leu to Ile at position
33, the crystallographic study reported essentially no differ-
ences for the triple mutant vs. the wild type structure [34] in the
region surrounding these two aliphatic residues. Hence, the
triple mutant rubredoxin appears to maximally preserve the
parental-like interactions within this region of the protein.
Although the corresponding structure for the complementary
triple mutant of Cp rubredoxin has not been determined, the
additivity in thermodynamic stability observed in the present
study strongly suggest that a similar preservation of parental-
like local interactions occur for this rubredoxin variant as well.

3.3. Interchange of the nonconserved aromatic residue in the
hydrophobic core

The residues shown in Fig. 1 form much of the hydrophobic
core of the protein.Also included in the core are the aromatic rings
of Tyr 11, Phe 49, and residue 4 (Tyr inCp rubredoxin and Trp in
Pf rubredoxin). Kinetic stability measurements monitoring the
loss of themetal binding interactions during prolonged incubation
at elevated temperatures revealed no difference in apparent
stability at neutral pH between the wild type and the W4Y, I24V,
L33I triple mutant of Pf rubredoxin [17] (using Cp rubredoxin
numbering), although at pH 2 the triple mutant irreversibly
denatures more rapidly [16].

When Tyr 4 is substituted into the I24V, L33I variant of Pf
A2K rubredoxin, the thermal transition temperature decreases
(★, Fig. 3B). Similarly, substitution of tryptophan at residue 4



488 D.M. LeMaster, G. Hernández / Biophysical Chemistry 125 (2007) 483–489
in the V24I, I33L variant of Cp rubredoxin also yields a decrease
in Tm (★, Fig. 3A). Fig. 4b shows the thermodynamic stability of
the W4Y, I24V, L33I triple mutant of Pf A2K rubredoxin
referenced against the I24V, L33I double mutant. The data for the
complementary Y4W, V24I, I33L triple mutant ofCp rubredoxin
are illustrated in Fig. 4a. In both cases, the triple mutant is less
stable than are the related double mutants, indicating that the
additivity in thermodynamic stability observed for these double
mutants no longer holds true when residue 4 is exchanged. The
interchange of residue 4 yields a net 0.78 kcal/mol deviation from
additivity in thermodynamic stability.

A number of changes in the X-ray structures were observed
surrounding the exchanged aromatic ring. Most notably, the
indole HN of Trp 4 in the wild type Pf rubredoxin forms a direct
hydrogen bond to the buried sidechain carboxylate of Glu 15 and
a water-mediated hydrogen bond to the sidechain of Glu 31.
Although the sidechain of the substituted tyrosine in the triple
mutant structure is precisely superimposed upon the position of
the indole, the lateral displacement of the phenolic hydroxyl
results in a direct hydrogen bond to the Glu 31 sidechain
carboxylate, while a water-mediated hydrogen bond to the Glu
15 carboxylate is formed. A similar exchange of hydrogen bond
interactions likely applies to the parental and aromatic
substituted Pf A2K rubredoxins studied herein. On the other
hand, the N-terminal ammonium group in the wild type Pf
rubredoxin also forms a salt-bridge with the Glu 15 carboxylate
sidechain. When the N-terminal methionine is not removed by
post-translational processing, the Ala 2 amide hydrogen of Pf
rubredoxin then forms a presumably weaker hydrogen bond to
the Glu 15 carboxylate [24], as likely occurs in the Pf A2K
rubredoxin variant as well.

The 0.52 kcal/mol decrease in thermodynamic stability that
arises from the substitution of tyrosine for tryptophan in the
structural context of the I24V, L33I variant of Pf A2K
rubredoxin indicates that this aromatic residue accounts for at
most 9% of the differential stability between the parental Cp
and Pf A2K proteins. However, the differing interactions of the
N-terminus of wild type Pf rubredoxin may give rise to a larger
differential stability contribution for this residue.

A relatively small differential stability effect of residue 4 was
anticipated from our previous analysis of a complementary pair of
rubredoxin hybrids in which the multi-turn segment of the protein
sequence (residues 14–33) was interchanged [25]. Although the
complementary pair of hybrids interchanging the 20 residue
multi-turn segment between Cp and Pf A2K rubredoxin do not
conform to the non-interacting cluster criterion used to predict the
metal binding site cluster and the residue 24 and 33 cluster, they
exhibit an 83% additivity in their thermodynamic stabilities
relative to the parental proteins [25]. The putative hybridization
interface was generated by removing the multi-turn residues from
the parental rubredoxin crystal structure [35]. One face of the
aromatic ring of residue 4 was found to present the only interface
atoms that are not structurally conserved between the parental
rubredoxins. The near additivity in thermodynamic stability of
these two multi-turn segment-swapped rubredoxins indicate that
interchanging a substantial fraction of the interactions for the
sidechain of residue 4 occurs at a modest cost in free energy.
4. Conclusions

To date, there are few cases in which moderately large
differential stabilities between evolutionarily related proteins can
be quantitatively interpreted in terms of the incremental contri-
butions of specific nonconserved residues. Combined with our
earlier reported stability measurements on the metal binding site
cluster [13], the additivity in the thermodynamic stability exhibited
by the two residue cluster for positions 24 and 33 demonstrate that
the nonconserved residues of Cp and Pf A2K rubredoxins can be
cleanly divided into three sets that account for 39%, 21% and 40%
of the differential thermodynamic stability for the parental
proteins. Given the algorithmic basis for the cluster selection, it
will be of interest to see how applicable this analysis approachwill
be to other homologous pairs of moderately divergent proteins.

Exploiting the property of additivity in thermodynamic
stability, the metal binding site-swapped hybrids of rubredoxin
have also been shown to exhibit a property of additivity of
conformational dynamics as monitored by hydrogen exchange
kinetics [36]. This approach appears to offer a promising avenue
to characterizing the propagation of conformational dynamics
through the structure of a protein. Analogous studies on the
residues 24 and 33 cluster will provide further insight into the
generality of this approach.
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