Biophysical
Chemistry

ELSEVIER Biophysical Chemistry 116 (2005) 57—65

http://www.elsevier.com/locate/biophyschem

Contribution of the multi-turn segment in the reversible thermal stability of
hyperthermophile rubredoxin: NMR thermal chemical exchange analysis
of sequence hybrids

David M. LeMaster, Jianzhong Tang, Diana I. Paredes, Griselda Hernandez™

Wadsworth Center, New York State Department of Health and Department of Biomedical Sciences, University at Albany-SUNY, Empire State Plaza,
Albany, New York 12201-0509, USA

Received 15 August 2004; received in revised form 27 January 2005; accepted 31 January 2005
Available online 26 February 2005

Abstract

Pyrococcus furiosus (Pf) rubredoxin is the most thermostable protein characterized to date. Reflecting the complications arising from
irreversible denaturation of this protein, predictions of which structural regions confer differential thermal stability have utilized kinetic
stability measurements, hydrogen exchange protection factors, long range hydrogen bond NMR spin couplings, and molecular dynamics
simulations, and have primarily implicated the three-stranded B-sheet and the adjacent metal binding site. Herein, NMR chemical exchange
experiments demonstrate reversible two-state unfolding at the thermal transition temperature (7,) for hybrids of Pf and the mesophile
Clostridium pasteurianum (Cp) rubredoxins which interchange residues 14-33, the so-called multi-turn segment. This complementary pair of
hybrid rubredoxins exhibits largely additive incremental thermal stabilizations vs. the parental proteins. Both stabilization free energy
measurements as well as incremental T, values indicate that a minimum of 37% of the total differential thermal stability resides in this multi-
turn segment. Such a proportionality between AAG and incremental 7, values is predicted for hybrid pairs exhibiting thermodynamic
additivity in which the differential stability is predominantly enthalpic.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Archaeal phylogenetic families provide the vast majority
of the hyperthermophilic organisms, including all of the
most thermotolerant species, many with optimal growth
temperatures above 100 °C. A number of proteins from the
more modestly thermotolerant eubacteria Thermotoga mar-
itima (optimal growth temperature 80 °C) have proven to be
amenable to reversible unfolding studies [1-4]. Yet despite
intense interest in understanding the structural basis of the
thermal stability of the hyperthermophilic archaeal proteins,
the homologous Sac7d and Sso7d from the Sulfolobus
genus are the only such proteins for which mutational
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analysis combined with thermodynamic measurements has
enabled assessment of the detailed stability contribution of
particular structural elements [5,6]. This in turn reflects the
fact that these Sac7d—Sso7d DNA binding proteins, with T,
values less than 100 °C, are among the few proteins from
these organisms which have been shown to reversibly
unfold under typical calorimetric conditions. The great
majority of other studies of thermostability in proteins of
hyperthermophilic archaea have monitored the kinetics of
irreversible denaturation at elevated temperatures. Unfortu-
nately, these measurements need not bear any clear relation-
ship to the rate of reversible unfolding as illustrated for the
protein under present study, rubredoxin, which at its 7,
reversibly unfolds and refolds 107 times before the
irreversible process occurs [7].

The rubredoxin from Pyrococcus furiosus (Pf) is the
most thermostable protein characterized to date [7,8]. The
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15 most slowly exchanging amides of Pf rubredoxin are all
clustered within the two cysteine-containing metal binding
loops and the immediately adjacent proximal end of the
three stranded P-sheet [8]. These are also the primary
regions showing the largest differential hydrogen exchange
rates in the comparison to the mesophile Clostridium
pasteurianum (Cp) rubredoxin [9]. In the absence of
known conditions for reversible unfolding, the effects of
various mutational variants have been assessed using
kinetic stability measurements in which the rate of loss
of the optical signal of the tetracysteine-bound Fe** metal
is monitored at elevated temperatures [10-12]. Kinetic
stability measurements on a number of mutational variants
have indicated that interactions between the (-sheet and
core residues appear to be important in differential
stabilization [11]. All of the long range hydrogen bond
coupling constants observed in Pf rubredoxin lie within the
metal site and proximal R-sheet region [13]. In addition to
these various experimental studies implicating regions near
the metal binding site and the proximal end of the B-sheet
in the differential thermal stabilization of the rubredoxins,
molecular dynamics calculations have also indicated
hydrophobic packing between the B-strands in this role
[14].

As characterized in the initial X-ray structure of Cp
rubredoxin [15], a series of three 3y turns makes up the
majority of the sequence between residues 14 and 33 (Cp
residue numbering used throughout) which form the
surface opposite to that of the metal binding site (Fig.
1). Separation of this multi-turn region from the protein
core initiates unfolding in molecular dynamics simula-
tions [16]. Furthermore, the hydrogen exchange rates for
the most slowly exchanging amides in this segment are
quite similar for both Cp and Pf rubredoxins near room
temperature, and are 10*- to 10°-fold less highly
protected than those of the Pf core [9]. In addition,
rubredoxin from the mesophilic Desulfovibrio desulfur-
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Fig. 1. Multi-turn segment swapped hybrids of P/ A2K and Cp rubredoxin.
(A) Cp rubredoxin in which residues 14-33 have been substituted with the
corresponding Pf* sequence (red), denoted MTp~Cp rubredoxin. (B) Pf
A2K rubredoxin in which residues 14-33 have been substituted with the
corresponding Cp sequence (blue), denoted MT¢,—Pf A2K rubredoxin.
This segment largely consists of three contiguous 3, turns [34,35]. The
metal atom is denoted in yellow. The conserved residues are marked by an
asterisk.

icans exhibits a similar kinetic thermal stability to that of
the Cp protein [17] despite lacking seven residues from
the middle of the multi-turn segment [18]. These results
are suggestive of a modest role of the multi-turn segment
in the differential stabilization of the hyperthermophilic
rubredoxin.

On the other hand, for both Pf and Cp rubredoxins, the
nine most protected amides between residues 14 and 32
exhibit a uniformity in their exchange rate constants as a
function of temperature consistent with a subglobal collec-
tive conformational opening transition far below the global
transition temperature [9]. Interestingly, a much weaker
temperature dependence of this conformational opening
equilibrium is observed for Pf rubredoxin. The resultant
reduced dAG/dT dependence of this subglobal transition
mimics the flattening of the global thermal stability curve
that has commonly been invoked to explain the extended
range of thermal stability observed among the hyper-
thermophile proteins.

Recently, we [7] reported that the reversible unfolding of
both Pf and Cp rubredoxins can be observed via NMR
chemical exchange dynamics measurements. This technique
has been used to determine folding and unfolding rates near
the thermal transition midpoint for a number of rapidly
folding proteins [19-23]. Both Pf and Cp rubredoxins were
found to (un)fold in a two-state transition at their respective
thermal midpoints with a time constant of approximately 40
us~107 times faster than the irreversible step monitored by
loss of metal in the earlier kinetic thermal stability
measurements. 7, values of 104 °C, 144 °C, and 137 °C,
respectively, were observed for Cp, Pf, and an Ala 2-to-Lys
variant of Pf rubredoxin (Pf A2K) possessing a Cp-like N-
terminus. Although commonly utilized as a technique for
measuring conformational dynamics, NMR thermal chem-
ical exchange also offers a potentially sensitive means to
directly measure the population of unfolded species well
away from the thermal transition midpoint. A complemen-
tary pair of hybrid rubredoxins was designed in which the
multi-turn segment is interchanged between the mesophile
and hyperthermophile sequence. The differential thermal
stabilities of these hybrid rubredoxins vs. the parental Cp
and Pf A2K proteins were analyzed via NMR chemical
exchange analysis.

2. Materials and methods

Escherichia coli codon-optimized sequences were used
for design of the multi-turn sequence swapped hybrids. De
novo gene construction utilized mutually priming long
oligonucleotides [24]. The N-terminal half of the gene was
synthesized from one oligonucleotide extending 36 bases
from a Ndel restriction site at the initiator codon and a
second oligonucleotide overlapping the first 15 bases and
extending to the Smal site encoding residues Gly 26 and Pro
27. The C-terminal half of the gene was similarly produced
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from oligonucleotides covering the regions from the internal
Smal site to a BamHI site immediately following the
termination codon. Following primer extension, both
products were digested with Smal, ligated and the full
length gene digested with Ndel and BamHI and cloned into
pET 3a.

Expression of the rubredoxin proteins was carried out in
the BL21(DE3) system (Novagen), modified by introduc-
tion of a second plasmid which constitutively overproduces
the methionine peptide deformylase to yield homogenous
N-terminal processing [25]. The deuterated a-keto acids
were prepared as previously described [26]. Samples of the
Zn**-coordinated multi-turn sequence-swapped rubredoxins
were expressed in protonated media containing either 100
mg/L a-ketoisovalerate (hyperthermophile multi-turn swap-
ped Cp rubredoxin) or 50 mg/L a-ketobutyrate (mesophile
multi-turn swapped Pf A2K rubredoxin). The defined
medium and purification procedure were as previously
described [9].

Protein samples for chemical exchange experiments were
dialyzed into 100 mM sodium borate buffer in D,O with a
pD* of 9, where pD* is the uncorrected reading on a 'H,0-
saturated probe. The samples were aliquoted into multiple
NMR pressure tubes, and O, was purged by repeated
freezing and evacuation. The tubes were then sealed under
35 psi of argon. Data collection and the temperature-
dependent chemical shifts corrections were carried out as
previously described [7]. The chemical shifts were normal-
ized to the difference between the native state and model
peptide values [27].

3. Results and discussion
3.1. NMR thermal chemical exchange

De novo gene construction was used to generate
sequences in which residues 14-33 are interchanged
between the parental Cp and Pf A2K proteins (Fig. 1).
Use of the A2K variant helps circumvent complications of
chemical heterogeneity in the N-terminal processing [25] as
well as rendering these interactions analogous to those of
the mesophile protein. As illustrated in this figure, the
sequence between residues 14 and 33 not only spans the
multi-turn segment, it is bounded on both the N- and C-
terminal ends by a stretch of conserved residues, thus
implying that any nonnative-like interactions which occur in
the hybrid structures are likely to only arise from residues
well separated along the sequence.

The NMR chemical exchange experiments involved the
monitoring of the chemical shifts and linewidths of various
"H resonances as a function of temperature. The upfield
shifted methyl resonances are particularly informative in the
rubredoxins. To facilitate both shift and linewidth analysis
of the hyperthermophile multiturn-swapped Cp rubredoxin
(MTp~Cp rubredoxin), the leucine (and valine) methyl

resonances were narrowed to a singlet by biosynthetic
incorporation of 3-’Ha-ketoisovalerate to eliminate the
homonuclear coupling to the HY spin [26]. The analogous
incorporation of 3-*Ha-ketobutyrate served to narrow the
isoleucine methyl resonances in the mesophile multiturn-
swapped Pf" A2K rubredoxin (MT¢,—Pf A2K rubredoxin).
NMR chemical exchange experiments were carried out on
the diamagnetic Zn*'-coordinated rubredoxin in 100 mM
sodium borate in D,O with a pD* of 9 under 35 psi argon
atmosphere to reduce potential oxidation reactions and
suppress reflux at the elevated temperatures. Slightly basic
conditions were chosen to help suppress protonation of the
cysteine thiolates which occurs during loss of metal at lower
pH values.

These experiments monitor the frequency shift and line
broadening arising from the transfer of a nucleus between
two (or more) environments at a rate comparable to the
difference in resonance frequencies of these two states. As
seen in the right-hand panel at 93 °C in Fig. 2, a sharp
resonance near —1.35 ppm is observed for the H®!
resonance of Leu 33 from the MTp~Cp rubredoxin. As
the temperature is raised, this resonance shifts and broadens
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Fig. 2. NMR thermal chemical exchange titration for the Zn®" form of
rubredoxin from Clostridium pasteurianum containing the multi-turn
segment (residues 14-33) from the Pyrococcus furiosus rubredoxin. The
"H NMR spectral region between the aromatic and alpha random coil shift
ranges (left) and the upfield region (right) is presented as a function of
temperature. The amplitude of the upfield spectra is attenuated two-fold
relative to those of the downfield region. The indicated resonances are: Leu
33 H®'(D), Leu 33 H*?(O), Phe 49 H*(A), Trp 37 H*(88), and Phe 30
H°(k). Due to the nonlinear temperature dependence of the chemical shift
for Thr 5 H* (5.556 ppm at 93 °C) below the unfolding transition, accurate
population estimates were not obtained. The leucine (and valine) methyl
resonances were narrowed to a singlet by biosynthetic incorporation of
3-?Ha-ketoisovalerate to eliminate the homonuclear coupling to the HY spin
[26].
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as expected for a resonance arising from a dynamic
interchange of folded and unfolded conformations which
are exchanging in a microsecond—millisecond timeframe.
Other resonances undergo similar changes both in the
upfield methyl region as well as in the spectral region
between the random coil aromatic and alpha chemical shifts
(left-hand panel). By focusing on resonances which in the
native state are strongly shifted from their reference random
coil values, these measurements of reversible folding under
equilibrium conditions can be carried out in the presence of
a substantial degree of irreversible denaturation. As such
strongly shifted resonances are not expected (or observed)
in the irreversibly denatured component of the sample, the
resonances in these spectral regions arise only from a
dynamical averaging of the reversibly unfolded and folded
states. Although the irreversible step results in loss of
intensity for the signals arising from the reversible folding
process, the chemical shifts and linewidths of these
resonances are unaffected [7].

3.2. Population analysis of the folding transition

At higher temperatures, the irreversible denaturation
process precludes the direct observation of the resonances
arising from the reversibly unfolded state. Model peptide
shifts [27] were used to approximate the chemical shifts in
the reversibly unfolded state. Focusing on resonances which
are strongly shifted in the native state serves to minimize the
errors in T, estimation arising from inaccuracies in the
model peptide referencing. For these monitored resonances,
a linear temperature dependence of the chemical shift was
directly verified by analysis of spectra collected below the
onset of the unfolding transition. The fraction of unfolded
protein can then be estimated by normalizing the difference
between the observed 'H shift vs. the model peptide value to
the difference between the native state 'H shift and that
model peptide value (Fig. 3).

The close fit among the data for all five resonances is
consistent with a lack of significant local structure in the
unfolded state which if present would likely perturb the
resonances away from the model peptide values. Over
half of the transition is explicitly monitored utilizing
sidechain and backbone resonances located within the
aromatic cluster in the hydrophobic core. As discussed
below, the enthalpy of reversible unfolding for the hybrid
rubredoxins is comparable to those determined for
parental proteins [7] which correspond well with the
values previously estimated from irreversible denaturation
as monitored by circular dichroism, fluorescence, and
absorption [28]. The arguments that these data monitor
the global unfolding transition, previously discussed for
the parental proteins [7], hold equally well for these
hybrid rubredoxins.

As demonstrated previously [7] and in the data of Fig.
3, the temperature dependence of the unfolded popula-
tions for both parental and hybrid rubredoxins conforms
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Fig. 3. Population analysis for the thermal transition of the Zn*" form of
rubredoxin from Clostridium pasteurianum containing the multi-turn
segment (residues 14-33) from the Pyrococcus furiosus rubredoxin.
Normalized chemical shift migrations were calculated from the data of
Fig. 2 with the individual resonances similarly indicated. From the NMR
spectra collected more than 30° below the 77, the chemical shift differences
between the monitored resonance and the highly exposed N-terminal Met
methyl resonance were used to determine a linear temperature dependence
of the relative native state chemical shifts. The Met methyl resonance
exhibited minimal temperature variation with respect to external d4-3-
(trimethylsilyl)propionate. The observed chemical shift migration is
normalized to the difference between the native state and model peptide
chemical shifts [27]. Optimal fit to the two-state Gibbs—Helmholtz equation
is given with AC}, set to 0.5 kcal/mol deg.

quite closely to the modified Gibbs—Helmholtz equation
derived by assuming a temperature-independent heat

capacity:
AG(T)=AHrm(1 =T/T) +AC,[(T — Ti) — TIn(T / Tn)]
(1)
Such unfolding behavior is indicative of a reversible two-
state transition. In particular, Pf A2K was previously
determined to have a thermal transition temperature of
137.0 (£0.4) °C with an estimated unfolding enthalpy of
79.8 (£2.5) kcal/mol which, given that AS; =AH7 /Ty,
implies a transition entropy of 0.195 kcal/mol deg. Table 1
lists the corresponding enthalpy and entropy values at the
thermal transition midpoint for each rubredoxin. These
values were derived from the two state analysis by assuming
a heat capacity value of 0.5 kcal/mol deg consistent with the
known correlation between AC, and protein molecular
weight [29]. Variation of the assumed AC,, value from 0 to
1.0 keal/mol deg altered the estimated enthalpy less than the
rmsd among the enthalpy values estimated from the
individual resonances (e.g., 2.5 kcal/mol for Pf" A2K). In
addition, this variation of the assumed AC,, value altered the
derived T\, values by only 0.1°.
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Table 1
Thermodynamic parameters of rubredoxin unfolding equilibria

Ton To—Tom (Cp) AH, AHy (P A2K)* ASy. ASy (Pf A2K)*
Pf A2K 137.0 (0.4) 327 79.8 (2.5) - 0.195 -
MT,—Pf A2K 119.5 (1.6) 15.2 51.8 (2.5) 71.0 0.132 0.173
MTp,—Cp 116.3 (0.4) 12.0 71.7 (2.3) 69.5 0.184 0.169
Cp 104.3 (0.3) - 62.3 (3.0) 63.5 0.160 0.153

* Thermodynamic parameters of P/ A2K rubredoxin derived at the Ty, values for the other rubredoxins by assuming a AC,, value of 0.5 kcal/mol deg.

Given the basic thermodynamic relationships:

AS = AS® + AC,In(T/T°) )

AH = AH® + AC,(T — T°) (3)

and applying the assumed AC,, value of 0.5 kcal/mol deg,
the enthalpy and entropy of Pf A2K rubredoxin were
calculated at the thermal transition temperatures of the other
rubredoxins (Table 1). These predicted enthalpy and entropy
values for Pf'A2K rubredoxin agree fairly closely with those
of the parental Cp as well as for the MTp,—Cp hybrid. On
the other hand, the observed AH and AS values for the
MT¢,—Pf hybrid at its thermal transition midpoint differ
markedly from those predicted for P’ A2K rubredoxin under
these conditions.

As noted, the NMR thermal chemical exchange experi-
ment provides direct population estimates independent of
any thermodynamic modeling beyond the assumption of a
two-state transition. Given total resonance shift migration
ranges which can exceed 1000 Hz at an 11.7 T magnetic
field strength and peak positions determined to less than 1
Hz, the precision of such population estimates is quite high.
On the other hand, the accuracy of the population estimate
from any single resonance is potentially open to challenge.
However, the five monitored resonances of the MTp—~Cp
rubredoxin represent differing positions within the protein
core, and they migrate by differing amounts and in opposite
frequency directions. The close correspondence for the
population estimates obtained from each of these resonances
argues for the robustness of the analysis.

As the Ty, values for the two multi-turn hybrid proteins
are similar, determination of the reversibly unfolded fraction
for each protein at a given temperature can be used to
directly determine their relative thermodynamic stabilities.
At 117.8 °C the unfolded population values of 0.430 and
0.597 for MT,—Pf rubredoxin and MTp—Cp rubredoxin,
respectively, yield a differential thermodynamic stability of
0.52 kcal/mol. The variation in the population estimates
obtained for the individual resonances, weighted by the
magnitude of the frequency migration observed for that
resonance, yields an uncertainty estimate of 0.06 kcal/mol.
In a similar fashion, the differential free energy of
stabilization was determined between each parental and
hybrid rubredoxin (Fig. 4).

The temperature dependence of the free energy of
stability curve OAG/OT is equal to the negative of the
entropy of unfolding —AS. The data of Fig. 4 represent a

true thermodynamic cycle only if differential entropy among
the rubredoxins AAS=0, or, equivalently, if the free energy
differences between the proteins in this temperature range,
are determined by their differences in enthalpy. As indicated
in the upper triangle of this figure, the free energy difference
between Pf A2K rubredoxin and the MTp—Cp hybrid is
predicted to be the same when measured directly or via the
MT,—Pf hybrid. This primarily reflects the fact that the two
major free energy transitions are monitoring the temperature
dependence of the same protein, Pf" A2K rubredoxin. In
contrast, the data in the lower triangle markedly deviate
from such behavior as the free difference determined for the
direct parental Cp to MTc,—Pf hybrid transition is
approximately 0.6 kcal/mol less than that estimated via the
MT p;—Cp hybrid. The fact that the AAG value for the Cp to
MT,—Pf hybrid transition is smaller than that for the
complementary hybrid despite the higher T}, of the MT¢,—
Pf hybrid indicates a smaller entropy of unfolding in this
temperature range. The data of Table 1 indicate that at its
thermal transition midpoint, the entropy for the MT¢,—Pf
hybrid is approximately 0.05 kcal/mol deg less than that of
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Fig. 4. Nominal thermodynamic cycle for the parental Cp and Pf A2K
rubredoxins and their multi-turn swapped hybrids. Temperatures were
identified at which the population of unfolded species could be simulta-
neously determined for two or more of the rubredoxins. The differential free
energies of stabilization were determined (kcal/mol) with the rmsd,
indicated in parentheses, being derived from the values predicted from
each monitored resonance.
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the complementary hybrid. Over the 12—-15° temperature
interval to the 7, of the parental Cp protein, this entropy
difference predicts a 0.6-0.7 kcal/mol difference in free
energy.

The direct population measurements as well as the T,
and AH7_values on which the foregoing analysis is based
are largely independent of an assumed AC,, value. On the
other hand, these data provide a basis to assess the
consistency of an assumed AC, value in the neighborhood
of 0.5 kcal/mol deg. The AH and AS values derived for the
parental P A2K rubredoxin at the 7y, of MTp~Cp hybrid
are similar to those of that hybrid. As a result, the AAG of
Pf A2K rubredoxin at the thermal transition midpoint of Cp
rubredoxin can be estimated to be 5.8 kcal/mol from the free
energy differences of the MTp~Cp hybrid with respect to
each parental protein. Additional support for this free energy
estimate comes from an independent pair of complementary
hybrids for which each branch of the corresponding nominal
thermodynamic cycle yields a similar 5.8 kcal/mol differ-
ential stability for the parental Cp and Pf A2K proteins
(LeMaster and Hernandez, in preparation). Application of
the modified Gibbs—Helmholtz equation to the observed Pf
A2K rubredoxin thermodynamic parameters by assuming
this 5.8 kcal/mol differential stability yields a AC,, value for
this protein of 0.43 (#0.15) kcal/mol deg.

3.3. Relationship between differential free energy of stability
and incremental T,, values

The fact that the MTp~Cp hybrid is 2.13 kcal/mol more
thermostable than the parental Cp rubredoxin indicates that
the hyperthermophile multi-turn sequence must provide at
least 37% (2.13/5.8) of the total differential stability of the
parental proteins. Strikingly, the difference in the 7, value
of this hybrid vs. those of the parental rubredoxins also
yields a lower bound estimate of 37% (12.0°/32.7°) for the
contribution of the hyperthermophile multi-turn sequence to
the thermostabilization. An upper bound to this estimate can
be similarly obtained by considering the complementary
transition between Pf* A2K and the MT¢,—Pf hybrid in
which the multi-turn sequence is interchanged on the
hyperthermophile protein core. At most, this segment can
account for 54% (3.14/5.8) of the total differential free
energy of stabilization. Once again, the maximal contribu-
tion of the differential thermostabilization based on the T,
values yields the equivalent result of 54% (17.5°/32.7°).

As the correlation between increased free energy of
stabilization and increased T, values is commonly regarded
as qualitative at best, it is worth considering what factors
can account for their close correspondence in the present
case. Making use of the fact that the slope of the thermal
stability curve is —AS and that AS=AH/T at the thermal
transition midpoint, Becktel and Schellman [30] have
observed that, if the entropy of unfolding is unaffected by
a weakly perturbing mutation, then AAG for the parental vs.
mutant protein can be estimated as AT,AS7 . This argu-

ment can be extended for the case of a complementary
hybrid pair exhibiting thermodynamic additivity by replac-
ing the assumption of a temperature-independent entropy of
unfolding with the assumption of a temperature-independent
heat capacity.

Consider the case in which the differential free energies
of stabilization among the parental (P1 and P2) and hybrid
(H1 and H2) proteins arise from purely enthalpic contribu-
tions. In this case, all species have the same entropy
dependence as a function of temperature. Hence to
determine the free energy of the thermophile parental
protein (P1) at the thermal transition temperature of the
mesophile parent (P2), the entropy expression of Eq. (2) is
substituted into the modified Gibbs—Helmholtz equation
(Eq. (1)) to yield:

AGrm(p2) (P1) = Tonpr) [AS7m(p2) + ACpIn(Tnp1y/ Tinep2)) |
X (1 - Tm(PZ)/Tm(Pl)) +AG, [(Tm(PZ)

- Tm(Pl)) - Tm(Pz)ln(Tm(Pz)/Tm(Pl))] (4)

The analogous equations apply for the thermodynamic
stability of the hybrids at the T, of the mesophile parent
protein with the same entropy dependence assumed.
Thermodynamic additivity implies that:

AG7m(p2)(P1) = AGrmp2) (H1) + AGrm(p2) (H2) (5)

Combining Egs. (4) and (5) for P1, Hl, and H2 and
rearranging yields:

[[(Tmer) + Tnea)] = [Ty + Ty ]
= [AC,/(AC, — ASrompn)) ] [Tiner)In (Tinie1) / Tin(p2))

— Ty In (T / Tne2)) — T2y 10 T2y / Tnce) ) |
(6)

The maximum deviation between the sum of the parental
and sum of hybrid 7, values occurs when both hybrid T},
values are equal approximately midway in between the
parental T, values. Applying the thermodynamic parame-
ters for the parental rubredoxins yields a sum of the hybrid
rubredoxin 7, values which exceeds that of the parental
proteins by, at most, 1.6°. Furthermore, as AC,, is always
greater than AS, the right-hand side of Eq. (6) changes sign
before the left-hand side reaches zero, indicative of the fact
that for enthalpy-dominated differential free energies of
unfolding for thermodynamically additive hybrids, the sum
of the hybrid T, values always exceeds that of the parental
proteins.

Clearly, the complementary multi-turn hybrid rubredoxin
system does not fully satisfy the conditions of strict
thermodynamic additivity or enthalpy-dominated differ-
ential free energies of stabilization. With respect to the
thermal transition midpoint of the parental Cp rubredoxin,
the T, increments of these two hybrids add up to 83% of the
differential for the Pf  A2K protein. Furthermore, partic-
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ularly for the transition relating the MT ,—Pf hybrid to the
parental Cp protein, the assumption of equivalent entropy
functions appears to not be justified. On the other hand, that
transition does not directly contribute to the AAG vs.
incremental T, correlations discussed above. In contrast,
the AC,-based estimates of the temperature dependence of
the Pf A2K enthalpy and entropy (Table 1) suggest a
reasonable correlation with those of Cp and the MTp,—Cp
hybrid. Hence, the direct correlation of AAG with differ-
ential T}, values predicted for the enthalpy-dominated AAG
of thermodynamically additive hybrids appears to be
sufficiently robust to extend to cases which moderately
deviate from the assumed conditions.

3.4. Spatial distribution of differential thermal stabilization

The markedly lower AH; and AS7 values of the
MT,—Pf hybrid relative to those of the other rubredoxins in
this study support the interpretation that interactions in this
hybrid are likely to be the major cause of the lack of
complete thermodynamic additivity observed for the com-
plementary multi-turn hybrid system. If in contrast the
MTp~Cp hybrid exhibits behavior more consistent with
thermodynamic additivity, it is worth considering how that
behavior might be achieved. Conceptually, the most
straightforward approach to potentially achieving thermo-
dynamic additivity in a complementary hybrid system is to
have every energetically significant interaction present in
the hybrid structure correspond directly to the analogous
interaction in one of the two parental proteins. The
interactions in the complementary hybrid would likewise
correspond to the complementary set of interactions present
in the two parental proteins. Violation of this condition
would arise from interactions present in the hybrid but
absent in both of the two parental proteins or present in one
parent but absent in both hybrid proteins.

Fig. 5 illustrates a CPK model of Cp rubredoxin in which
the residues involved in the multi-turn segment have been
removed. Colored in green are the residues that are conserved
between Cp and Pf rubredoxins which exhibit increased
surface accessibility when the multi-turn segment is removed.
The only nonconserved residue in contact with the multi-turn
segment is Tyr 4 (marked in red) which interacts along the
face of its phenyl ring in a base stacking interaction with the
phenyl ring of the conserved Phe 30 residue. Its phenolic OH
group extends out into solvent. In Pfrubredoxin, Trp 4 adopts
the analogous base stacking interaction with Phe 30. When
the hyperthermophile multi-turn segment is attached to the
mesophile protein core, the Glu 15 sidechain is introduced. In
Pf rubredoxin the Glu 15 sidechain interacts with the indole
H" through a moderately long (2.2 A) hydrogen bond. If a
simple conception of pairwise additivity is to be satisfied, an
energetically equivalent interaction must be formed in the
MTp~Cp hybrid.

This expectation is supported by the recent structural
analysis of Pf rubredoxin in which a Trp 4—Tyr 4 mutation

Fig. 5. Evolutionary conservation in the rubredoxin core along the interface
with the multi-turn segment. A CPK model of Cp rubredoxin (SRXN) [34]
in which residues 14-33 have been removed. Atoms denoted in blue
undergo no change in static accessible surface area [36] (probe radius 1.4
A) when the multi-turn segment is removed. Sidechains in the interface
which are conserved between the mesophile and hyperthermophile
rubredoxins are highlighted in green, while Tyr 4, denoted in red, is
substituted for Trp in the Pf protein.

was introduced along with Cp-like substitutions of Ile
24—Val 24 and Leu 33—Ile 33 in the multi-turn segment
[31]. Minimal change was observed around the sidechains
of 24 and 33. The sidechain of Glu 15 maintains its
orientation, and a water molecule provides a bridging
hydrogen bond between its carboxylate and the Tyr 4
phenolic OH.

4. Conclusions

The rubredoxin from Pf has generated considerable
interest due to its manifesting the highest degree of protein
thermostabilization known. Unfortunately, the initial inabil-
ity to monitor the reversible folding transition necessitated
indirect estimates of global stability. The NMR thermal
chemical exchange technique allows for unfolding equi-
libria to be measured in the thermal transition region, thus
circumventing problems arising from indirect estimates of
thermodynamic stability [8]. In the favorable circumstances
presented by the rubredoxin data, these chemical exchange
experiments provide for accurate measurement of unfolded
populations at levels as low as 1%. This in turn has
enabled direct determination of the relative stability
equilibria for rubredoxin variants with 77, values differing
by 20°.

Despite the technical complications introduced by its
elevated thermal unfolding temperature, Pf rubredoxin
presents a well behaved model system for the detailed
analysis of the structural basis of differential thermal
stabilization. Its rapid two-state thermal global unfolding
occurs at a rate consistent with that predicted from contact
order analysis [7,32]. Its tolerance of high pH has facilitated
analysis of rapid hydrogen exchange by magnetization
transfer techniques [9,33]. Systematic mutagenesis studies,
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combined with NMR thermal chemical exchange measure-
ments, offer a promising path to understanding the degree to
which differential thermal stabilization can be structurally
localized and to analyzing how these structural variants
affect the conformational dynamics of the protein. This
study demonstrates that a minimum of 37% of the differ-
ential thermal stability of Pf A2K rubredoxin vs. its
mesophile Cp homolog resides in the multi-turn segment.
This substantial differential stabilization arises from this
segment despite the fact that this region is known to undergo
a collective opening transition with a similar probability for
both the mesophile and hyperthermophile rubredoxins near
room temperature roughly 100° below the thermal transition
temperature near neutral pH.

It is shown that for hybrid pairs which exhibit thermody-
namic additivity with respect to the parental proteins and for
which the differential stability is predominantly enthalpic,
the differential increments in 7, are near perfectly propor-
tionate to the differential thermodynamic stabilities.
Although neither of these conditions is completely satisfied
for the multi-turn swapped rubredoxin hybrid system, the
observed proportionality between AAG and incremental 7',
values suggests that this correlation is yet more robust.
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