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ABSTRACT: No general strategy for thermostability has been yet established, because the extra stability of
thermophiles appears to be the sum of different cumulative stabilizing interactions. In addition, the increase
of conformational rigidity observed in many thermophilic proteins, which in some cases disappears when
mesophilic and thermophilic proteins are compared at their respective physiological temperatures, suggests
that evolutionary adaptation tends to maintain corresponding states with respect to conformational flexibility.
In this study, we accomplished a structural analysis of the K18G/R8REclobacillus acidocaldarius
thioredoxin (BacTrx) mutant, which has reduced heat resistance with respect to the thermostable wild-
type. Furthermore, we have also achieved a detailed study, carried out at 25, 45°énad®he backbone
dynamics of both the BacTrx and its K18G/R82E mutant. Our findings clearly indicate that the insertion
of the two mutations causes a loss of energetically favorable long-range interactions and renders the
secondary structure elements of the double mutants more similar to those of the mes&tsahiécichia

coli thioredoxin. Moreover, protein dynamics analysis shows that at room temperature the BacTrx, as
well as the double mutant, are globally as rigid as the mesophilic thioredoxins; differently, °&, 65
which is in the optimal growth temperature rangefofacidocaldariusthe wild-type retains its rigidity

while the double mutant is characterized by a large increase of the amplitude of the internal motions.
Finally, our research interestingly shows that fast motions on the pico- to nanosecond time scale are not
detrimental to protein stability and provide an entropic stabilization of the native state. This study further
confirms that protein thermostability is reached through diverse stabilizing interactions, which have the
key role to maintain the structural folding stable and functional at the working temperature.

Proteins exhibit modest stabilities, which are equivalent by only marginal increases in the free energy of stabilization.
to a small number of weak interaction$, ¢). Indeed, in No general strategy for thermostability has been yet estab-
most globular proteins, the factors that favor formation of |ished 6), because the extra stability of thermophiles appears
the native state, primarily desolvation of hydrophobic groups to be the result of different cumulative stabilizing interac-
and ionic interactions, are almost equally balanced againsttions. Among them, the packing efficiency (mainly through
those that favor denaturation, primarily the higher confor- yan der Waals’ interactions), networks of ion pairs and/or
mational entropy of the unfolded protein chain relative to hyqrogen bonds (including-helix stabilization), the reduc-
that of the native state3(4). In this respect, proteins from o of conformational strain (loop stabilization), and resis-

thermor;])_rlw_mc orgtamsmts Tdr? not dd'ﬁ;e:. stron_g:y f_rot”? their +ance to chemical modifications very often have been found
mesopnilic counterpart. Their adaptation, ether intrinsic or-y, responsible for protein thermal stabilizati@ng). In

through interaction with an extrinsic factor, is accompanied addition, the increase of conformational rigidity observed

in many thermophilic proteins, which in some cases disap-
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nants at the bases of their stability and functionality at higher fold. The solution structure confirms the validity of the model
temperatures. used to obtain the structural information concerning the

Thioredoxins belong to a family of proteins present in all determinants of thermal stability in BacTr21).
living cells from Archaeato humans. These proteins are In this paper, we report the high-resolution NMR structure
involved in several fundamental cellular processes such asdetermination of the K18G/R82E BacTrx mutant and its
regulation of transcription factors, activation of deoxyribo- comparison with the wild-type protein. In addition, we also
nucleotides biosynthesis, regeneration of oxidative damage,present a detailed study, accomplished at different temper-
and regulation of photosynthetic even®).(This class of atures, of the backbone dynamics of both the BacTrx and
proteins is structurally well characterized by NMR and X-ray its K18G/R82E mutant. The comparison of either structure
techniques 9—17), and backbone dynamics studies have and backbone dynamics of the wild-type and mutant thiore-
already been reported f@scherichia colithioredoxin (8), doxins provides important insights into molecular interactions
for the thioredoxin from green alga%), and for the human at the basis of protein thermal stability.
E. coli thioredoxin chimeraX(7).

Thioredoxin (Trx} is a small globular protein (3012

kDa) that is highly structured with 90% of its residues  pygtein Expression, Purification, and NMR Sample Prepa-
involved in secondary structure elementS)( The tertiary 41i0n To obtain®N labeled proteinsE. coli strain JM101
fold of Trx consists of a central core of a five-stranded ;oo grown on M9 minimal medium containing 1 g/L of
ﬂ_—sheet su_rr_ounded by fqur exp_osem_elices_. The active 15\H,CI, and the whole extract was hydrolyzed to free
site, containing two cysteine residues in a highly conserved 5peled amino acid<. coli strain Rb791, transformed with
sequence(ys-Gly-Pro-Cys), is located in a small loop of 5 \ecombinant pTrc99A plasmid carrying the gene coding
the molecule at the N-terminal region of the second helix. ¢4, the wild-type protein and for the K18G/R82E double
A novel thioredoxin (105 a.a.) Was_isolated'fro.m the mutant, was grown in minimal medium containing
moderate thermophilalicyclobacillus acidocaldariugfirst labeled hydrolyzed. The optimized overexpression of both
denominatedBacillus amdocaldanu}; in- 1997, anq its the proteins was reached by exposing the cells to 1 mM
sequence as well as the physicochemical properties werggqonropy| g-p-thiogalactoside (IPTG) at a cell density of
described 20). Structural stability studies carried out én oD = 1 for 20 h. For NMR experiments, both proteins

600 NM

acidocaldariusthioredoxin (BacTrx) by means of circular e dissolved at a concentration of 0.5 mM in 90%H
dichroism, differential scanning calorimetry, and nano- 109%?H,0 or in pure2H,0, 100 mM potassium phosphate
gravimetry showed that BacTrx withstands higher temper- pH 6.0.

atures than the thioredoxin from the mesophilic bacterium
E. colidespite their high sequence identity (49%). Molecular
dynamics simulation studies performed in vacuo and in
aqueous solution at different temperatures allowed the
derivation of structural information on the determinants of
thermal stability of BacTrx and permitted the design of
mutants with reduced heat capaci®t). The residues Lys18

and Arg82 of BacTrx, which appeared to be involved in were recorded on &N-labeled sample dissolved in 90%

e et o oo 10~ L0%7H.0; 2D TOCSY 9, NOESY ) an coutie
with ’Gly and Glu, respectively, which are present in the guantum-filtered COSY31) experiments were carried out

corresponding positions of tie coli thioredoxin. The effects WItT alss ample in puréH;0. ded at 2
of the point mutations on the protein thermal stability were | H:~N] HSQC spectra were recorded at 25, 35, 45, 55,

monitored by CD spectroscopy, spectrofiuorimetry, and @nd 65°C, with 2048 (F¥) and 128 {*N) real data points

thermodynamic comparative studies, and the mutants Wereacquired with a total of 8 transients peincrement. 3B°N-

shown to be substantially less stalbfel(, < 12—15°) when edited TOCSY-HSQC (45 ms .mixing time);*N-edited
compared to the wild-type2@, 23). Among all the proteins ~ NOESY~HSQC (70 ms mixing time), HNHA, HNHB were

produced, the K18G/R82E BacTrx mutant showed the most reqorded at_25C With 2048 (H9), 96 (H), .32 (N) re_al data
significant differences. In 2000, the solution structure of points acquired with a total of four transients per increment.

BacTrx was reportedLé); the structure, derived on the basis Thg spectral widths fo’ﬂ-|N,| *H, and™N were 10 000, 80:]).0’ q
of homonuclear NMR data, retains the typical thioredoxin an 2500 Hz, respectively. .T.OCSY transfer was achieve
using a DIPSI isotropic mixing sequenc82). All the

experiments were performed using gradient sensitivity

1 Abbreviations: BacTrx,Alicyclobacillus acidocaldariughiore- enhancemen andsN decoupling was performed durin
doxin; CD, circular dichroism; COSY, correlated spectroscopy; CPMG, isiti B-G)’ 1.25 kH GpARgP P 9
Carr-Purcell-Meiboom-Gill; CYANA, combined assignment and dy- acquisiuon using a 1. z sequence.

namics algorithm for NMR applications; DIPSI, decoupling in the 2D-TOCSY experiments were recorded using a MLEV17
presence of scalar interactions; EcTBscherichia colithioredoxin; mixing scheme of 70 ms (spectral width 10 000 Hz both

HSQC, heteronuclear single quantum coherence; IPTG, isopfepy! - -
thiogalactopyranoside; MLEV, Malcolm Levitt; NMR, nuclear magnetic along f and %, 2048 x 256 data points int; and t;

resonance; NOE, nuclear Overhauser effect; NOESY, nuclear Over- respectively, recycle delay 3 s, 16 scans fpéncrement).
hauser effect spectroscopy; PFG, pulsed field gradintongitudinal The 2D NOESY spectrum was carried out by the standard

relaxation rate constan®,, transversal relaxation rate constant; rmsd, ; i ; i
root-mean-square deviation; SD, standard deviation; TOCSY, total DUIse sequence with a mixing time of 70 ms (spectral width

correlation spectroscopy: TPPI, time proportional phase incrementation; 10 000 Hz along both,fand %, 4096 x 512 data points in
Trx, thioredoxin. t, andt; respectively, recycle delay 3 s, and 72 scanstper

MATERIALS AND METHODS

NMR MeasurementdMR spectra were collected on
VarianUNTYINOVA 750 and 600 MHz spectrometers equipped
with a 5-mm triple resonance probe andxis pulsed-field
gradients, located at the Centre for Design and Structure in
Biology (CDSB), Jena, Germany. 3D spectfi-edited
TOCSY-HSQC @4), *N-edited NOESY-HSQC @5),
HNHA (26), and HNHB @7) and 2D [H,'>N] HSQC 28)




Structure of K18G/R82E BacTrx Biochemistry, Vol. 43, No. 20, 20046045

increment). The 2D DQFCOSY was obtained in the TPPI  >N-{'H}-NOE valuesR; andR; rates were determined by
phase sensitive mode (spectral width 10 000 Hz along bothfitting the peaks heights at multiple relaxation delays to the
f; and £, 4096 x 768 data points irt; andt;, respectively, equationl = l,e"®? (38) using MATLAB. Uncertainties in
recycle delay 2.5 s, and 96 scans peincrement). R, and R; were the obtained from the fit errof1°N,'H}

Water suppression was achieved by means of solventsteady-state NOEs were calculated as the ratidHeN
presaturation during the recycle delay (2.5 s) for samples in correlation peak heights in the spectra acquired with and
2H,O solution or by means of the WATERGATE PFG without three seconds of proton saturation during the five
technique in the case of,@/H,0 solution. seconds recycle delay.

To determine the degree of solvent exposition of the amide  Estimation of the Molecular Diffusion Tensdkn initial
protons, a series of HSQC was recorded using a sampleestimate of the magnitude and orientation of the diffusion
dissolved in puréH,O. HN groups, whose resonances were tensor at each temperature was obtained from the ratios of
observed after 24 h the protein was dissolvetHsO, were N R, andR; values using the programs QUADRIC_DIF-
assumed to have low solvent exposition and possible FUSION @9, 40) andR;R;_1.1 @1). The fitting procedure
implication in hydrogen-bond formation. was described by Tjandra et al. (1995). Residues with large

Proton chemical shifts were referenced to the water signal amplitude fast internal motions were excluded from the
(4.75 ppm); an external standard (MH) was used for  calculation. Among the remaining residues, those with
referencing the nitrogen chemical shift. significant conformational exchange on the microseeend

NMR spectra were processed using the VNMR 6.1B millisecond time scale were also excluded.
software (Varian, Palo Alto) and were analyzed with the  Calculation of ModelFree Dynamics ParameteiBhe

program XEASY 84). parameter$x;, R;, and NOE are dependent on the spectral
5N Backbone Relaxation Measuremertdl relaxation densitiesJ(w) at five frequencies42). The R, may also
parameters (longitudinal relaxation rate®;)( transversal include an additional contributionR{,) to account for

relaxation ratesR,), and heteronucledfN-{*H}-NOE) were chemical exchange processes which supplies to the decay
measured for BacTrx mutant and wild-type at 25, 45, and of transverse relaxation during the CPMG pulse train or
65 °C on a Varian"NTYINOVA 600 MHz spectrometer  during the spin-locking period in the experiments used to
located at the ‘Istituto di Biostrutture e Bioimmagini’ CNR, measureR; (43). Relaxation data were fit to the ModelFree
Naples, Italy. For relaxation experiments, both proteins were formalism using the following spectral density function for
dissolved at a concentration of 0.5 mM in 90%H axially symmetric diffusion of molecule4d):

10%H,0, 100 mM potassium phosphate, pH 6.0.

Gradient-enhanced pulse sequences were used to minimizegy(,) = (2/5)%.3. ISt )1+ (0T )] +
water saturation3b). R, andR; relaxation data were collected (@) =( )821 ('_1"'3)A]{ oAl ( (@Tm))]

as 2048 1) per 150 {,) complex points, with 16 transients; 1 - SN+ (1))}
NOE experiments were recorded as 5&bfer 256 ;) real

data points, with 16 transients per increment. THeand wherety, is the overall correlation time of the moleculg;;
15N spectral widths were 10 and 2.8 kHz, respectively. = [(gre/(7; + )], e is the effective internal correlation

Six experiments were performed f& measurements, time; & = $ S is the square of the generalized order
using different values of the relaxation delay (0.01, 0.1, 0.3, parameters describing the amplitude of internal motiong;
0.6, 1.0, 1.3 s)R, data sets were obtained employing the = 6Dg; 7,71 = 5Dg + Dy; 7371 = 2D + 4Dy, D, andDg are
following relaxation delays: 0.01, 0.3, 0.5, 0.7, 0.11, 0.15, the diffusion constants for rotation around the unique and
0.19 s. perpendicular axes, respective;; = (3 cog 6 — 1)%/4; Ay
In the R, pulse scheme, the relaxation delay was made up = 3 sir? 0 coS 0; A; = (3/4) sirf 0, where0 is the angle
of 650us intervals flanking thé>N 180° refocusing pulses between the NH bond vector and the unique axis of the
The recycle delay between transients was set to 1.8 s in theprincipal frame of the diffusion tensor.
pulse sequences f&; and R, measurements. The appropriate models for internal dynamics parameters
The absence of aggregation processes which could raisevere chosen using an iterative fitting procedure and statistical
R values was checked by concentration-dependent measuresignificance tests4). Five different models were tested to
ment of R; (36). characterize the internal dynamics of the NH groups; each
For R, andR; duplicate experiments at all the time points model included optimization of different microdynamic
were carried out to allow estimation of peak height uncer- parameters3?, S, 7e Rex). Model 1 @2, 46) characterized
tainties. the internal dynamics of NH bond whose motion is very fast
Two identical pairs of®N-{'H}-NOE experiments were (<20 ps); for this model only a single very fast internal
recorded at each temperature. In one experiment of each pairmotion is assumed; is optimized and defined & (i.e.,
proton were saturated f&8 s during tle 5 s recycle delay  the square of the order parameter for fast internal motions)
(field strength 10 kHz); in the other experimeat5 srecycle while assuming® = 1, 7e = 7t = 0, andRex = 0. Model 2
delay was used without proton saturation. The uncertainty is analogue to model &%, andz. (redefined asy) are now
in the NOE values was set to 5% of their valugg, (38). optimized andr; is assumed to be in a time scale between
Relaxation Data Processing and Analysie data for 20 and 500 ps. Model 3 and model 4 are equivalent to model
the measurement of relaxation parameters were Fourierl and model 2, respectively, but include the optimization of
transformed after application of a cosine-squared apodizationa chemical exchange teriR.x in addition to the other
function to yield a matrix of 2048 512 data points. microdynamic parameter$& 47, 48). Model 5 characterizes
Peak intensities were measured rather than peak volumenternal motions on two different time scales both faster than
for the calculation of the relaxation times and heteronuclear the overall correlation time§?; is now redefined a& (the
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square of the order parameters on a fast time scale, faSteICl'able 1. Statistics for the Final 20 Structures of the K18G/R82E

than 20 ps),S% is redefined asS% (the square of the
generalized order parameters for internal motions on a slow
time scale assumed slower than 500 ps).

ModelFree calculations have been carried out using the
program ModelFree 4.018, 48). Uncertainties in the
dynamical parameters were determined using Monte Carlo
simulations performed by the ModelFree program.

Structure Calculations and AnalysiBistance constraints
for structure calculations were obtained from two nuclear

Overhauser enhancement spectroscopy (NOESY) experi-

ments recorded at a proton frequency of 750 MHz: a 3D
[*H,*H,>N] NOESY—HSQC spectrum (70 ms mixing time)
acquired on a sample inB@”H,0 (90:10), and a 2D'H,*H]
NOESY (70 ms mixing time) acquired on a sample dissolved
in pure 2H,O. NOE cross-peaks were manually integrated
with the program XEASY. The program CYANALD) was
used to convert NOE intensities into upper distance bounds
according to an inverse sixth power peak volume-to-distance
relationship for the backbone and an inverse fourth power
function for the side-chains, to perform a systematic grid
search analysis of the local conformation along the polypep-
tide backbone with the FOUND modulég) and to calculate
structures with the torsion angle dynamics protocol. Finally,
structure calculations were started from 100 randomized
conformers. During the calculations, lower and upper limit
distance constraints were used for the disulfide bridge
between Cys29 and Cys32, in addition Pro73 was settled in
a cis conformation. The 20 conformers with the lowest
CYANA target function were further refined by means of
restrained energy minimization, using the AMBER force
field, with the program OPALKO).

Structures were analyzed with the programs MOLMOL
(51) and PROCHECK-NMR (52).

Structural features presented in Table 5 were calculated
using the mean structures of the NMR ensemble of BacTrx
(PDB code 1QUW) and its mutant; for EcTrx the mean
structure of the two monomers in the crystal structure (PDB
code 2TRX), was considered. The number of residues in
fB-sheet andx-helix and ion pairs were estimated with the
program MOLMOL. The number of residues jfrsheet
elements was estimated excluding the fiisétrand, which
is disordered in the BacTrx mutant structure.

Short- and long-range ion-pairs were evaluated using the
criterion of a distance< 4 and< 7 A, respectively, between
the positively charged side-chain of Lys(NZ), Arg(NHZ1;
NH2), and His(NE2) and the negatively charged side-chain
of Glu(OE1; OE2) and Asp (OD1;0D2).

RESULTS

BacTrx Mutant

quantity value

NOE upper distance limits 1546
dihedral angle constraints 505
residual target function, A 1.32+0.14
residual NOE violations

no.> 0.2 A 0.7+ 0.7

maximum, A 0.23+ 0.06
residual angle violations

no.> 5.0° 0+0

maximum,® 0.07+ 0.02
amber energies, kcal/mol

total —1538+ 70

van der Waals —323+ 19

electrostatic —2021+ 85
RMSD?, A

backbon&(1-105) 0.65

all heavy (+-105) 1.07

backbones-sheet 0.33

backbone helices 0.52

backbone active site (2632) 0.31

all heavy active site (2632) 0.45

arms deviation values are the average pairwise rms deviations for
the residues and atoms specified, relative to the geometric average of
the corresponding ensemble of 20 structubédl, C, C', O) were used
for the superposition.

5N-edited NOESY-HSQC, and TH,'®™N] HSQC spectra,
using the proton assignments as previously publisidjl (
Starting from >N and HN assignment at 25°C, the
assignments at higher temperature (45 and°@6% were
obtained by the analysis of a series 6HJ'>N] HSQC
recorded every BC in the temperature range 2865 °C.

Conformational constraints for structure calculations were
obtained from NOE upper distance limits and from scalar
spin—spin couplings. Out of a total of 2052 cross-peaks
assigned, 937 were derived from 3BN-edited NOESY-
HSQC and 1107 from 2D'H,*H] NOESY acquired in pure
2H,0. Inverse Fourier transform of in-phase multiplets from
a 2D [*H,*N] HSQC spectrum provided 64ynnq coupling
constants. Stereospecific assignments for six degenerate pairs
of diastereotopic-methylene protons and two valine
y-methyl groups were obtained using the HABAS module
of CYANA (53).

The input for the final CYANA structure calculation
contained 1546 upper limit distance constraints (358 intra,
374 short-range, 319 medium-range, 495 long-range, and 505
torsion angle constraints (Table 1)). Six additional constraints
(three lower and three upper) were added for the disulfide
bond between Cys29 and Cys32; the Pro73 was set in a cis
configuration as it is indicated by the NOE pattern and as it
was found in the wild-type and in the other mutant structures
(54). A total of 100 structures were calculated with the

Resonance Assignments, Conformational Constraints, andprogram CYANA @9) and the 20 conformers with the lowest

Structure CalculationsAfter the identification of**N and

HN chemical shifts of the K18 G/R82E BacTrx mutant in the
[*H,'5N] HSQC spectrum, the sequence-specific backbone
assignment was obtained with the combined use o8B
edited NOESY-HSQC, 3D N-edited TOCSY-HSQC,
HNHA, HNHB spectra. Full side-chaitH assignment was
achieved after the analysis of 2D double quantum-filtered
COSY, NOESY, and TOCSY spectra recorded on a sample
in pure?H,0. The!®N assignments of the wild-type thiore-
doxin were obtained from 3PN-edited TOCSY-HSQC,

CYANA target functions were further refined by means of
restrained energy minimizations with the program OPAL
(5.

The small number of residual constraint violations (Table
1) indicates that the input data represents a self-consistent
set and that the constraints are well satisfied in the calculated
conformers. The global root-mean-square deviation (rmsd)
values calculated for different residue selections (Table 1)
show that the overall high precision of the structure deter-
mination has been achieved.



Structure of K18G/R82E BacTrx

)

Mutation
K185

A~

Mutation
RB2E

Ficure 1: (@) The ribbon drawing of one representative conformer
of the K18G/R82E BacTrx NMR structure. (b) Sausage representa-
tion of the K18G/R82E BacTrx NMR ensemble of structures. The
regions around the two mutations are indicated by arrows.

The high quality of the final structures was also proven
with the program PROCHECKNMR (52), which indicated
that 82.5% of the residues fall into the most favorite and
16.5% in the allowed or generously allowed regions of the
Ramachandran map.

The NMR Structure of the K18G/R82E Alicyclobacillus
acidocaldarius ThioredoxinThe ribbon drawing of a rep-
resentative structure of the K18G/R82E BacTrx double
mutant is shown in Figure la. It adopts the canonical
thioredoxin fold 65) with al-1-52-a2-53-0.3-44-35-04
topology. Its tertiary structure consists of a central core of
pB-sheet made up of five strands which adopt the following
orientationtttt and are surrounded by four exposed helices.
The C-terminal helixa4 is actually composed of two helical
segments (9399 and 101104) with different orientation
axes. On one side of th&sheet the two helices1l ando3

Biochemistry, Vol. 43, No. 20, 20046047

(Table 1), particularly the strands constituting the core
[-sheet, with the exception of the more disordeséestrand.

As expected, the loop regions contain a higher structural
disorder, in particular that betweearl and/2 (backbone
rmsds-19 = 0.61 A), where the mutation of residue 18
occurs, while the region betwegd andf5, in the proximity

of the mutation 82, is better defined (backbone rpasd =
0.26 A).

Relaxation Parameters, Estimation of Correlation Time
and Rotational DiffusionThe three relaxation parameters
Ri, Ry, and **N-{'H}-NOE have been measured for both
BacTrx and the K18G/R82E mutant at temperatures of 25,
45, and 65°C. Experimental values and uncertainties have
been determined as described in Materials and Methods.
Figure 2 shows the graphs of the relaxation parameters vs
residue numbers. Relaxation parameters are generally con-
stant along the secondary structure elements as expected for
a rigid structure, whereas they are well below the mean
values in the loop regions, mainly in the portion around the
first mutation (residue 18) and at the C-terminus where also
negative values of the NOE were found at the higher
temperatures (Figure 2). FurthermoRe values higher than
the mean mainly occur for those residues encompassing the
active site (26-32) or the loops around residues 70 and 90
which are located spatially close to the active site.

At 25 and 45°C, the values of relaxations parameters for
the wild-type and the mutant are rather similar within the
experimental error (Table 2). At 6%, the NOE values for
the K18G/R82E BacTrx mutant show a net decrease with
respect to the wild-type, even R, and R, average values
remain rather similar.

In absence of conformational exchange and provided that
the extreme narrowing condition for fast internal motions is
satisfied, theR,/R; ratio can be used to obtain an initial
estimation of the overall molecular correlation timg (41,

56), with the exclusion of the residues exhibiting large
amplitude internal motions (low NOE values) or possible
conformational exchang®&{/R; > 1.5 SD, where SD is the
standard deviation from the average value). Seventy-four
residues were used to calculate the mBaR; ratio of the
wild-type protein at 25C, yielding to a value of 4.% 0.5.

At 45 and 65°C, 81 residues and 76 residues, respectively,
were included in the calculation resulting R¥/R; ratios of
2.5+ 0.2 and 1.7+ 0.3, respectively.

For the K18G/R82E BacTrx mutant, the mea#R; ratio
at 25°C, calculated using 80 residues, was £.0.4. At 45
°C, a total of 83 spins were included in the calculation and
the averagdr./R; ratios resulted 2.3 0.2, while at 65°C
the meanRy/R; ratio resulted in 1.6+ 0.2, utilizing 69
residues in the analysis.

The initial estimations of,, (Table 3) were later optimized

pack against each other running in a parallel manner; thewith the ModelFree protocollg, 48). As it is expected on

a2 helix is located on the other side of thesheet, presenting
perpendicular orientation with respect ¢d anda3. The
active site loop, which ranges from Ala26 at the engsaf
to Cys32 at the beginning of th@2-helix and comprises
the two Cys residues 29 and 32 with redox activ2p)( is
also very well defined (Table 1).

The backbone superposition of the 20 energy-minimized
structures of K18G/R82E BacTrx is depicted in Figure 1b.
The secondary structure elements are very well defined

the basis of the Stoke<instein relationshipz, values
decrease with temperature, reflecting a reduction in solvent
viscosity as a function of increased temperature. At65

the estimation ofr, of the mutant protein has to be
considered only tentative because the NOE low values
indicate high internal mobility and the description of the
molecular tumbling in terms of a single correlation time is
unlike to correctly explain the motion of the mutant protein
at this temperature.
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FIGURE 2: Relaxation parameter&{, R,, and'*N-{1H}-NOE) of BacTrx and its K18G/R82E mutant plotted versus the residue numbers.

Table 2: Average Relaxation and Dynamical Parameters

Table 3: Molecular Rotational Diffusion Parameters Obtained from
the R/R; Ratios, Used as Input for the ModelFree Analysis

BacTrx 25°C 45°C 65°C
R 1.80(0.09 23(0.1) 23(0.1) BacTrx 25°C 45°C 65°C
R, 8.7 (0.9) 5.6 (0.4) 3.9(0.4) Du/Dp 1.186+ 0.004 0.863t 0.007 0.80+ 0.04
NOE 0.72 (0.07) 0.74 (0.05) 0.62 (0.07) 0 (deg) 0.46+ 0.01 1.40+ 0.04 0.17+ 0.13
52 0.88 (0.08) 0.86 (0.05) 0.82 (0.09) @ (deg) 2.05+ 0.02 3.69+ 0.03 3.1+ 0.7
cone semi-angle 166 18.r 20.7 Tm(NS) 6.3+ 0.6 3.7£0.3 2.4+03
K18G/R82E BacTrx 25C 45°C 65°C K18G/R82E BacTrx 25C 45°C 65°C
Ry 1.76 (0.06) 2.3(0.1) 2.3(0.1) Dy/Dp 1.126+0.001 1.17+0.01 0.76+0.02
R 8.9 (0.8) 5.4 (0.5) 3.8(0.4) 0 (deg) 0.682£0.01  0.42+£0.04 1.09+0.07
NOE 0.82(0.06) 0.74(0.05)  0.41(0.08) @ (deg) 5.15-0.02  2.04£0.09 3.78£0.05
< 0.88 (0.07) 0.83 (0.09) Tm (NS) 6.4+ 0.3 3.5+ 0.3 2.3+0.3
cone semi-angle 16°6 20.00

aNumbers in parentheses are the standard deviations.

To estimate possible effects of anisotropic rotational
diffusion, the principal moments of inertia tensor of the
K18G/R82E mutant and the wild-type proteins were deter-
mined from the coordinates of the mean NMR structures
using the software PDBINERTIA3Q). The ratios of the
principal moments were found to be (1.00, 0.77, 0.72) and
(1.00, 0.78, 0.70) for the mutant and the wild-type, respec-
tively, indicating that the molecules do not differ significantly
from a sphere and the rotational diffusion is unlikely to be
significantly anisotropic.

The dimensions and the orientation of the diffusion tensor

using the®™N R./R; ratios and including only the residues
used in the calculation of, (41). The software FR;_1.1
(41) was used to determine the diffusion tensors for spherical
and axially symmetric motional modes. An axially symmetric
model resulted to be more adequate than an isotropic model
to describe the rotational diffusion of the wild-type thiore-
doxin at the three temperatures (F-statigtics = 3;
F-statisticgs:cy = 3; F-statisticgsc) = 16). At 25°C, the
protein adopts a prolate axially symmetric rotational diffusion
model while an oblate axially symmetric rotational diffusion
model (Dzz&D,) < Dxx = Dyy(=Dp)) gives better results

at 45 and 65°C (Table 3). The statistically best fit for the
relaxation data R./R; ratios) of the K18G/R82E BacTrx
mutant, both at 25 and 4%, was obtained by using the

of the two proteins were evaluated at every temperaturesaxially symmetric model over the isotropic model (F-
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< values at 45 and at 65C are 0.86+ 0.05 and 0.82t

Table 4: Model Selection Statistics i
0.09, respectively.

BacT 25¢ 5¢ 65¢ As it is found at 25°C, also at the higher temperatures
mggg: é(gj:)r) gi ig gi the slowests? values occur in the loop betweerl and/2
model 3 € Ro) 10 10 5 and at the C-terminus (at 6%, S15-1sy= 0.68=+ 0.23 and
model 4 &,7e,Rex) 7 5 1 52(1017104) =0.72+ 009)
model 5 & Fi.ze) 7 : 1 K18G/R82E BacTrx Mutant 25 °C, about half of the
K18G/R82E BacTrx 28C 45°C 65°C analyzed residues could be described by the simplest model

of librational motion (model 1); a small number of residues
model 1 &) 47 63 . . . L
model 2 &) 9 12 are subject to internal motions on a rapid time-scale (model
model 3 &%,Rey) 25 14 2 and model 4), while a larger set requires a chemical
model 4 ,7¢,Rex) 5 3 exchange term (model 3 and 4). Only one residue (Asp102)
model 5 &, S.7e) 1 1 presents motions on the slowest time-scale (model 5). The

@ Numbers of residues that fit to each of the five models are shown. & value averaged over the entire polypeptide chain is 0.88
+ 0.07, which corresponds to a cone semi-angle of °16.7
As in the wild-type, the secondary structure elements present
statisticgsc) = 6; F-statisticgsc) = 1.8); at 65°C an  higher values of? with respect to the loop regions (Figure
isotropic diffusion model appears to be more appropriate (F- 33). The dynamic behavior of thei132 loop region,
statisticgsc) = 1). In particular, at 25 and 4%, the mutant  containing the Lys18Gly mutation, could be only partially
protein adopts a prolate axially symmetric rotational diffusion described since residues 15 and 17 could not be fitted to the
model (DzzEDy) > Dxx = Dyy(=Dy)) (Table 3). Further-  podelFree formalism, probably because of too complicated
more, the program QUADRIC_DIFFUSION) was used  motions. Nonetheless? of residues 16 and 18 are 0.59 and
to verify the possible improvement in the fully anisotropic (.68, respectively, which, being the lowest values along the
model over axially symmetric diffusion, but the improvement amino acids sequence, indicate a pronounced flexibility of
was not statistically significant. the backbone chain in this loop. On the contrary, the region
ModelFree AnalysisThe measured relaxation data were around the mutation of residue 8%s g3 = 0.894+ 0.05)
used in the ModelFree software to determine the parametersappears to be rather rigid. The dynamic behavior of the
characterizing the internal mObI'Ity Five models (see Materi- C-terminus is not Comparab|e to that of the Wi|d_type, since
als and Methods) were used to appropriately fit the dynamical the residue 104 could not be fitted to any of the five models
parameters to the experimental relaxation data. The modelgf the ModelFree analysis.
selection strategy of Mandel and co-workerS)( was At 45 °C, the majority of residues could be fitted to model
employed to select the correct model for each residue (Table1 Residues requiring aRe term are located in the regions
4). The calculated dynamics parameteg, (., and Re) around the active site (2632), including the 25 and 28
versus the polypeptide sequence of the two proteins at thetryptophan side-chains, at the end of th&34 loop around
three different temperatures are reported in Figure 3a,b.  he residue 72 and in th#5a4 loop around residue 90. The
Alicyclobacillus acidocaldarius ThioredoxiAt 25 °C, the averageS? value of 0.83+ 0.09 corresponding to a cone
simple librational motion (model 1) suitably describes the semi-angle of 20.0shows a slight decrease in comparison

dynamical behavior of merely a minor part (31 residues) of (, the value derived at 2. The lowes®&? values are found
the protein H bond vectors; conversely, almost the half of the a2 loop Sus 15 = 0.55 + 0.23) and in the

residues show internal motion on the fast time scale (models - _tarminal tail S 101104 = 0.78= 0.06). Notably, residues

2 and 4). As it was expected, residues includineaterm 15 anq 17 could be fitted to the ModelFree formalism, thus
are mainly located around the active site, the loops which 4\iding a complete picture of the internal mobility of this
are in closest contact with it and the helix. mutated loop at 45C.

The global averag€ value of 0.88+ 0.08 is rather high,
corresponding, in the representation of the “diffusion in a
cone” @47,57,58), to a cone semi-angle of 16.6nd reflects
the compact nature of the protein. The low&stalues occur
in the loop betweem1 and2 and in the last two turns of b 5cuUssION
the C-terminabi-helix (g(l':'rlS) =0.784+0.10 anﬁ(lolflon,)
= 0.78+ 0.14).2 values lower than 0.7 are also observed  Structural ComparisonThe K18G/R82E mutant oA.
for residue 51, which is located at the beginning8fstrand acidocaldariusthioredoxin shows the canonical thioredoxin
and for residues 28 and 72, which are close to the active motif (19, 55) which also characterizes the wild-type structure
site. (14). This fold is constituted by a central core of five

At 45 °C, model 1 can be used to describe the dynamical 3-strands forming #-sheet and four helices and is charac-
behavior of a larger part of Hbonds. Motions on the fast terized by two distinctive features. The firgtstrand is
time scale (models 2 and 4) can be detected for 21 residuesactually rather disordered, as it is also observed in the NMR
while anRe term is necessary for 15"mainly located in structure of thioredoxin m from Spinach®); furthermore,
the regions around the active site. At 85, model 1 results  the C-terminabi4 helix is divided into two helical segments,
to be appropriate for most of the residues even if 24 H the first encompassing the residues-@® and the second
present detectable motions on the fast time scale ail,an including residues 101104, even though these residues
term is necessary for three residue®. values slightly show a certain flexibility. The two helical portions have
decrease with increasing temperature. The global averagdifferent orientation axes with the C-terminald helix

At 65 °C, the majority of residues required an internal
correlation time, so that the data could not be fitted to the
ModelFree formalism at this temperature.
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Ficure 3: (a) Parameters defining the backbone dynamics of BacTrx and its K18G/R82E mutant. The order pagarejsotted as a
function of the residue numbers. (b) Parameters defining the backbone dynamics of BacTrx and its K18G/R82E mutant. The effective
correlation timere, and the chemical exchange teRy, are plotted as functions of the residue numbers.

making a bend toward thex2—$3 loop region. This same time, Arg82 amide proton is hydrogen bonded to the
characteristic is also found in the structures of the single backbone carbonyl oxygen of Lys79, thus including those
mutants which have been characterized by X-ray techniquestwo residues in35 and 4 strands, respectively. The one
(54). residue extension g¥2, 53, 54, andp5 strands appears to
The wild-type and mutant molecules show significant be based on the loss of the electrostatic interactions involving
structural differences (backbone rmsghs)= 1.38 A), which the positively charged side-chain of Lys18; in the wild-type
are localized not only in the more flexible loop regions, but BacTrx, the Lys18(NZ)/Asp48(OD) ion pair connects the
also in the secondary structure elements (Figure 4a). Inal$2 loop toa23 one, which is, in turn, linked to the4
particular, the K18G/R82E BacTrx mutant structure shows helix through the Glu97(OE)/His46(HE1) salt bridge. This
a longer centraB-sheet and a distorted C-termired helix system of ion pairs, in the wild-type, causes the shortening
(Figure 4b). The Thr51 amide proton is hydrogen bonded to of the central3-core, which seems a key feature, rendering
Pro19 carbonyl oxygen, enlargifif ands3 strands of one  the protein fold very compact and spherical; when Lys18 is
residue; this structural feature is confirmed by the amide substituted with a glycine, the system of ion pairs is broken
exchange rate of Thr51, which is sensibly slower in the and the centrgB-sheet recovers one residue. The extension
double mutant than in the wild-type protein (see Supporting of the coreS-sheet is further stabilized by the mutation of
Information), as well as by the Thr5% value, which is Arg82, which causes the loss of the hydrogen bond between
remarkably higher in the double mutant (Figure 3a). At the its positively charged side chain and Pro83 carbonyl oxygen,
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Ficure 4: (a) Superposition for minimal rmsd of the backbone
atoms of the BacTrx (blue) with its K18G/R82E mutant (red). (b)
Comparison of the secondary structure elements of BacTrx (blue)
and its K18G/R82E mutant (red): superimposition for minimal rmsd
of the s-strands 2, 3, 4, and 5 (left), and of the helices 4 (right).

observed in the wild-type structure, allowing the Arg82 to
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Table 5: Comparison of Structural Features€Eischerichia coli
Alicyclobacillus acidocaldariusand K18G/R82FAlicyclobacillus
acidocaldariusThioredoxins

EcTrx BacTrx K18G/R82E
(2TRX) (A1QUW) BacTrx
no. of residues 32(0.30) 41 (0.39) 33(0.31)
in o-helix
no. of residues 25(0.23) 22 (0.21) 25(0.24)
in -sheet
ion pairs (4 A) 7 (0.06) 4 (0.04) 5(0.05)
ion pairs (7 A) 17 (0.16) 17 (0.16) 12 (0.11)

2 Those of the more disordergtl strand are not included.

the moderate thermophike. acidocaldariugNMR structure,
PDB code 1QUW) and in the K18G/R82E mutant. As it is
clearly evident, the two mutations strongly affect the
structural properties of the thermostable thioredoxin, making
the secondary structure elements of the double mutants, more
similar to those of the mesophili&. coli protein. In
particular, the comparison of the secondary structure elements
reveals an increase of residues in fhigheet and a decrease
of the residues im-helices of the mutant protein, in a very
good agreement with the circular dichroism analysis of the
two proteins 22). In particular, the33 andg5 strands are
one residue longer at the N-terminus, while ¥ is one
residue longer at the C-terminus; on the contrary, the helix
ol is two residues longer in the wild-type thioredoxin
including residues 7 and 15 and th8 helix, which in the
wild-type thioredoxin extends from the residue 62 to the
residue 67, in the double mutant does not properly form
(Figure 1a) The shortening of the-helices clearly reduces
their capability to protect the protein core from the solvent
environment, facilitating the unfolding processes. As it has
been describedld), a relevant number of ion-pairs contribute
to the stabilization of the global fold of BacTrx. In the K18G/

assume an extended conformation and its backbone amideR82E BacTrx mutant the number of long-range ion-pairs

proton to form a hydrogen bond with Lys79 carbonyl oxygen.
Figure 4b also shows that the C-terminal portionodf
helix is distorted in the double mutant protein structure. This
helix plays an important structural role in tie acidocal-
darius thioredoxin being linked, mainly by electrostatic
interaction, to the adjacent2 helix. Intrahelical ion-pairs
are important stabilizing factors of helices in proteins from
thermophile §9). Furthermorep4 helix plays a protecting
role toward the central core to which it is joined through
hydrophobic and electrostatic contact mainly localized within
the 5 strand {4). The helix distortion seems to be due to
the weakening of the packing between the helix and the

(Table 5) is strongly reduced, so affecting the overall
electrostatic energy of the molecule. Indeed, the short-range
salt-bridges Glu41(OE)/Lys93(NZ), Asp102(OD)/Lys85(NZ)
and the long-range Glu97(OE)/His46(NE), which are im-
portant in joining the C-terminal heli#4 to a2 andfs5, are
conserved in the mutant.

Backbone Dynamicdn the present study, we have also
analyzed the backbone dynamics of both fheacidocal-
darius thioredoxin and its K18G/R82E mutant in a wide
temperature range from 2& up to 65°C, so including the
growth temperature of the bacterium, which is between 55
and 65°C (61). Even if many studies have been published

B-sheet, presumably caused by the stretching of the centralthat report protein backbone dynamics studies as function

core. In particular, the electrostatic interaction between Lys85
(85) and Asp102¢4) side chains is strongly reduced in favor
of the formation of a hydrogen bond between Lys85 side

chain and GIn99 backbone carbonyl, which causes the

breaking of then4 helix secondary structure. On the other
hand, the bend of the C-terminal portion toward 4263
loop results in stabilizing interactions between the positively
charged Lys49 side chain and Leul04 and/or GIn105
backbone carbonyls.

In Table 5, relevant structural features, which are related
to the thermal stability of a proteir6(), are compared, as
they are found in the thioredoxin from the mesoplkilecoli

of temperature@2—71), a minor part of them were focused

on the mobility of thermostable proteins analyzed in a range

comprising the temperature range of growth of their sources.
In particular, Bertini and co-workers have described a

ModelFree analysis of a thermophilic#&g protein compared

with a mesophilic F&5, protein 66). This study reveals that

no relevant differences are observable in the order parameters

of the two proteins at room temperature and that, noticeably,

the backbone dynamics of the thermophilic protein retain a

relevant rigidity when the temperature is increased t6G4
Here we have explored the temperature-dependent dy-
namic behavior of two thermostable proteins, one of them

(X-ray structure, PDB code 2TRX), in the thioredoxin from with reduced thermostability after a design in sili@2), in
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a range that includes the temperature at which the wild-type 72—74). On the other side, it is remarkable that the
protein performs its function in vivo. ModelFree analysis of the wild-type protein relaxation data
The trend of the relaxation parameters and of the hetero-acquired at 63C, which is in the growth temperature range
nucleart>N-{H}-NOE values of the two proteins at the three of A. acidocaldariusshows that the wild-type protein retains
different temperatures essentially depends on the secondargonsiderable rigidity. In particular, the average value of the
structure architecture of the protein scaffold. The analysis square of the generalized order parameter decreases slightly
of the averagdr, andR; values of the two proteins, along  with temperature, going from 0.88 at 26 to 0.82 at 65C
the examined temperature range, reveals that they are rathefTable 2), indicating only a modest increase in the amplitude
similar (Table 2); on the contrary, significant differences are of internal motions (about°4 using the model of diffusion

detected in the average NOE values, which, at@5are in a cone). On the contrary, a different behavior characterizes
sensibly lower in the mutant protein, thus indicating a clear the backbone dynamics of the double mutant, whose average
increase of large amplitude internal motions. value of & diminishes from 0.88 at 25C to 0.83 at 45C

Aiming to gain a more quantitative description, we have and is not assessable at 85, very likely because of a too
evaluated the microdynamic parameters characterizing in-large increase of the internal motion amplitudes.
ternal motions by performing a ModelFree analysis. As a  The inspection of the trend of th& value along the
first step, we estimated the axially symmetric diffusion tensor peptide chain of the two protein at the different temperatures
of the molecules as the best fitting the collected relaxation (Figure 3a) reveals that, as expected, the highest HN vector
data. This diffusional mode has been recently chosen in arigidity is found in the secondary structure elements, with

backbone dynamics study of a chimeric hum&n coli the only exception of the last segment of the C-terminal helix,
thioredoxin (L7) while earlier studies carried out da coli which is less rigid. On the other side, the loop regions are
thioredoxin (L8) and on the thioredoxin from green aldib) generally more flexible, in particular, thel52 loop and less
adopted an isotropic diffusion tensor. markedly thea3s4 loop, which is not far from the active

All the five different models of motion have been tested site. These two loop regions are similarly flexible in the two
as described in Materials and Methods for each of the proteins at 25°C. Interestingly, theal32 loop becomes
residues. At 25C, only a minor part of residues of the wild-  sensibly more flexible in the double mutant at4% as well
type could be fitted with the simplest model 1 and an equal as the last portion of the final4 helix. The dynamic behavior
number of residues required an internal correlation time, of these two regions of the double mutant appears to be very
faster than the global correlation time. The remaining sensible to the temperature increase, whereas in the wild-
residues, slightly less than one-third, are well distributed type protein they substantially retain their rigidity up to 65
among the other three models. On the contrary, &&he °C. The< diagram of the wild-type protein at 6% shows
majority of residues of the double mutant could be fitted that at that temperature the protein backbone is still rather
with model 1 even though a significant number required an rigid; in particular, the averag# value is still high and none
Rex term (Table 4). These results indicate a different time of the loop regions show a sensibly increased flexibility, so
scale of the HN vector motions of the two proteins at room testifying the high thermal resistance of theacidocaldarius
temperature: while the wild-type protein presents detectable wild-type thioredoxin.
internal motions mainly in the pico- to nanosecond and, to  In Figure 3b, the effective internal correlation times) (

a lesser extent, in the milli- to microsecond time scale (those and exchange term®{) required for residues of both the
latter are concentrated in the active site), motions in the milli- proteins at the three temperatures are also reported. Remark-
to microsecond time scale seems to determine the dynamicahbly, the highest internal correlation times are requested for
behavior of the double mutant. When the temperature is the wild-type at 25°C; furthermore, the residues that show
raised to 45°C, the internal motions of both the proteins motions in the pico- to nanosecond range are quite well
become more homogeneous and mainly described withdistributed over the entire backbone chain. Recent studies
model 1 and noticeably reduced differences of internal suggest that the local internal motions may increase the
dynamics are observed between the two proteins. stability by increasing the entropy of native stat&)( More

At 65 °C, the wild-type protein shows a more uniform recent molecular dynamics studies of laboratory evolved
dynamical behavior of the HN vectors, presenting more than thermophilic enzymes indicate that an increase of protein
two-thirds of the residues that can be analyzed with model internal motions in the nano- to picosecond time scale
1, whereas almost all the remaining residues require ancharacterizes the two thermostable variants in comparison
effective correlation time. Interestingly, the analysis of the to the wild-type protein{6). These findings are significantly
relaxation data of the K18G/R82E BacTrx mutant at the same confirmed by our study, which indicates that the wild-type
temperature, once performed the model selection strategyprotein at 25°C presents a large number of local internal
(48), cannot be completed, because of high errors in motions in the range of nano- to picosecond time scale. These
microdynamic parameters and no statistically significant local motions decrease with the increase of the temperatures,
results. Indeed, at 65C the average NOE value already becoming at 63C, which is very close to the optimal growth
indicates a large amplitude of the internal motions; not temperature of the thermophilic bacteriundl), more
surprisingly, during the ModelFree analysis, the large major- comparable to what is observed in the mesopltiliccoli
ity of double mutant HN vectors requires an internal thioredoxin at room temperature. Not surprisingly, the less
correlation time, thus causing the failure of the ModelFree stable double mutant shows less internal fast motions, which
approach42, 46). This behavior is not so unexpected since at 45°C are comparable to those observed in the wild-type
a considerable number of previous studies carried out atat 65 °C. Less marked differences are observed in the
different temperatures already failed to use the ModelFree residues requiring the exchange terms for the two proteins;
approach at the highest values of the temperature ré@#ge ( they are mostly located close to the active site of the two
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proteins and strongly decrease with the temperature increaseof A. acidocaldariughioredoxin and on its NMR structure

Comparison with Preious Backbone Mobility Studies of
Thioredoxins.Backbone dynamics studies carried out by
means of N relaxation measurements and ModelFree

(20, 14) have suggested that the increased thermostability
of BacTrx with respect to its mesophilic homologie ¢oli
thioredoxin) is achieved by several improvements at many

analysis have already been reported for thioredoxins from locations within the protein structure. Although many features

mesophilic sources such &s coli (18) and the green alga

have been proposed as structural determinanté.cdci-

(15); moreover, backbone dynamics studies of the chimeric docaldariusthioredoxin thermostability (e.g., the presence

human-E. coli thioredoxin (7), which exhibits reduced
thermostability with respect to the two parent proteing)(
have been recently described.

5N relaxation measurements Bf coli thioredoxin have
been performed at 33C. The authors adopt an isotropic
diffusion model of the molecule and obtain an aver&je
value of 0.86 (0.01). The regions with the low&tvalues
were found to be mainly localized close to the N- and
C-terminus, in the two loops which are in contact with the
active site, and the loop around. andf2, i.e., the region

of two additional Pro residues in loops which reduces the
entropy of the unfolded state; favorable charged residues
stabilizing the macrodipole ofil and a2; a shorter N-
terminus thus decreasing the flexibility of this region which
in turn is joined to the rigidity of the C-terminus due to the
multiple interactions involvingr4), a thermodynamic stabil-

ity study of A. acidocaldariughioredoxin mutants, designed
on the basis of molecular dynamic simulations, has revealed
that major contributions to thermostability derive from
electrostatic interactions occurring on the protein surfate (

where the mutation of residue 18 occurs in the K18G/R82E 22). In particular, by substituting the residues involved in

mutant of A. acidocaldarius which are the same regions
where the higher flexibility either for the wild-type and for

such electrostatic interactions, Lys18 and Arg82, with a Gly
and a Glu (which are the residues located at the correspond-

the mutant is also observed. Furthermore, residues requiringing positions in theE. coli thioredoxin), respectively,
the Rex term are mainly located in the region around the active significantly less thermostable mutants were obtair#. (
site, and our results are again in agreement with theseFurthermore, the reversal substitution of the second mutation

findings. Backbone dynamics studies of thioredoxin from
the green alga have been carried out at@8The authors,
assuming an isotropic rotational diffusion tensor of the
molecule, attain an avera@ value of 0.84 (0.09), and the
majority of residues could be fitted with the simplest model
of librational motion (model 1) without great differences
respect toE. coli thioredoxin as concerning the residues
including ar. or anRe term. Finally, the chimeric human

in E. coli thioredoxin causes a remarkable increase of the
thermal resistance, confirming the relevance of those interac-
tions in modulate the thioredoxin thermostabilit@3).
Recently, an integrated structural and computational study
on the thermostability of the two single point mutants,
Lys18Gly and Arg82Glu of theéA. acidocaldariusthiore-
doxin, pointed out that those two single mutations affect the
whole electrostatic energy of the two molecules, causing the

E. coli thioredoxin backbone dynamics have been studied reduction of the thermostabilitys4).

at 35 °C. In this study, the authors find that an axially

Our study has regarded the solution structure and the

symmetric diffusor tensor describes relaxation data bettertemperature-dependent dynamic behavior of the double

than an isotropic one, as we have found out fr
acidocaldariusthioredoxin. The global averadg® resulted

mutant Lys18Gly/Arg82Glu of thé. acidocaldariughiore-
doxin. Our findings clearly show that the insertion of the

as 0.88, and most of the residues could be fitted to model 1.two mutations cause a loss of energetically favorable long-

Residues exhibiting lowe® values are located in loops or

range interactions (Table 5), which alter the very compact

at the C-terminus and show a motional behavior similar to and spherical folding of the thermophilic thioredoxin. In

that observed foE. coli thioredoxin.

particular, we observe the stretching of fhisheet core and

A detailed comparison of those previous studies with our a consistent reduction of the length of thehelices, which

backbone dynamics studies Anacidocaldariuss hampered

renders the secondary structure elements of the double

by the different experimental conditions used. Nonetheless, mutants more similar to those of the mesophHic coli
some important key points can be evaluated: (i) The averagethioredoxin. Therefore, the electrostatic interactions, in which
order parameter of the all thioredoxins analyzed so far at Lys18 and Arg82 are involved on the surface of the
room temperature is substantially constant, demonstrating arthermostable thioredoxin, appear to be fundamental in
intrinsic very compact nature of the thioredoxin fold. (ii) maintaining the protein structure stable at high temperature.
The most flexible region is regularly found in thé/2 loop Here we have also presented the first comparison of the
while the active site appears to be characterized by motionstemperature-dependent backbone dynamics of a thermophilic
in the micro- to millisecond time scale of the backbone chain. protein, theA. acidocaldariughioredoxin, with that of a less
Our findings introduce supplementary data regarding the thermostable in silico designed mutant. The protein dynamics
nature of the backbone mobility of two thermostable thiore- analysis has covered a wide temperature range, which
doxins at higher temperature. Of a considerable interest isincludes the growth temperature rangedofaicidocaldarius.
the capacity of the wild-type protein to largely retain its The order parameter trends of the two proteins are rather
rigidity features also at the highest temperature, which lies similar to those of the previously analyzed mesophilic
in the growth temperature range of its source. Intriguingly, thioredoxins at room temperature; when the temperature is
the less thermostable double mutant tends to lose its structuralncreased the wild-type retains almost completely its global
rigidity at upper temperatures, exhibiting a very high mobility dynamics, while parts of the double mutant become more
of thea1$2 loop, where the first mutation occurred, already flexible. In particular, at 65°C, which is in the optimal
at 45°C. growth temperature of its source, the BacTrx is globally as
Molecular and Dynamic Bases of the Different Thermo- rigid as the mesophilic thioredoxins are at room temperature;
stability. Previous studies carried out on the homology model on the contrary, at 68C, the K18G/R82E BacTrx mutant
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is characterized by a large decrease of the average hetero- 6.

nuclear’>N-{*H}-NOE value and the relaxation data could
not be fitted by the ModelFree analysis, very likely because
of too large increase of the amplitude of the internal motions.
Furthermore, a considerable number of BacTrx backbone HN
vectors shows internal motions in the pico- to nanosecond
time scale particularly at room temperature. Clearly, certain
modes of motions, in particular those that may initiate
unfolding, need to be reduced if a protein has to achieve
stability at high temperatures; nonetheless, other types of
motions, such as those observed in BacTrx, may be not
detrimental to the protein stability, but, on the contrary, they
may provide an entropic advantage to the native stéde (
Intriguingly, those kind of motions tend to be reduced at
the highest temperatures in the wild-type and are generally
less present in the double mutant.

This study further confirms that protein thermostability is
reached through diverse stabilizing interactions, which have
the key role to maintain the structural folding stable and
functional at the working temperature. Moreover, our
research verifies that structural and dynamic analyses of
thermostable proteins modified to decrease their heat resis-
tance, as well as of laboratory-evolved thermostable variants
of mesophilic proteins, represent an important way to better
identify the molecular and dynamic bases of protein thermal
stability.
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Tables reporting the values and uncertainties of the
experimentally determined®;, R,, NOE, and ModelFree
dynamics parameters (order paramef@reffective correla-
tion timeste, and exchange broadening tefRg,) for both
BacTrx and the K18G/R82E BacTrx mutant at 25, 45, and
65 °C. Figure 5 showing slow exchanging amide protons as
detected in 2DTH,*>N] HSQC spectrum of BacTrx and its
K18G/R8E mutant, recorded 24 h after the dissolution of
the proteins in puréH,O.
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