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ABSTRACT: A thermodynamic stability study of five histidine-containing phosphocarrier protein (HPr)
homologues derived from organisms inhabiting diverse environments is described. These HPr homologues
are fromBacillus subtilis(Bs), Streptococcus thermophil@Sf), Bacillus staerothermophilu®sf, Bacillus
halodurans (Bh), and Oceanobacillus iheyensifOi). Analyses of solvent and thermal denaturation
experiments provide the cardinal thermodynamic parameters,Aike AH, AS Tm, and AC,, that
characterize the conformational stability for each homologue. The homologueBiacitius staerother-
mophilus(BstHPr) was established as the most thermostable homologue and also the homologue with
highestAG at all temperatures. A good correlation between habitat temperature of the organism and
thermal stability of the protein is also seen. Stability curv&& (vs T) for every homologue are also
reported; these reveal very similAC, and temperature of maximum stabilitysf values for all HPr
homologues. Stability curves show that the higher thermal stability of some homologues is not a result of
change in curvature of the curve or a shift to higher temperature, but rather a displacement of the stability
curves to higheAG values. Stability curves also allowed estimationAd? at habitat temperature of the
organisms, and we find good agreement between homologues. Electrostatic contributions to stability of
each homologue were investigated by measuring stability as a function of varying pH and NaCl
concentration, and our results suggest that most HPr homologues share similar electrostatic contributions
to stability.

The folded conformation of a protein is stabilized by = Thermophilic adaptations are of particular interest because
various forces (including hydrophobic, electrostatic, and survival in extremes of temperature most likely requires that
hydrogen bonding interactions) acting to offset alternative the proteins themselves become more thermostabt®, (
forms, which are favored by conformational entropy. Al- whereas in other kinds of stress (like pH, osmotic), the
though our understanding of these forces has improvedorganisms can survive by ‘avoiding’ these stress factors by
significantly @, 2), a complete knowledge of the balance of compensatory mechanisms such as pH regulati@ ¢r
forces and the interplay between them is still lacking. Studies synthesis of low molecular weight ‘osmoprotectants7<
of proteins derived from extremophilic organisms may 19). Proteins from thermophiles and extremophiles are also
provide additional insights into forces stabilizing the native of interest to biotechnology because these proteins are more
conformation of proteins. The term ‘extremophiles’ has been tolerant to harsher conditions of temperature, solvent com-
used to describe organisms that have adapted to live atposition (presence of additive or organic solvents), pH, and
extremes of temperature, salinity, pH pressure, and so forth.salinity (20, 21), which are advantageous because they
Numerous studies have focused on the ability of proteins provide for higher reaction rates, higher substrate concentra-
from these organisms to fold and function at the extreme tions, and lower viscosity while also reducing chances of
environmental conditions3(-8). Several hypotheses have microbial contamination. To confer these advantages on
been proposed to explain the enhanced stability of theseproteins of mesophilic origin, directed evolutid2?( 23) and
proteins, including an increased number of hydrogen bondsother protein engineerin@4) experiments have been used,
(9, 10), improved core packingdl(l), optimized electrostatics  but a complete understanding of the enhanced stability is
(12), and improved hydrophobic interactiors3]. Although lacking. Proteins from extremophilic organisms provide good
these and other modes of stabilization apply in many cases,model systems to study the forces responsible for protein
a unifying description for conferring thermostability on a stability by comparing them with homologues derived from
protein remains elusiveld). species inhabiting more moderate habitats (for example see
refs25—27). These studies often use detailed thermodynamic
analysis of the homologous pair of proteins under a wide
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Ficure 1: Ribbon diagram showingdsuperposition oBs-andBstHPr structures. Th8sHPr ribbon has been colored to depict regions

of high Ga rmsd in cyan and low rmsd in dark blue. The PDB files 2HBR) @nd 1Y4Y @Bs) were used in Swiss-PDB viewer program

(49) to prepare the figure. A sequence alignmentBet- Bs- St Oi-, andBhHPr is also shown revealing a sequence identity ranging from

a high 72% Bst-andBsHPr) to low 60% Qi- andBsHPr) between the homologues. The sequences are shaded to indicate identical (gray
and yellow), semiconserved (green), or nonconserved (red) residues among proteins.

inhabit very different environments. These HPr homologues should be a useful step toward revealing features that enable
are fromBacillus subtilis(Bs), Streptococcus thermophilus these proteins to function in their habitat conditions.

(SY, Bacillus staerothermophilu@sf), Bacillus halodurans

(Bh), and Oceanobacillus iheyensigOi). B. subtilisis a EXPERIMENTAL PROCEDURES

mesophile 29), S. thermophilug29) andB. staerothermo-
philus (30) are moderate thermophileB, haloduransis a
haloalkaliphilic thermophile31, 32), andO. iheyensiss an
extremely halotolerant alkaliphil&8). HPr is a small £88
amino acid) monomeric protein that is involved in the PTS
sugar transport pathway in bacter@4). The HPr protein

Cloning of HPr HomologuesRlasmids for the expression
of the HPr homologues frofBsandBsthave been described
previously @0, 41). For the other HPr homologueSt(Bh,
and Oi), the HPr gene was cloned into appropriate vectors
to create plasmids for protein expression.

o . o oy The SHPr gene was cloned into the pLOI 1803 vector
exhibits reversible two-state foldin@%—38) in both thermal using a PCR-based cloning method by a modification of the

and solvent denaturation experiments under a variety of .
conditions, and the other homologues described here havemethod of Howorka and Bayleyig). To obtain the gene

similar features. The availability of high-resolution crystal coding fo.r SHPr, genomic DNA was purified fron®.
. ; thermophiluscells, which were obtained from the ATCC
structures for two homologue8§, 39), together with their

relatively small size, lack of disulfide bonds, and prosthetic (BAA-491). The freeze-dried culture was rehydrated with

groups, makes these proteins good model systems for foldin frypticase soy broth (BD 236950) and supplemented with

Op 2
studies. The HPr homologues show high sequence identity?of) g\gx)lgeg?rw:;e?j;:;etg ??Qg& r’g‘ %%Lnolﬁgltgﬁ A(\g:;\l':]g

_(see Figure 1 for sequence allgr_1ment) and yet show dlverSItystandard methodst®). The genomic DNA was used as a

in their thermodynamic behavior. The detailed thermody- template in a PCR reaction to amplify the HPr gene. The

namic characterization of HPr homologues undertaken here . b Pty gene.
primers used foilSHPr gene amplification had overhangs

that are complementary to the vector sequeistdRr gene

1 Abbreviations: HPr, Histidine-containing phosphocarrier protein; ¥ PR ; .
PTS, PEP:glycose phosphotransferase syddaniBacillus subtilis Bst, éngﬁ_“q_cg_?o: AS:néZ'IF') r%_n_?_(z:r. tﬁ GGQ AlTG ?;G AAC (?T(i
Bacillus staerothermophily$t Streptococcus thermophitudh, Bacil- , the underiined bases Indicate

lus halodurans Oi, Oceanobacillus iheyensiFE, Tris EDTA; AG, the overhang region complementary to the vector sequence);
free energy of stabilizatior;,, melting temperature or the temperature  similarly, the primers used to amplify the pLOI 1803 vector

at midpoint of the unfolding transitiom\Hy,, van't Hoff enthalpy at
Tm; AC,, change in heat capacity associated with protein unfolding; DNA had overhangs complementary to 8EiPr gene (sense

AASA, change in solvent accessible surface area associated with proteifPfimer for vector amplification: GGA TTG GCATAATGG
unfolding; CD, circular dichroism spectroscopy; GuHCI, guanidinium GAA ACG CAA TCC, underlined bases indicate overhang

hydrochlorideTs, temperature of maximum stability or the temperature region complementary to th@HPr gene)
where change in entropy between native and denatured states is zero; . : .
AGg, free energy of stabilization afs; Te, environment or habitat The HPr gene was amplified by PCR using Taq poly-

temperature of an organismAGg, free energy of stabilization &te. merase, and the vector DNA was amplified using Herculase
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polymerase mix from Stratagene. Success of the PCR wasAll HPr homologues were expressed and purified using the
confirmed by analysis of the products on agarose gels. Theprotocol for BstHPr published earlier 38) with slight
PCR products from both reactions were then mixed and modifications. The yield of pure protein in each case was
transformed into chemically competent XL1-blascherichia approximately 66-70 mg/L of culture. The yield foDiHPr
coli cells (Stratagene). The transformants were tested for thewas lower partly due to accumulation of some protein in
presence of desired plasmid by colony PCR. Finally, the the inclusion bodies; however the yield was sufficient (30
plasmid DNA was sequenced to confirm the presence andmg/L of culture) for our purposes.
correct orientation of th&HPr insert. The purification protocol for HPr homologues differed

The OiHPr gene was cloned into the pUC (HPAO from that forBsHPr at two steps, (a) the pH of the TE buffer
vector using the same four-primer cloning method used for (10 mM Tris and 1 mM EDTA) used and/or (b) the ion
cloning theSHPr gene. The gene coding f@iHPr was exchange step. For purification Bs-andOiHPr, identical
obtained fromO. iheyensisgenomic DNA, which was  protocols were used. The pH of the«ZTE buffer used for
purified from cultures obtained from the DSMZ (Braunsch- this protocol was 7.2 instead of 8.4, which was used for
weig, Germany). This culture was rehydrated in marine broth purification of BsHPr. In the ion exchange step, the resin
(BD 2216), and a 30 mL culture of these cells was used for was washed additionally with 2 bed volumes of 0.2 M NaCl
genomic DNA preparation, employing the standard methodsin 2x TE and the eluate was pooled with the flow through
used earlier43), except the lysis step of the cells had to be fraction collected earlier. For the purification 8#HPr, the
performed by passage through a french press at 1200 psipH of the 2x TE buffer was adjusted to 7.2 and the ion-
This was necessary because the standard alkaline lysiexchange resin was washed with 2 bed volumes of 0.1 M
procedure was not successful in lysing these bacteria. TheNaCl in 2x TE. For purification oBhHPr, the ion-exchange
primers used foOiHPr gene amplification (GT TGG GGA  resin was washed with 2 bed volumes of 0.15 M NacCl in
AAT ACA ATG AAA TCA CAA ACA TTT AC) and 2x TE.
vector amplification (GGT GAA TAG CCC GGG TAG Thermodynamic Stability MeasuremeniBhe circular
CCA AAG) were designed according to methods used for dichroism signal at 222 nm was used to monitor the
the SHPr cloning. The PCR amplification reaction, subse- unfolding transitions of the proteins with either an Aviv 62DS
guent transformation, and screening protocols used wereor Aviv 202SF spectropolarimeter equipped with temperature
identical to those used for cloning of tt&HPr gene. control and stirring units, according to methods described

The gene foBhHPr was cloned into the pLOI 18031) earlier @8, 45). The data from solvent and thermal dena-
vector using restriction enzyme digests and subsequentturation experiments were analyzed according to methods
ligation into the vector DNA. The genomic DNA for this described earlier 45). The experiments studying ionic
bacterium was prepared according to methods described forstrength dependence of protein stability were performed using
S. thermophilusfrom a culture obtained from the ATCC urea as the denaturant, and both the buffer (10 mM sodium
(BAA-125). The primers used fahHPr gene amplification ~ phosphate at pH 7) and the urea solutions contained identical
had overhangs that were the recognition sequence forconcentrations of NaCl. Similarly, the experiments studying
restriction enzyme Bgl Il (GAG TAGA TCT ATG GTT  pH dependence of protein stability were done using urea as
GAA AAA CAA G, the underlined bases indicate recogni- the denaturant. In this case, the urea stock and protein
tion site for Bgl I1); similarly, the primers used for amplifica-  solution in the cuvette were prepared in the same buffer mix
tion of vector DNA had overhangs which coded for the of sodium citrate, sodium phosphate, and sodium borate (final
recognition sequence of Bgl Il (G AGT AGA TCT TGG concentration of 10 mM) adjusted to the same pH.
GAA ACG CAA TC). Stability Curwes. To obtain stability curves4@) for the

The enzymes and the reaction conditions used for both HPr homologues or their variants, th&G from urea
BhHPr insert and vector amplifications were the same as denaturation experiments at temperatures between 5 and 50
described foSt-andOiHPr. The PCR products were purified °C were combined with data from the transition region of a
using the QIAquick PCR Purification Kit (Qiagen). The thermal denaturation experiment and fit by a modified form
restriction digest with Bgl Il was performed using conditions of the Gibbs-Helmholtz equation (eq 1) according to
recommended by the enzyme manufacturer (NEB). The methods of Pace and Laurers);
digﬁstid DNA Tclzr Iboth ir;]sert r(—_]md vec(tor re;alctions was treated AG(T) =
with Shrimp Alkaline Phosphatase (SAP) for 15 min at 37
°C followed by inactivation. These reaction products were AHR(1 = T/Ty) = AC[(Ty, — T) + TIn(T/T)] (1)
purified and th.e products eluted in 'd'eionized _Water followed where,AG(T) is the free energy at a temperatdreAH, is
by concentration to 1Q_L. 'I_'he purlfl_ed re_actlon prodqcts the van't Hoff enthalpy aff,, AC, is the change in heat
were used to set up a Ilgatlon_reactlon with T4 DNA ligase capacity associated with unfolding, afig is the melting
(Promega). The ligation reaction was used _to transform 80temperature or the temperature at the midpoint of the
uL of chemically competent XL1 blué&. coli cells. The transition.
transformants obtained were screened for the presence of Sequence Alignmentalignments were generated using

plasmid with the BhHPr insert according to methods | ysTALW program 48). The alignment was shaded using

described above. The positive clones were processed furtheg,e BOXSHADE tool available from the Biology Workbench
to obtain plasmid DNA, which was sequenced to confirm \yep site (http://workbench.sdsc.edu).

the presence of the correct plasmid with Bt@HPr insert in
the proper orientation. RESULTS

Protein Expression and Purificatiohe ES7R strain of Conformational Stability of HPr Homologue$he con-
E. coli was used for expression of the HPr proteidd)( formational stability of all the proteins in this study was
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FIGURE 2: Representative thermal (A), urea (B), and GuHCI denaturation (C) unfolding curves-f(®), Bs-(O), St-(¢), Bh- (4), and
BsHPr (O). All experiments were performed in 10 mM sodium phosphate at pH 7, and the data in panels B and C were collected at 25
Data from CD at 222 nm were normalized to native fraction using equations described in Experimental Procedures.

Table 1: Parameters Characterizing Urea, GuHCI, and Thermal Denaturatiods,f8s- St Bh-, andBsHPr at pH 7

urea denaturation GuHCI denaturation thermal denaturations
AG myvalue AG mvalue AAGyreacuHcl Tm AHR?
protein (kcal mol?) (kcal moirt M™3) (kcal mol) (kcal molrt M%) (kcal moi™) (°C) (kcal moi)
BsHPr 5.0 (:0.2) 1.08 3.440.1) 3.28 1.6 73.040.6) 77
StHPr 6.3 (£0.1) 0.86 5.440.1) 2.75 0.9 75.6£0.1) 95
BstHPr 8.2 (:0.2) 0.98 6.740.1) 2.43 1.5 88.3£0.8) 99
OiHPr 3.4 (+0.2) 1.27 1.440.1) 2.56 2.0 58.040.8) 59
BhHPr 6.8 (£0.1) 0.90 5.340.2) 2.36 1.5 82.3£0.6) 87

a All experiments were performed in 10 mM NaPi, pH 7, and the solvent denaturation experiments were perfornf&l adl2&lues reported
are averages of results from multiple experiments, and the values in parentheses are the measured standard°d&t@iatiard deviations fan
value from urea denaturations wet&%. ¢ Standard deviations fan value from GuHCI denaturations5% ¢ Standard deviations inHy, were
usually =10% of the average value reported.

determined through the analysis of solvent (urea or GUHCI) proteins are very similar, around 2.7 kcal miaM . BSHPr
and thermal denaturation curves, where CD spectroscopy atppears to be the outlier with anvalue of 3.3 kcal mol*
222 nm was used as a probe to follow the conformation of M~1. As one estimate of potential difference in electrostatic
the protein. The transitions from the native to denatured interactions, we can also look at the differences in stability
conformation in all cases were cooperative with flat native estimated from GuHCI and urea denaturation experiments
and denatured state baselines. In case of thermal denaturAAGyrea—cuHc). We find thatAAGyrea-curcy 1S the lowest
ations, at least 90% reversibility was observed, and in both for SHPr and highest foDiHPr at 0.9 and 2.0 kcal mol,
cases, the transitions were independent of protein concentrarespectively, while the other HPr homologues have a
tion over the studied concentration range of3® uM. AAGyrea-cunci Value close to 1.5 kcal mol. These results
Typical results from thermal, urea, and GuHCI denaturation will be discussed in more detail below.
experiments are presented in Figure 2, and the thermody- Stability Cuwes for HPr HomologuesProtein stability
namic parameters obtained for each HPr homologue arecurves, first described by Becktel and Schellmés),(define
presented in Table 1. the variation of conformational stabilityAG) with temper-
The HPr homologues show a range 80 °C in Ty ature. Here, we use the method of Pace and Laurdii)s (
(Figure 2A), withOiHPr having the lowest, at 58°C and to construct such curves by combining data from both
BstHPr having the highest, at 88.3°C. The order of thermal and solvent denaturation experiments. We find that
thermostability from thermal denaturation experimen®ds the HPr homologues have similar stability curves that are
> Bh > St> Bs> OiHPr. TheAH values for all the proteins  simply shifted up or down on th&G axis. The stability curve

are also listed in Table 1; agai®jHPr has the lowesAH for BstHPr is shifted up the most, and the lowest curve is
andBstHPr has the highest. The results from urea denatur- for OiHPr (Figure 3). A fit of the modified GibbsHelmholtz
ation (Figure 2B) show a similar trend in stabilitkG) for relationship (eq 1) to the data provides the parameters shown
the HPr proteinsBsHPr is the most stable homologue and in Table 2. As expected from the shape of the curves, the
OiHPr the least stable, with a difference 6 kcal mol? values ofAC, andTs (temperature of maximum stability or

at 25°C. Them values for urea denaturation are also very the temperature where change in entropy between native and
similar for most of these proteins-(L.0 kcal mot* M1), denatured states is zero) are very similar among the homo-

with only OiHPr showing a slightly highenvalue (1.3 kcal logues (Table 2). The availability of the stability curves
mol~* M~1). GuHCI denaturation experiments were also allows us to calculateAG at the habitat or environment
performed (Figure 2C) and returnedAds of 6.8 and 1.4 temperatureAGg), and we find that th\Gg values for the
kcal mol* for Bst-andOiHPr, respectively. As in the case HPr homologues are very similar6.0 kcal mot?), except
of urea denaturation experiments, the values for the for OiHPr which is lower (3.2 kcal mal).
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FIGURE 3: Stability curves AG versusT) for the for Oi- (@), Bs- FIGURE 4: The changes in conformational stabilithAG) as a

(@), St-(0), Bh- (&), andBsHPr (O) proteins. The data at lower  function of [NaCl] for theOi- (®), Bs- (0), St-(¢), Bh- (a), and
temperatures (850 °C) are from results of urea denaturation BsHPr (O) proteins. Stability measurements were made using urea
experiments, and the data at higher temperatures are from thermabenaturation experiments performed in increasing [NaCl] 125
denaturation experiments in the absence of urea. Curves throughin 10 mM NaPi, pH 7. The stability data obtained were normalized
the data are fits of eq 1. The error bars for data in the low- with respect to stability of the protein in the absence of added NaCl
temperature range depict standard deviation from repeated measuref(AAG = AGjnacij — AGuate)- The curves through the data are only
ments; for some data, error bars are smaller than the symbol. Themeant to guide the eye.

parameters derived from Gibbslelmholtz analyses (eq 1) are
presented in Table 2.

Table 2: Parameters Characterizing the Stability of@he Bs- St
Bh-, andBsHPr Protein3

AGs® T AGe Te AC? 5
protein (kcal moft) (°C) (kcalmof?) (°C) (kcal moltK™Y) E ]
BsHPr 5.2 24.1 4.8 25 1.3 3
StHPr 6.3 222 4.6 50 1.3 o 3
BstHPr 8.2 24.8 5.0 65 1.3 =
OiHPr 3.3 20.2 3.2 20 1.2 E
BhHPr 6.7 25.5 4.9 55 1.3 ]

a AGs is the stability atTs, which is the temperature of maximal
stability; AGe is the stability at environment temperature of the organism
(Te). Values forAC, are best-fit estimates from fits of eq 1 to the data
defining the stability curve. The values &fGs and AGg are from
modified forms of eq 1; values Gk were those reported in the literature
(adapted from ref@9, 30, 32, 33 " Standard deviation iAG values Ficure 5: Conformational stabilityAG (25 °C), of Oi- (@), Bs-
obtained from fits of eq 1 ranged from 0.1 to 0.2 kcal Mot Standard (@), St-(©), Bh-(a), andBsHPr (O) proteins as a function of pH.
deviation in temperature estimates from fits of eq 1 were usually 0.1 Urea denaturation experiments were used to measure stability of
°C. 9 Errors inAC, estimates are usually 10%. the proteins at different pH at 2Z&. The curves through the data
are meant only to guide the eye.

10

Electrostatic Contributions to Protein Stabilit$alt and 5. On the acidic side of the maximum, all HPr homologues
pH Effects on Protein StabilityTo explore how electrostatic  are destabilized by3 kcal mol™. In the alkaline pH range,
interactions contribute to the stability of the HPr proteins, however, there is more heterogeneiBhHPr (triangles in
the conformational stability was determined as functions of Figure 5) is most destabilized (by 3.5 kcal m9lwhen the
ionic strength and pH. Urea denaturation experiments werepH is increased from 5 to 10, agsHPr (circles in Figure
performed at NaCl concentrations between 0 and 1.2 M 5) is least destabilized (by 1 kcal mé) when the pH is
(Figure 4). The HPr homologues show a common trend in increased from 7 to 10.
stability in response to added NaCl. At concentrations below A Transferable Salt-Bridge Interaction from OiHPFhe
0.3 M, all homologues lose stability, while above 0.3 M, all sequence alignments for HPr homologues (Figure 1) show
proteins gain stability. The relative magnitudes of change that on average the proteins share a 65% identity BathPr.
in stability for the different HPr homologues in both One notable difference is th&iHPr has a Lys at position
concentration domains are similar, except BsHPr which 2, while other homologues have an Ala. In a modeled
shows a larger drop in stability at low NaCl concentration. structure 49), Lys 2 appears to form a salt bridge with Glu71.

The effect of pH on the stability of the HPr homologues To test if this interaction can be transferred to and stabilize
was investigated by performing urea denaturation experi- the mesophilic homologuBsHPr, mutations were made at
ments at various pH values from 3 to 10 (Figure 5). The corresponding positions IBHPr (A2K+N71E). The stabil-
OiHPr protein was completely unfolded below pH 4 and ity measurements for the double variant, shown in Table 3,
above pH 9 at 25C, and thus, we could not collect any show that the interaction does stabiliBeHPr by 1.1 kcal
useful data at these pH values. Three of the five HPr mol™. Further modeling suggested that an Arg at position 2
homologuesBs-, Bst-,andOiHPr) show maximal stabilities ~ would form a better salt bridge in thigsHPr protein. In fact,
at neutral pH, whileSt-andBhHPr are most stable near pH the A2R+N71E variant was indeed more stable (1.6 kcal
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Table 3: Parameters Characterizing the StabilityBgfiPr Variants

urea denaturation GuHCI denaturation thermal denturation
AG mvalue AG myvalue AAGyreacuHc  AAGwT—mut Tm AH®
protein  (kcal mol?) (kcal moFr*M~1) (kcal mof?) (kcal mor*M~%)  (kcal mof?)  (kcal mol?) (°C) (kcal mol?)
BsHPr 5.0 +0.2) 1.08 3.440.1) 3.28 1.6 - 73.0 &0.6) 77
Bs2K71E 6.1 (:0.4) 0.95 4.540.2) 3.37 1.4 -1.1 79.6 1.3) 85
Bs2R71E 6.6 (:0.4) 0.99 4.940.2) 3.39 1.7 -1.6 83.1(:2.3) 91

a All experiments were done in 10 mM sodium phosphate buffer at pH 7; solvent denaturation experiments were perforf@dAlt 2&lues
reported are averages of results from multiple experiments, and the values in parentheses are the measured standarl S=rndtonsleviations
for m value from urea denaturations5%. ¢ Standard deviations fan value from GuHCI denaturations5%. ¢ The difference inAG obtained
from urea denaturations for mutant from the wild-type protéfatandard deviations iAH, were usually<10% of the average value reported.

mol™1), suggesting that the ion-pair interaction is stabilizing and the number of different homologues. In the literature

and transferable between homologues. survey discussed above, we found only one case wh€e
values were reported for more than two homologues (four
DISCUSSION archaeal histone proteins were compargt))( and theAGe

values were quite varied. The simila&Gg values for our
HPr homologues strongly support the corresponding state
Il;[p/pothesis, which was first proposed by Somes@) (to
explain stability of proteins from extremophiles. This
hypothesis states that proteins balance their conformational
tability with a need to be flexible, since flexibility is crucial

0 catalysis and other structural fluctuations required for

Studies of proteins from extremophiles may provide unique
insights into the forces involved in protein stability. The
environmental stresses exerted on these proteins cause the
to adapt in ways that are not seen in proteins from organisms
inhabiting moderate environments. Thermophiles are of
special interest because proteins from these organisms hav
adapted to the elevated habitat temperatures, which, unlike . _ . -
otheF; environmental stresses, cannort) be easily circumventedOteIn function §3-58). Qqnformaﬂonal _stab|l|ty, on the
by compensatory mechanisms such as those proposed t8ther hand, promotes r|g|d|ty_.|r? prptem s.tructures by
regulate pH or ionic strength. Here, we have presented alncreasing the number of sta@h;mg Interactions, $UCh as
thermodynamic characterization of five HPr homologues hydrogen bonds, hydrophobic interactions, and ion-pair

derived from organisms inhabiting diverse environments. The interactions. The S'm”a.my OAGE yalues for the HPr .
HPr homologues show substantial diversity in their thermal homologues supports this hypothesis, where these proteins

stability as demonstrated by their broad rangd ekalues appear to have tuned their thermodynamic characteristics to
(Table 1). TheT,, values of all homologues excePiHPr provide for nearly identical stability in each of their habitats.

correlate well with the habitat temperature of the organisms  The higher overalAG exhibited by some HPr homologues
(Te). For example, the most thermostable homologue, are most likely a result of an increased number of these
BsHPr, derived fronB. staerothermophilubas the highest  stabilizing interactions; however, the molecular details cannot
habitat temperature (6%C). be delineated without high-resolution structures for all
In addition to measurements of the thermal stability, we homologues. In the absence of structures, however, we can
have also constructed complete stability curves for each of investigate some features such as the differences in general
the proteins. Thus, we can calculate the conformational €lectrostatic interactions and possible changes in the acces-
stability at any temperature in addition to estimates of other Sible surface area upon unfoldinASA) between homo-
cardinal thermodynamic parameters. Comparisons of proteinlogues. TheAC, values determined for the HPr proteins are
stability curves can, therefore, provide a thermodynamic Very similar, as expected for proteins of similar size, and
description for the higher thermostability exhibited by Point to very similar AASA values for all homologues.
proteins from thermophiles. Nojima et a0j first proposed Likewise, them values from solvent denaturation experi-
three methods a thermophilic protein could employ to attain ments, which correlate with the size of a protein and the
a higherT,,. These include stabilization by (1) a higher amount of surface area it exposes upon unfolds®), (are
overall AG, (2) a lowerAC,, or (3) an elevateds. In a accordingly similar for most HPr homologues, exc&gtPr
recent literature survey, we found that stabilization by a Which has a slightly higher value. Therefore, th&SA for
higher overallAG was the mechanism most often used in a Our HPr h0m0|0gues are qUite similar unlike in the case of
set of 26 protein homologues (Razvi and Scholtz, submitted). RNase H homologues, where it was found that the thermo-
Stability curves for our HPr homologues show that these Philic homologue has a structured cluster in the denatured
proteins use this common method to attain a h|g'f'heas state and thus a lowexASA as reflected in decreasﬁCp
the stability curves are shifted to either higher or lovis (25, 60, 61).
values without any significant changesAC, or Ts. In some statistical surveys comparing proteins from
The stability curves for HPr homologues also reveal a very mesophiles and thermophile§2( 63), the most prevalent
similar AGe or free energy of stabilization at habitat feature of proteins from thermophiles that shows a positive
temperatureTe (Table 2). The only exception i®iHPr, correlation with growth temperature is the number of
probably because we have not correctly reproduced the highelectrostatic interactions. Proteins from thermophiles were
salinity and pH required for optimal stability of this found to have a higher number of surface-charged groups
extremely haloalkaliphilic organism. The similarity of the involved in stabilizing interactions such as salt bridges and
AGe values for the HPr homologues is especially notable side-chain hydrogen bond$4—68). Similarly, statistical
considering the diversity of habitat conditions represented surveys comparing sequences of halophilic and mesophilic
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proteins have found an increased number of acidic residueshave very similar structures with very similar number of
in halophilic proteins §9). This is not surprising given the  hydrogen bonds, salt-bridge interactions, and buried polar
established role of acidic residues, especially Glu, that areand apolar surface area within errors of estimation and the
capable of binding more water than other residues. This helpsresolution of the structures. A superposition af €hains
create a hydration shell that keeps the protein solvated infor these homologues froBs and Bst (Figure 1) depicts
high salt conditions, where other proteins lacking excess the high structural similarity observed between a mesophilic
negative charges would aggrega®-72). Accordingly, and the most thermophilic HPr in our group. However, a
sequence comparison ©iHPr, the extremely halophilic HPr  sequence comparison combined with structural modeling for
homologue, with other homologues shows that the number OiHPr has revealed a salt-bridge interaction between residues
of acidic residues is the highest @iHPr (14 Asp and Glu 2 and 71, which we were able to transfer to tBeHPr
residues), compared with other homologues, which have 10protein, resulting in significant stabilization (Table 2). This
(BsHPr), 11 SHPr), or 12 Bh-andBsHPr). To determine  suggests that detailed comparisons such as those presented
if electrostatic interactions are important in the differential here will be useful in identifying potential molecular interac-
stabilities of the HPr proteins, we have measured protein tions that can be transferred between protein homologues
stability for all the HPr homologues in different solution and optimized for enhanced stability.
conditions by varying ionic strength or pH. We have also  We have presented here a detailed characterization of five
used the differences in stability measured by urea and GUHCIHPr homologues derived from organisms inhabiting quite
denaturation experimentaAGuyrea-curcl) for a protein as a  diverse environments as a step toward understanding the
first approximation of electrostatic forces, as has been usedorigins of their varied stability behaviors. To our knowledge,
in the past 73). this is one of the few studies that provide thermodynamic
The HPr proteins show a common trend in changes in characterization of protein homologues derived from tem-
stability with added NacCl, the prominent outlier belBgHPr, perature, high salinity, and pH-adapted organisms. We have
which is more destabilized than other homologues in low also established a thermodynamic mechanism employed by
NaCl concentration. This suggests, rather counter intuitively, these proteins to enhance thgir. To some level of certainty,
that the mesophilic homologue has more optimized electro- electrostatic interactions have been ruled out as the cause of
static interactions which can be screened at low NaCl enhanced stabilities of thermophilic homologues. Sequence
concentration, thus, destabilizing the protein to a greater and structural comparisons were able to identify a transfer-
extent than thermophilic homologues suctBas-andSHPr. able stabilizing interaction, and with the aid of more
General electrostatic interactions can also be investigated bystructural information, we hope to identify key interactions
comparing how the stability changes with pH. pH perturba- responsible for enhanced stability of thermophilic homo-
tions can affect protein stability by causing changes in logues and to determine how easily these interactions can
ionization states of side-chain groups involved in favorable be transferred to homologous proteins
or unfavorable interactions. A comparison of such data for
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