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ABSTRACT: Spatially localized differences in the conformational dynamics of the rubredoxins from the
hyperthermophilé@yrococcus furiosu@Pf) and the mesophil€lostridium pasteurianur(Cp) are monitored

via amide exchange measurements. As shown previously for the hyperthermophile protein, nearly all
backbone amides of thep rubredoxin exhibit EXhydrogen exchange kinetics with conformational opening
rates of>1 s™L. Significantly slower amide exchange is observedMimubredoxin in the region surrounding

the metal site and the proximal end of the three-strarfisteet, while for the rest of the structure, the
exchange rates at Z& are similar for both proteins. For the multiple-turn region comprising residues
14—-32 in both rubredoxins, the uniformity of both the exchange rate constants and the values of the
activation energy at the slowly exchanging sites is consistent with a model of solvent exposure via a
subglobal cooperative conformational opening. In contrast to the common expectation of increased rigidity
in the hyperthermophile proteins, below room temperaRireibredoxin exhibits a larger apparent flexibility

in this multiple-turn region. The smaller enthalpy for the conformational opening process of this region
in Pf rubredoxin reflects the much weaker temperature dependence of the underlying conformational
equilibrium in the hyperthermophile protein.

The characterization of hyperthermophilic organisms that structure. Furthermore, evidence of collective modes of
grow optimally at>80 °C has stimulated numerous structural motion can be obtained when a spatially localized set of
comparisons between individual hyperthermophile proteins amides exhibit similar but characteristic exchange behavior
and their homologues from more temperate organisins ( as a function of protein destabilization, such as by variation
3). Although certain structural correlations, such as an of temperature or guanidinium concentratid); Recently,
increased number of salt bridges in the thermophile proteinsHollien and Marquseel@) reported the conventional deu-
(4—6), have been observed, enhanced thermal stability terium exchange kinetics for approximately one-third of the
appears to involve the accumulation of numerous subtle amides of the thermophil€hermus thermophiluRNase H
structural interactions. Indeed, it is open to question whetherand compared these data to the data from their earlier study
focusing strictly on native state interactions is sufficient for of the Escherichia colienzyme 19). They reported that the
adequately predicting differences in global thermodynamic amide protection factors were proportionally increased at
equilibria. Recently, more attention has turned to the questionnearly all residue positions for the thermophilugrotein,
of a possible dynamical basis for thermal stability following indicating a delocalized mechanism of thermal stabilization.
the paradigm that enhanced conformational rigidity in the  With regard to the spatial distribution of thermal stabiliza-
native state may account for increased thermostabilizationtion, a molecular dynamics comparison between a wild-type
(7, 8). Nearly all experimental comparisons of thermophile subtilisin and a thermostable homologue generated by
and mesophile proteins reported to date suggest an increasedirected evolution concluded that, although several specific
rigidity of the thermostable homologue. These studies have regions had reduced fluctuations, the thermostabilized sub-
drawn primarily on FT-IR monitoring of the aggregate amide tilisin has on average a higher flexibilit2@). Although an
exchange kinetic912) as well as tryptophan fluorescence analogous molecular dynamics comparison of the rubredoxin
(13) and phosphorescencé4j lifetimes and fluorescence  from the hyperthermophili®yrococcus furiosuéPf)* and a
depolarization measurementsd). However, inelastic neu-  mesophile homologue predicted an increased number of
tron scattering studies have indicated an opposite conclusionfluctuations in the mesophile rubredoxin at room temperature
of increased heavy atom fluctuations in a more thermostable(21), Karplus and co-workers emphasized that there is no
a-amylase 16). necessary correlation between conformational rigidity and

Each of these studies is limited by the constraint that only
a structurally averaged (FT-IR amide exchange and neutron 1 appreviations: Cp, Clostridium pasteurianumPf, Pyrococcus
scattering) or highly localized (fluorescence and phospho- furiosus CLEANEX-PM, CLEAN chemical exchange spectroscopy,
rescence) conformational behavior is monitored. In contrast, Phase-modulated; FHSQC, fast heteronuclear single-quantum correla-

; [P TR ; tion; key, Observed amide exchange rakg; rate of conformational
NMR provides monitoring of individual sites throughout the opening o an exchange competent stidg;rate of conformational

closing to a nonexchanging stale;, rate of hydrogen exchange from
* To whom correspondence should be addressed. the exchange competent stakeij-, ke/[OH].
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global thermodynamic stability. Furthermore, they pointed chloride, 0.02 M sodium phosphate, and 0.02 M boric acid
out that flexibility comparisons require a time frame refer- titrated to the required pH with sodium hydroxide. [Note
ence. In particular, fluorescence and phosphorescencethat both boric acid and the third ionization of phosphate
inelastic neutron scattering, and molecular simulations are have heats of ionization ef3.5 kcal/mol 27, 28).] All NMR
sensitive to motion in the picosecond to nanosecond time data were collected on a Bruker DRX 500 spectrometer and
frame, while under most circumstances, conventional amide processed in FELIX (Molecular Simulations) using cosine
exchange experiments provide only the kinetic constraint of bell weighting functions. The previously published amide
an upper limit to conformational opening events on the scale resonance assignments p rubredoxin 29) were amended
of hours to months. by the interchange of the assignments for Asp 21 and Asp
The conformational kinetics information of an amide 29, as well as for Asn 25 and Asp 35, based on NOESY,

exchange experiment can be markedly enhanced by directlyTOCSY, and long-range heteronuclear coupling analysis.
observing the transfer process i spins from the bulk Clean chemical exchange-phase modulated (CLEANEX-
solvent resonance to the individual amide resonances. ByPM) (30) and FHSQC 31) spectra were collected as a
this means exchange rates of greater th@mb s and less function of pH and temperature. At 42 and‘ﬁl a relaxation
than ~100 s can be monitored. Given suitable protein delay d 4 s was used, while a valuef @ s was used at
stability, increases in pH and temperature allow for at least lower temperatures. Following the highest-temperature ex-
a 10-fold range of rate constants to pass within the time Periment at each pH value, the data sets for the next lower
window of the magnetization transfer experiment. Hence, temperature were recollected to test them against artifacts
the exchange kinetics for essentially all amide sites of a Of sample degradatiofH.O T, relaxation corrections were
protein can be determined. Previously, \88)(demonstrated ~ carried out as previously describe2D). As reported previ-
that throughout the structure @& rubredoxin, the most ~ ously for Pf rubredoxin £2), the effects of incomplete
thermostable protein characterized to d&8),(the amides cancellation between rotating-frame and longitudinal nuclear
can open for exchange in lessittias near room temperature.  Overhauser effects were negligible. F&N-labeled Cp
Herein, we present a comparison of the exchange behaviofubredoxin, CLEANEX-PM mixing times of 5.19, 10.38,

of Pf rubredoxin with that from the mesophil@lostridium ~ 15.57, and 20.76 ms were used. Taking advantage of the
pasteuraniurr(Cp)_ Differences in the exchange rates and more favorable relaxation rates in tAd- and°N-labeled

in the activation energies of exchange are interpreted in termsSample, we used mixing times of 7.14, 14.28, 21.42, 28.56,
of the structural distribution and collective modes of and 35.70 ms foPf rubredoxin. Independent of the initial

exchange. rate values, a modest downward deviation was observed for
the CLEANEX-PM buildup curves. The median deviation
EXPERIMENTAL PROCEDURES for the *N-labeledCp rubredoxin data corresponded to a
nominalT, value of 75 ms, while for théH- and**N-labeled
Preparation of Isotopically Labeled RubredoxirSyn- Pf rubredoxin, the median value increased to 225 ms. These

thetic codon usage-optimized genes for Wotipasteuranium  median corrections were applied to each CLEANEX-PM
(24, 25) and P. furiosusrubredoxin g5), cloned into the  mixing time data set in deriving the estimated rate of
pT7-7 vector, were used for protein expression (both recovery toward the reference FHSQC peak intensities.
plasmids kindly provided by M. K. Eidsness, University of Deviations in the fit values consistent with tB rubredoxin
Georgia, Athens, GA). The&p rubredoxin plasmid was  experimental noise levels were obtained for exchange rates
transformed into BL21(DE3) and grown in M9 glucose in the range of 0.550 s1. The increased peak intensities,
minimal medium in which 1 g/l**NH,CI was substituted.  combined with the longer practical mixing times of the
Expression ofPf rubredoxin followed a similar protocol in  perdeuterated samples, allowed accurate exchange rates for

which the M9 glucose minimal medium was prepared in the 2H- and!5N-labeledPf rubredoxin to be obtained down
’H,0 and additionally supplemented with the RPMI 1640 to 0.2 si.

vitamins mixture (Sigma-Aldrich). Purification of th€p

rubredoxin generally followed published procedui@$ 26). RESULTS AND DISCUSSION
Ammonium sulfate fractionation (pellet saturated-40%)

was followed by gel filtration on Sephadex G-50 in 50 mM
Tris-HCI (pH 7.5) with a subsequent step of ion exchange
chromatography on QAE-Sephadex G-25 in the same buffer
with a NaCl gradient to 0.6 M. The early stages of the Kop K,
purification of Pf rubredoxin followed an identical procedure closed- "~ open— exchanged
with the eluant from the QAE-Sephadex column being

dialyzed into 50 mM Tris-HCI (pH 8.5) and then chromato- The gbserved exchange kinetidg,) depend on these rate

Pf and Cp Rubredoxin Amide Exchange Kinetics at 23
°C. Conformationally protected amide hydrogens exchange
with solvent according to the general scheme

graphed on hydroxyapatite to remove the residdal constants according t32)

formylmethionine and fully processed form&5f. Mass

spectral analysis of théH- and '>N-labeled N-terminal Kex = Kopker/ (Kop + Kgy + ko)

methionine formPf rubredoxin indicated an average deu-

teration level of>95%. Exchange can only occur following a conformational opening

NMR SpectroscopySamples of 3 mM!*N-labeled Cp transition. When that opening transition is rate-limitikg,
rubredoxin and 3 mMPH- and '*N-labeled Pf rubredoxin equalskex and the so-called ExXcondition is met. In most
were both dialyzed against two 30 mL aliquots of the same protein studies, the rate of conformational closikg) (has
7% °H,O buffer solutions composed of 0.1 M sodium been found to be much greater than the chemical exchange
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Ficure 1: Amide exchange rates for all non-prolines in residues 10 20 30 40 50
14—32 of Cp rubredoxin as a function of pH at 2&. For each residue number

residue, a least-squares fit to the experimental data is illustrated.Figure 2: Amide exchange rate constants fop and Pf rubre-
Dashed lines are drawn for residues having data from only two pH doxins at 23°C. The logkoy- value for polyp,L-alanine) is 8.3

values. Data for the more weakly protected amides are identified under these conditiongl8, 52). In panel A, red symbols denote
by residue name. residues that are exposed to solvent in the X-ray structure while
blue symbols denote the solvent inaccessible sites. As shown in

. . panel B, for nearly all amides the rate constantsHbrubredoxin
rate of the exposed amidk(), the so-called EXcondition. (1 anq ) are equal to or smaller than those @p rubredoxin ®

In this case,ko, is necessarily larger thake. In the and W) at this temperature. Exchange rate constants are derived
conventionaPH,O exchange out experiment, the observed from the pH range in which the magnetization transfer kinetics are

amide exchange rate,is commonly in the range of hours ~ observed (generally, I} < ke, < 30 s7%).
to months which provides a rather weak kinetic constraint
to the underlying conformational opening rate. However, the versus pH best fit lines varied from 0.88 to 1.15.
magnetization transfer-based experiment utilized herein In Figure 2A are plotted the lolghy- (=ke/[OH]) values
monitors amide exchange rates up to nearly 100at least at 23°C for the amides of both rubredoxins. The upper bound
10* —10° times faster than the rates commonly detected in of the graph approximates the intrinsic rate of a fully exposed
2H,0 exchange out experiments. Hence, the kinetics of the peptide. The red symbols denote amides which are accessible
underlying conformational opening process can be much to solvent 85) in the high-resolution X-ray structure8§,
more strongly constrained. 37) (ACCESS program kindly provided by F. M. Richards,
The CLEANEX-PM @0, 33) experiment measures the Yale University, New Haven, CT). At nearly every position
fraction of the amide sites which become conformationally of the mesophileCp rubredoxin @ and W), the exchange
available for exchange during a variable pulse mixing period. rate is equal to or higher than that of the hyperthermophile
If exchange ofH magnetization between the amide site and protein(+ andx). Indeed, the mesophile protein exchanges
the bulk water resonance becomes too rapid (approximatelyat a substantially slower rate for only three weakly protected,
>100 s'%), the amide resonance becomes broadened beyondsolvent-exposed amide positions. On the other hand, the
detection. More significant in the present context is the fact distribution of differential exchange rates along the protein
that conformational opening processes that are substantiallysequence is highly nonuniform (Figure 2B). The structural
slower than~0.2 s can only give rise to a signal that is localization of the differential exchange rates is more readily
proportionate td,y/k; which in most cases is far too small apparent when the residues showing at least 10-fold faster
to observe. The unfolding rate @fp rubredoxin is~1 h™* exchange in the mesophiEp rubredoxin are colored red in
at 80°C and pH 7, whilePf rubredoxin unfolds 18-10° its X-ray structure (Figure 3A). The differential amide
times more slowly 84). As a result, the global unfolding protection is localized to the region surrounding the metal
process does not contribute to the amide exchange kineticshinding site and the proximal end of the three-stranded

described in these experiments. p-sheet. The obvious exceptions in the lower portion of the
Under the alkaline conditions used in this study, if the figure are Glu 16 and Asp 29 which are immediately adjacent

effects of other ionization events can be ignored; EKXetics to the much discussed interaction between residues 15 and

imply that the observed exchange riatewill be proportional 30.

to [OH"]. For the Zi* form of bothPf andCp rubredoxin, In the initial X-ray structural analysis d®f rubredoxin

CLEANEX-PM and reference FHSQQY) spectra were  (38), Rees and co-workers discussed potential structural
collected at 4.5, 14, 23, 32.5, 42, and &1 at pH 7.99, correlates for its extreme thermal stability. In particular, they
8.96, 9.96, 11.07, and 12.19 (at pH 12.19 only up t6¢@2 noted the presence of a tertiary ionic hydrogen bond between
for Cp rubredoxin). In addition, spectra were collected on the side chain carboxyl of Glu 1&p rubredoxin numbering)

Cp rubredoxin at 23°C at pH 9.50, 10.46, and 11.68 to and the main chain amide of Phe 30 and the side chain indole
facilitate verification of EX kinetics. Consistent with the  of Trp 4. In general, mesophile rubredoxins lack both Glu
previously reported results for the hyperthermophile protein at position 15 and Trp at position 4. In addition, under more
(22), EX; behavior was verified for nearly all residues of neutral pH conditions, the wild-typef rubredoxin also has
the mesophileCp rubredoxin. As illustrated in Figure 1, all  a salt bridge between the other oxygen of the Glu 15 carboxyl
of the non-proline residues in the segment of amino acids and the N-terminal ammonium group. In tHe. coli
14—32 exhibit a log-log slope near 1.0, indicating EX  expressed sample studied here, the N-terminal methionine
kinetics for exchange rates up to at least 30. $or the is not efficiently processe®§), thus adding an additional
residues in which exchange rates were obtained at either thregesidue and converting the salt bridge of the native form to
or four different pH values, the apparent slope of thekgg an ionic hydrogen bond with the amide of Ala 37.
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Ficure 3: Spatial distribution of differential exchange rates &p vs Pf rubredoxin and elevated activation energies of exchangepin
rubredoxin. In panel A, amides that exchange at least 10-fold more rapidlyp iubredoxin are marked in red. Positions with smaller
differential exchange rate constants are marked in blue, while amide positions lacking experimental data, including the five prolines, are
shown in gray. Amides exhibiting large differential exchange rates are primarily located around?thg/@ltow) binding site and the
proximal end of the three-strandBesheet. The two exceptions located in the lower portion of the figure, Glu 16 and Asp 29, are immediately
adjacent to the site of the buried ionic hydrogen bond between Glu 15 and Phe 30 that occurs only in the hyperthermophile rubredoxin
structure. TheCp rubredoxin structure3g) given here indicates the Pro 15 substitution. In panel B, residu€p ofibredoxin exhibiting

an activation energy of amide exchange at least 4 kcal/mol higher than that obseRfedlnedoxin are colored red. Residues for which

Pf rubredoxin hakon- values of<30 s1 and for whichCp rubredoxin has activation energiegt kcal/mol above the free peptide value

are colored in orange. Blue denotes residues having smaller differential activation energies, while residues lacking experimental data are
denoted in gray.

Stability studies indicate that the wild-type protein is only ature dependence of the amide exchange is considered. As
modestly more stable than the Met terminal for25,(37). noted previously Z22), the activation energies of exchange

Although the metal cluster may account for the significant for the large majority of the residues in the hyperthermophile
thermal stability of both rubredoxin€p rubredoxin dena-  Pf rubredoxin are within 34 kcal/mol of the free peptide
tures near 80C (26), andPf rubredoxin appears to denature value of 17 kcal/mol 43). Residues exhibitingon- values
in the range of 176200 °C (23)], it cannot explain the ~ of <30 s* at 23 °C exchanged too slowly for reliable
differential stability of these two proteins. Since tprotein determination of the temperature dependence. In marked
remains more stable thap rubredoxin down to pH 2 where  contrast, nearly half of the amides Gp rubredoxin exhibit
the salt bridges are disrupted, enhanced hydrophobic stabi-activation energies of exchange more than 4 kcal/mol above
lization of Pf rubredoxin has been proposegt). To test the free peptide value. Figure 4 illustrates the Arrhenius plot
whether metal binding might be responsible for the irrevers- for the amide exchange rates of residues 16 and 30 of both
ibility of thermal denaturation dPf rubredoxin, substitutions  rubredoxins. In both proteins, residue 16 exhibits an activa-
for the four coordinating cysteines yielded a rubredoxin tion energy typical of a free peptide. Although Phe 30 of
variant, lacking the metal cluster, which forms a nativelike the hyperthermophile protein exhibits a similar temperature
conformation that reversibly denatures at € and pH 7 dependence, this residue i@p rubredoxin exhibits a
(39). When the analogous mutations were introduced into a substantially higher activation energy of exchange. Under
mesophile rubredoxin, folding to a nativelike structure could the observed EXkinetics conditions, the exchange rate
not be achieved. Similar stability differences have been reflects a conformational pre-equilibration between the open
observed in the comparison of the metal-free forms of wild- and closed states with a subsequent chemical exchange step.
type Pf and Cp rubredoxins 40). If it is assumed only that the activation energy of the

With regard to the interactions in the proximal end of the chemical exchange step is the same for Phe 30 in either
f-sheet, the hydrophobic interactions among Val 5, lle 12, protein, the observed differential temperature dependence
and Leu 52 of the three strands have been proposed todirectly determines the differential enthalpy of the confor-

contribute to the increased stability Bf rubredoxin 41), mational equilibrium according to
although disruption of this interaction appears to have a
minimal effect on stability Z5). Similarly, only the hyper- d(In K)/d(1/T) = —AH/IR

thermophile protein has a salt bridge between Lys 7 and Glu

50 linking the first and thirg8-strands 88), but in this case  Within the precision of these exchange data, there is a linear

again, mutagenesis studies indicate at most a modest role injifferential temperature dependence between the Phe 30

stabilization 42). residues ofPf and Cp rubredoxins, indicating that the
Conformational Enthalpies of Rubredoxin Amide Ex- differential enthalpy of the relevant conformational opening

change A different perspective emerges when the temper- is essentially constant over the observed temperature range.
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Ficure 4: Arrhenius plot for the amide exchange kinetics of
residues 16 and 30 fror@p and Pf rubredoxins. Phe 30 ofp
rubredoxin shows a significantly steeper temperature dependenc
than does either Phe 30 Bf rubredoxin or residue 16 from either
protein. The latter three amides exhibit activation energies similar
to that of a free peptide [i.e., 17 kcal/meal3)].

FiIcure 6: Arrhenius plot of the differential amide exchange kinetics
for residues 1432 of Cp andPf rubredoxin. With one exception,
€he solid lines indicate the least-squares fit to data from residues
for which theCp rubredoxin logkon- value is less than 3.0 at 23
°C, while dashed lines are used for more rapidly exchanging
residues. Only Phe 30 exhibits a large negative slope combined
with a log ko~ of >3.0 (for Cp rubredoxin).

% 8 More exceptional is the concentration of differential
£ 4 conformational enthalpies in the sequence region of residues
= 14—32. This protein segment is composed of a sequence of
Lo four contiguous turns, three characterized gsc8rners and
4 residues 2529 which form a glycine turn3g, 38). As noted
10 20 30 40 50 above, only in the hyperthermophile rubredoxin are the two
. ends of this segment linked by an ionic hydrogen bond
residue number between the carboxylate of Glu 15 and the main chain amide

Ficure 5: Elevated activation energies of amide exchang€pn  of Phe 30. The temperature dependence of the differential
rubredoxin. In cases for which activation energies are available for amide exchange rates for all of the non-proline residues of

both Cp and Pf rubredoxin, subtraction yields the differential hi . is sh in Ei 6. E id
enthalpy for the conformational opening process. For such residues NS Protein segment is shown in Figure 6. For every residue,

red denotes residues that are solvent-exposed in the crystal structurdhe data fit a linear dependence indicating no apparent
while solvent inaccessible sites are colored blue Ffoubredoxin temperature dependence of the underlying conformational
residues in _which_ accurate activation energies of exchange_ C0U|denthalpies. The solid lines indicate the nine residues for
not be obtained (i.ekoy- values of <30 ), the Cprubredoxin =\ hich Cp rubredoxin has a 6.8 kcal/mol (rmsd-6fL.0 kcal/
activation energies are plotted vs the free peptide value of 17 kcal/ . . .
mol (black). With the exception of Val 38, all of these slowly Mol) higher conformational enthalpy. The seven residues
exchanging sites are static solvent inaccessible. denoted with dashed lines have much smaller differential
conformational enthalpie€p — Pf= —0.6 kcal/mol (rmsd

For residues yielding activation energies in b@p and of £1.3 kcal/mol)]. When compared to the exchange rate
Pf rubredoxins, the resultant differential conformational data of Figure 1, with the sole exception of Phe 30, all of
enthalpies of amide exchange are plotted against the proteirthe residues in the segment of amino acids-32 having
sequence positions (Figure 5). At these sites, the red andelevated differential activation energies of exchange cor-
blue symbols denote amides in the X-ray structures which respond exactly with the residues exhibiting the slowest
are solvent accessible and inaccessible, respectively. Accurat@xchange rates at 2&, clustered around 10%at pH 12.19.
activation energy measurements were not feasiblePfor In Table 1 are listed the exchange rate constants and the
rubredoxin amides havingoy- values of <30 s1. The differential conformational enthalpies of exchange for the
activation energies of exchange for the corresponding residues in the segment of amino acids-B2. For residues
residues ofCp rubredoxin are plotted relative to the free 17—28 as well as for residue 14, the exchange rate constants
peptide value of 17 kcal/mol (denoted in black). In Figure are highly similar for both rubredoxins. Only those residues
3B, the residues o€p rubredoxin having conformational having logkon- values near 2.8 (i.ekoy~ = 630 s1) have
enthalpies at least 4 kcal/mol higher thanRfrubredoxin elevated activation energies in the mesophile protein. Devia-
are colored red. In orange are plotted the residue€mf  tions from this behavior occur only for positions adjacent to
rubredoxin which have elevated activation energies of residues 15 and 30 near either end of this segment. Asp 16
exchange that are more than 4 kcal/mole above the freeof the Pf protein has a logon- value near 2.8, while th€p
peptide value; the corresponding exchange dataPbf  Glu 16 shows a 100-fold increased exchange rate and a low
rubredoxin are unavailable. Note that a cluster of 10 residuesactivation energy. This difference in exchange rate presum-
having elevated activation energy valuesdp rubredoxin ably reflects the hydrogen bonding of the Glu 16 amide of
forms a band around the metal site. Cprubredoxin to the solvent accessible side chain carbonyl
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Table 1: Amide Exchange Rate Constants {23 and Differential the hyperthermophile rubredoxin exhibits an equally striking
Conformational Enthalpies (kilocalories per mole) of Amide constancy in the exchange rate constants for the more
Exchange for Residues 82 of Cp and Pf Rubredoxif protected amides of the segment of residues32with key
residue  Cp log ko~ AAH Pt log Kor- values at 23°C that are quite similar to those dEp
14 Asn 296 65 Asp 597 rubredoxin. F_or bot_h proteins, residues pre_c_eding as well as
15 Pro Glu 4.47 those following this segment have significantly slower
16 Glu 4.90 —-0.8 Asp 2.93 exchange rates, thus reinforcing the conclusion that the
17 Asp 3.00 5.5 Ala 2.80 collective conformational transition of the segment of
ig 22;; 225;25 g'% ig’p 22'%% residues 1432 cannot involve global unfolding. Rather, this
20 Pro Pro segment is constrained at either end by the less flexible metal
21 Asp 6.82 -2.1 Asp 6.93 binding region. In both proteins, this segment opens to
22 Asn 3.80 2.1 Asn 3.75 solvent accessibility with comparable exchange efficiencies
%2 S:Ia)ll g:gg _05'f‘0 (ﬁg’ 52'?;39 but with a 6-7 kcal/mol difference in conformational
25 Asn 686  -13  Ser 6.79 enthalpy.
26 Pro Pro A physical mechanism which can potentially account for
27 Gly 2.94 7.5 Gly 3.28 such a difference in conformational enthalpy between quite
28 Thr 2.67 7.9 Thr 2.97 similar structures and sequences lies in the presumed solvent
29 Asp 5.26 0.7 Lys 413 . . .
30 Phe 383 6.0 Phe 302 exposure of the buried Glu 15 carboxylate side chain of the
31 Lys 5.49 -2.3 Glu 5.34 hyperthermophile protein when its hydrogen bond to the Phe
32 Asp 2.66 7.4 Glu 1.98 30 amide is disrupted. The solvent ordering that underlies

aWith the exception of residue 16 for which the légy- values the hydration free energies of charged residues becomes
differ by 2 between the two rubredoxins, data for the same pH and markedly less favorable as the temperature is increasgd (
temperature values were used to compare the two proteins at eachy|ych of the discussion on this effect in the protein literature
residue position. has focused on the resultant stabilization of ion pair interac-

tions at elevated temperatures, although the same logic

of Asn 14 rather than to the solvent inaccessible main chain similarly applies to the case of an unpaired buried charge
carbonyl of Asp 14 as in the hyperthermophile protein. This becoming exposed to bulk solvent. The amide of Phe 30 in
switch in hydrogen bonding partners likely reflects the Cp rubredoxin is also involved in an ionic hydrogen bond.
proline substitution at the intervening residue in the meso- However, its acceptor, the Asp 29 carboxylate, is highly
phile protein. solvent-exposed and hence would be expected to exhibit a

Although Phe 30 oPf rubredoxin has a lo§oy- values smaller temperature dependence in its solvation free energy.
near 2.8, Phe 30 dfp rubredoxin has a 6-fold higher rate Calculation of the difference in the binding free energy
constant and an elevated activation energy. In contrast tofor association of a protonated ethylamine and acetate salt
the hyperthermophile protein, in which the ionic hydrogen bridge at 25 and 108C has yielded an enthalpy estimate of
bond between the carboxylate of Glu 15 and the amide ~3 kcal/mol @5). In a similar calculation applied to the
hydrogen of Phe 30 bridges between the ends of the segmenBac7d protein from the hyperthermophiBulfolobus aci-
of residues 1432, the amide of Phe 30 i@p rubredoxin is docaldarius comparisons at 300 and 360 K for the sum of
instead hydrogen bonded to the adjacent side chain carboxythe solvation free energy and Coulombic energy at the seven
late of Asp 29. Residue 32 exhibits an elevated activation glutamate residues yielded an average enthalpy of 6 kcal/
energy inCp rubredoxin. Furthermore, when compared to mol, albeit with significant variation in the values for the
the remainder of this segment, residue 32 in both Glpe individual residues46). Such studies support the premise
andPf proteins shows a slightly lower Idgy- value, more that the Glu 15-Phe 30 ¢Trp 4 indole) interaction may
similar to the values for the residues surrounding the metal largely account for a-67 kcal/mol difference in conforma-
site. This potentially indicates a transition toward the tional enthalpy of amide exchange in the segment of amino
apparently more limited flexibility of that region. It should acids 14-32 between the two rubredoxins.
be noted that with the exceptions of residues 30 and 32, all Implications for Protein ThermostabilityBelow room
of the slowly exchanging amides in the segment of amino temperature, the segment of residues 32 of Pf rubredoxin
acids 14-32 that have elevated activation energie<Cin appears to be more flexible than its mesophile counterpart
rubredoxin exchange more rapidly in the hyperthermophile as detected by amide exchange processes with opening events
protein below room temperature (Figure 6). that are rapid on the time scaleofl0 s™*. More strikingly,

Collective Conformational Opening in the Multiple-Turn  more than one-third of the entire hyperthermophile protein
Region of RubredoxinThe slowly exchanging residues of appears to undergo a substantial conformational transition
the segment of residues1+82 in Cp rubredoxin exhibitthe  which has an equilibrium that is essentially temperature-
combination of markedly similar exchange rate constants andindependent over at least a 4& range, while for the
similar differential enthalpies of conformational opening. corresponding segment d€p rubredoxin, a significant
This behavior is consistent with amide exchange occurring temperature dependence is observed. Given the large dif-
via a collective conformational transition. The residues ference in the time scale between the exchange reaction for
showing more rapid exchange lack the increased activationthe segment of residues 482 and the global unfolding
energy, suggesting that the exchange behavior of thesereaction, this conformational transition cannot be very highly
amides has not yet become entrained by the collective coupled to global stability. On the other hand, the implicit
conformational transition, due to their having local fluctua- spatial scale of the motion of the segment of residues 14
tions that are more exchange efficient. On the other hand,32 suggests that its general energetic characteristics are
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germane not only to native state fluctuations but also to the 8.

unfolding process. It should be noted that in the molecular
dynamics simulations oPf rubredoxin and a mesophile
rubredoxin 21), separation of this multiple-turn sequence
from the rest of the protein was predicted to be the initial
step of thermal unfolding for both proteins.

Although discussions are commonly framed in terms of

the

evolution of protein thermostability, the genetic record

appears to monitor primarily its loss. Ribosomal RNA

sequence analysis indicates that the deepest known branches
of the evolutionary tree are those of hyperthermophilic 14.

organisms47). Furthermore, viable hyperthermophiles can
be isolated from cold ocean wated8(49). These observa-

tions support the hypothesis that the constituent proteins ;¢
evolved under the double selective pressure of biological 17,

function near the boiling point of water combined with

maintenance of structural integrity at lower temperatures to 18-

allow for migration between different marine thermal vent
sites 60). Evolutionary expansion into more moderate

growth temperature environments implies a more relaxed »q.

requirement for protein stability over a broad temperature
range.

The data presented here indicate that the hyperthermophile

rubredoxin has achieved comformational flexibility in the
segment of residues 182 comparable to that of the

mesophile homologue, but by a means having a much lower 23.
temperature dependence. Such a mechanism applied to the

global unfolding transition would provide a “flattening” of
the AG versus temperature profile, thus allowing for net
stability over a wider temperature range without necessarily
requiring an increase in the maximal thermodynamic stability
(51).
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