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Abstract

In this paper, elevated pressures up to 750 @tmtm= 101 kPa were found to have a strong stabilizing effect on two
extremely thermophilic glutamate dehydrogenaé&eBHs): the native enzyme from the hyperthermopfiigrococcus
furiosus(Pf), and a recombinant GDH mutant containing an extra tetrapeptide at the C-te(n@mig'). The presence

of the tetrapeptide greatly destabilized the recombinant mutant at ambient pressure; however, the destabilizing effect was
largely reversed by the application of pressure. Electron spin resof@B8¢® spectroscopy of a spin-label attached to

the terminal cysteine of rGDHevealed a high degree of mobility, suggesting that destabilization is due to weakened
intersubunit ion-pair interactions induced by thermal fluctuations of the tetrapeptide. For both enzymes, the stabilizing
effect of pressure increased with temperature as well as pressure, reaching 36-fold fdratGIDE’C and 750 atm,

the largest pressure-induced thermostabilization of an enzyme reported to date. Stabilization of both native GDH and
rGDH! was also achieved by adding glycerol. Based on the kinetics of thermal inactivation and the known effects of
glycerol on protein structure, a mechanism of pressure-induced thermostabilization is proposed.

Keywords: electron spin resonance; glutamate dehydrogenase; glycerol; preBgroepccus furiosysstability;
temperature

Pressure is an increasingly useful tool for studying the structuréures(Michels & Clark, 1992, 1997; Hei & Clark, 1994; Michels
and function of proteingWeber & Drickamer, 1983; Balny et al., etal., 1996. For example, it was found that application of 500 atm
1989; Gekko & Yamagami, 1991; Gross & Jaenicke, 1994 increased the thermal half-life of hydrogenase fristethanococ-
cluding proteins from thermophilic organisms. High pressurecus jannaschii4.8-fold at 9CC (Hei & Clark, 1999, and in-
(>300 MPa is typically viewed as a denaturant and has thus beercreased the half-life of a protease from the same organism 2.7-fold
used in several studies of enzyme denaturatid®eber & Dricka-  at 125°C (Michels & Clark, 1997.
mer, 1983; Jaenicke, 1991; Samarasighe et al., )139@wever, In this paper, we examine the thermostability and pressure-
there is increasing evidence that moderate presgs®80 MP3, induced thermostabilization of glutamate dehydrogen&ieH)
below those normally needed for pressure-induced denaturatiofiom the hyperthermophilic archae®yrococcus furiosuéPf). Pf
can cause subtle, but important, changes in protein structure arigd one of the most thermophilic organisms known, with an opti-
dynamics(Heremans & Heremans, 1989a, 1989b; Frauenfeldemum growth temperature of 10Q (Fiala & Stetter, 1986 Pf
et al., 1990; Gross et al., 1993; Cioni & Strambini, 199More- GDH is a hexamer composed of six identical subunits, each con-
over, recent studies have shown that moderate pressures can staining 419 amino acid$Yip et al., 1995. The enzyme has a
bilize proteins against thermoinactivatioMichels & Clark, 1992,  melting temperatur€T,,,) for denaturation of 113C (Klump et al.,
1997; Hei & Clark, 1994; Michels et al., 1996; Mozhaev et al., 1992, placing it among the most thermostable GDHs studied to
1996, particularly thermophilic enzymes at very high tempera- date.
The present study compares the thermostabilities of Rfio
GDHs, the native and a recombinant GDH mutant. The two en-
Reprint requests to: Douglas S. Clark, Department of Chemical Engizymes differ only in that the recombinant GDH mutant, designated
neering, 201 Gilman Hall, University of California, Berkeley, California rGDH!, contains an extra tetrapeptidely-Ser-Gly-Cys, at the

94720; e-mail: clark@cchem.berkeley.edu. . . o
Abbreviations:EESR, electron spin resonance; GDH, glutamate dehydrog—c'term'nus‘ The presence of the tetrapeptide destabilized the en-

enase; MTSSL, methanethiosulfonate spin-laBélPyrococcus furiosys  zyme markedly; electron spin resonan&SR) spectroscopy of a
rGDH', recombinant GDH tetrapeptide mutant. spin-label attached to the C-terminal cysteine identified rapid motion
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of the tetrapeptide, as a possible cause of the destabilization. Hovirable 1. Effect of pressure on thermal half-lives of rGDH
ever, the destabilizing effect was largely offset by increased presand native GDH at different temperatur@?
sure. In fact, pressure greatly stabilized both enzymes against

thermoinactivation. Stabilization to a lesser extent was also achieved Temperature ty2 (5 atm t;/> (500 atm)
by adding glycerol, suggesting that compression/andigidifi- Enzyme ) (min) t2 (5 atm
cation of th.ej prptelns structure plays a role in pressure-lnduceorlem_'l 103 37+ 1.5 24
thermostabilization. [GDH! 105 13+ 0.5 o8
Native GDH 103 550t 25 3.1
Resul Native GDH 106 115+ 5.5 4.0
esults Native GDH 109 12+ 0.1 18

Pressure-induced thermostabilization a . .
Half-lives are averages of at least two trials.

Figure 1 shows thermoinactivation trajectories of both native GDH °Errors represent mean deviations.

and rGDH at 103°C and at 5 and 500 atm. At 5 at(fig. 1A),

native GDH was much more stable than rGD#ith half-lives of

550 and 37 min, respectively, indicating that the additional tetra-

peptide at the C-terminus greatly destabilizes rGbémpared to 5 atm (last column. Pressure stabilized both enzymes greatly;

the native enzyme. However, the destabilizing effect of the tetrarGDH' was stabilized by 28-fold at 108 and native GDH by

peptide was largely reversed by the application of 500 atm, whicHL8-fold at 109C. These results and those at other temperatures

increased the half-life of rGDH24-fold (Fig. 1B). As a control,  (Table ) indicate that pressure has a greater stabilizing effect on

recombinant GDH without the C-terminal tetrapeptide was alsorGDH! than native GDH, and that pressure-induced thermostabil-

cloned and expressed. Thermoinactivation studies with this enization increases with temperature.

zyme showed it to be about 20% more thermostable than native Pressure stabilization was also studied as a function of pressure.

GDH at 103°C (results not shown confirming that the extra tet- Table 2 gives the magnitude of pressure-induced thermostabiliza-

rapeptide lowers the thermostability of rGOH tion of rGDH' at 105°C and various pressures. The thermal half-
The effects of pressure on both enzymes as a function of temlife increased from 13 min at 5 atm to 470 min at 750 atm. The

perature are summarized in Table 1. The degree of pressure stdegree of pressure stabilization therefore increased from 13-fold at

bilization is given by the ratio of thermal half-lives at 500 and 275 atm to 36-fold at 750 atm, the largest pressure-induced ther-

mostabilization of an enzyme reported to date.

Dynamics of the C-terminal tetrapeptide

Native GDH To investigate the mechanism by which the tetrapeptide destabi-
ti2= 550 min lizes rGDH, a cysteine-specific spin-labeéVTSSL) was attached

to the C-terminal cysteine, and the dynamics of the C-terminal
tetrapeptide were probed using ESR spectroscopy a€2The
crystal structure of the native GDH hexam@fip et al., 1995
shows that the C-terminus and presumably the tetrapeptide are
(GDH! Iocate_d at the surface of the enzyme and extend away from inter-
ty2= 37 min g subunit surfacegstructure not shownThe ESR spectrum of rGDH

A MTSSL at 21°C is shown in Figure 2. rGDHcontains only two
cysteines per subunit: the C-terminal cysteine and a mostly buried

100

Remaining Activity (%)

Il|l|lllll|lll|llll|lI‘Lj_lljll . ..
10 ] cysteine at position 343. To ensure that the ESR spectrum corre-
Native GDH sponds to the label attached at the C-terminus, native GDH was
100 tip=1700 min | spin-labeled in a control experiment. The native GDH control gave
p
E rGDH' ]
r ty2= 880 min 9
: ] Table 2. Pressure-induced thermostabilization of rGDH
at 105°C as a function of pressufé
B Pressure Half-life ty/» (P atm)
(atm) (min) ty/2 (5 atm
10 lJlJllllll]l]IIIIIIIIIIIJAIIL
0 50 100 150 200 250 300 5 13+£0.5 1
o ] 275 170+ 11 13
Incubation Time (min) 500 360+ 13 28
750 470+ 30 36

Fig. 1. Thermoinactivation trajectories of native GO#) and rGDH (m)

at 103°C, and(A) 5 atm andB) 500 atm, showing half-lives. Half-lives are
averages of at least two trials. Error bars represent mean deviations. Some ?Half-lives are averages of at least two trials.
points have error bars smaller than the symbols. bErrors represent mean deviations.
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Fig. 2. ESR spectrum of spin-labeled rGDlh 100 mM EPPS buffer I o o ]
(pH 8.0 at 21°C. Protein concentration was 24M. —~ 27 7]
o\o B A o o 4
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b 0 20 40 60 80 100
a very weak ESR signal that accounted for less than 2% of the g Incubation Time (min)
spectrum of rGDMMTSSL. Quantifying the ESR signal by dou- k= o
X ) X LT c 100 Qrrr T T T T T T T T T T T T
ble integration revealed an overall labeling stoichiometry of 4.8 = y
spin-label molecules per GDH hexamer. € ]
The narrow line widths of the spectruifig. 2) indicate a highly &’ 80 [, 7
mobile spin-label; analysis of the line widths yields rotational cor- L) ]
relation times forriso(B) and7iso(C) of 0.62 and 0.79 ns, respec- r b
tively (Schreier et al., 1978 For completely isotropic motion, L ]
Tiso(B) @and 7i5o(C) are equivalent; therefore, our results indicate r ]
that ro_tation of the spin-label is very rapid and nearly isotropic 40 - _
(Schreier et al., 1978 [ ]
20 - N
Aggregation of GDH during thermoinactivation L B ]
An increase in solution turbidity accompanied inactivation of both ol o b bon b b ]
native and rGDH indicating that aggregation occurred during 0 5 10 15 20 25 30 35 40
thermoinactivation. The insoluble aggregated protein could be re- Incubation Time (min)

moved by centrifugation for 45 min at 14,000g. However, as Fi 3. A Th ) o ) )  native GDH

. . . : . : _FIg. o. . ermoinactivation trajectorles of native at enzyme con-
?hqun in Flgun? ?]A’ aggreg_athn Isb rapid relatlvef t|?j (tjhe rate centrations of 5ug/mL (0) and 50 ug/mL (O). B: Single (---) and
limiting steds.) of thermoinactivation because a 10-fold decreaseqpie-exponential—) fits of thermoinactivation data of rGDHt 105°C
in concentration of native GDH did not affect the overall inacti- and 5 atm.

vation rate.

Glycerol-induced thermostabilization (2) 5 atm, 25% glycerol(3) 750 atm, no glycerol; an@) 750 atm,

The effect of glycerol on the thermoinactivation of rGbad 105°C 25% glycerol. Independently, glycerol and high pressure extended
and 5 atm is summarized in Table 3. Glycerol stabilized the enthe half-life of rGDH to 175 and 470 min, respectively. However,
zyme against thermoinactivation, with a half-life of 175 min at the the combination of botlicurve D gave nearly the same half-life,
optimum stabilizing concentration of 258/v) glycerol. Increas- 460 min, as for 750 atm alone. This result suggests that pressure
ing the glycerol concentration to 50 and 7%%v) produced lower ~ and glycerol stabilize rGDHby similar mechanisits).

half-lives of 120 and 80 min, respectively. As shown in the last

column in Table 3, the maximum degree of stabilization by glyc-

erol was 14-fold. The native GDH was similarly stabilized by 25%

(v/v) glycerol (data not showp exhibiting 6.6- and 11-fold sta- Table 3. Effect of glycerol on the thermoinactivation of rGDH
bilization at 107 and 10%C, respectively. These results show that at 105°C and 5 atni-°

glycerol is also effective in stabilizing both rGDrand native

GDH against thermoinactivation. Furthermore, as with pressureGlycerol ty/2 (5 atm t12 (glycero)
induced stabilization, the results for the native GDH show that(%V/V) (min) ty2
glycerol-induced stabilization increases with temperature.
0 13+ 0.5 1
25 175+ 7 14
: 50 120+ 3 9.2
Combined effect of pressure and glycerol 75 80+ 5 6.3

Figure 4 shows thermoinactivation trajectories of rG2H105°C
and different conditions. Curves A-D represent thermoinactivation apgii-ives are averages of two trials.
of rGDH?! under four different conditiongd) 5 atm, no glycerol; PErrors represent mean deviations.
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100 ESR spectroscopy was also used previously to probe the dy-
namics of the C-terminal cysteine of thymidylate synthé&Sar-
reras et al., 1994 In this case, the C-terminal tetrapeptide is
“relatively disordered” with crystallographiB-factors between 40
and 60 &, compared to an avera@efactor of about 16 Afor the
remainder of the enzymé&Carreras et al., 1994 The rotational
correlation time obtained for this system was 1 ns; by comparison,
the C-terminal tetrapeptide of rGDHk even more disordered. In
a related study, Qu et al1997 examined the dynamics of the
penultimate amino acid of yeast iso-1-cytochrotneysteine 102,
spin-labeled with MTSSL. The ESR spectrum of the labeled pro-
tein denatured Yo 2 M guanidinium hydrochloride yielded rota-
T T e tional correlation times foriso(B) andriso(C) of 0.44 and 0.45 ns,
200 100 200 300 400 500 600 respectively. Comparison of these results with the correlation times
of rGDH-MTSSL further supports the notion of the C-terminal
tetrapeptide undergoing rapid isotropic motion that is exception-
Fig. 4. Effect of combining pressure and glycerol on the thermoinactiva-ally rapid for such a large protein. As a final comparison, the
tion of rGDH' at 105°C. Curves A-D represent thermoinactivation trajec- correlation time for the unattached tetrapeptide GSGC tumbling

tories at different conditiongA) 5 atm, no glycero(#); (B) 5 atm, 25% ; ; ; o= ; PR
(v/v) glycerol (4): (C) 750 atm, no glycerol®): and (D) 750 atm, 25% freely in solution estimated from the Stokes—Einstein equation is

glycerol (). The half-lives are 13, 175, 470, and 460 min for curves A-D, ~0.15 ns. . ) ) )
respectively. Half-lives are averages of two trials. Error bars represent The emerging picture of freely fluctuating C-terminal tetrapep-

mean deviations. tides at the surface of the GDH hexamer suggests that destabili-
zation may be due to increased thermal fluctuations in the region
near the C-termini of all six subunits. At high temperatures, ther-
mal fluctuations of the extra tetrapeptide should increase fluctua-
tions of the polypeptide backbone to which it is covalently attached.
Increased fluctuations in the C-terminal region may, in turn, de-
stabilize rGDH by weakening key intra and intersubunit inter-
The dynamics of the extra C-terminal tetrapeptide were probed byctions near the C-terminus. Figure 5 shows three such intersubunit
ESR spectroscopy. Analysis of the ESR spectfEig. 2) of rGDH!- ion-pair interactions involving two residues, Lys418 and Arg414,
MTSSL yielded rotational correlation times feg.(B) andriso(C), near the C-terminus of Bf GDH subunit(Yip et al., 1995 (des-
of 0.62 and 0.79 ns, respectively. The rotational correlation time isgnated as Subunit)l
governed by the following motion$l) motion of the spin-labeled The ion-pair interactions shown in Figure 5 are part of the
side chain relative to the peptide backbone due to rotations aboudrgest ion-pair networkcomposed of 18 residueat the subunit
the chemical bonds of the cysteine side chain and the spin-labeinterface that contribute to the hyperstabilityRIffGDH (Yip et al.,
(2) motion of the peptide backborierimarily the tetrapeptideto 1995. Both Asp157 and Glu120 are involved in additional ion-pair
which the MTSSL is tethered, ari8) tumbling of the entire rGDH interactions with other residues that are part of the 18-residue
MTSSL complex. The rotational correlation time of the entire ion-pair network(not shown. Recent structure-stability studies of
rGDH!-MTSSL complex(motion (3) above estimated from the the highly homologous GDHsgsharing 87% sequence idenjity
Stokes—Einstein equation is160 ns, indicating that the short from PfandThermococcus litorali;mdicate that ion-pair networks
correlation time measured from ESR spectroscopy reflects muchre crucial to the stability of both enzyme¢getriani et al., 1998
more rapid motion of the tetrapeptide backbone/andotations  In that paper, three ion-pair interactioftsvo of which are inter-
about the bonds of the side chain and spin-label. subuni} that are part of a six-residue ion-pair network found in the
The relationship between the motion of MTSSL spin-labeled
side chains and local protein dynamics was investigated previously
by a series of single site-directed cysteine labelings at different
positions within T4 lysozyméMchaourab et al., 1996The con-
clusion from these studies was that rotations about the bonds con-
necting the MTSSL nitroxide to the peptide backbone are highly Subunit I
responsive to motions of the backbone itd@¥chaourab et al.,
1996. Therefore, the short correlation times corresponding to spin-
labeled rGDH should reflect largely the rapid motion of the tet-
rapeptide. Furthermore, Mchaourab et @996 found that the
spectra of MTSSL attached to sites where the label conflicts ste-
rically with nearby side-chain and main-chain atoms indicated both
constrained and anisotropic motion. The high and nearly isotropic
mobility of rGDH-MTSSL suggests that the tetrapeptide is not o o S _
involved in such tertiary interactions, but instead is moving aboutg]'g- g-té?;firr?l‘j‘g‘é?'; 'si’r]]'plg';l:’;)tjr;;‘fﬂf’urﬁ??'%?fki)rbgf ﬁ:ficeeg "fﬂﬁggs‘;
freely. Th_ls is consistent with the .Crys.tal structure Rif native GDH. The side chainsgof amino acid residues involved in i.on-pair inter-
GDH, which shows that the C-terminus is located at the surface Ofctions, as well as the C-terminal histidine, are shown explicitly. Fig-
the enzymenot shown. ure drawn with coordinate€lGTM) from the PDB.
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Remaining Activity (%)

Incubation Time (min)

Discussion

Destabilizing effects of the C-terminal tetrapeptide
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Subunit |

C-terminus
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Pf but not theT. litoralis GDH were engineered by site-directed that the thermostability oPf native GDH is independent of en-
mutagenesis, producing a more thermostable mutaritoralis zyme concentration in the range of 1-15,Q06/mL.
GDH. In addition to the intersubunit ion pairs shown in Figure 5, As discussed by Singh et al1996, further insight into the
an intrasubunit ion-pair interaction between the terminal His419nactivation mechanism can be obtained by fitting the inactivation
and Glu25(not shown could also be important to the thermosta- data to the kinetic equations for various inactivation models. The
bility of Pf GDH. Furthermore, if cooperativity between inter- inactivation mechanism proposed hégqguation 1, involving a
actions in the ion-pair networks Pf GDH is important, as suggested reversible(nonequilibrium step followed by an irreversible step,
by Yip et al. (1995, 1998 the weakening of even a few such leads to a two-exponential inactivation trajectésge Supplemen-
interactions(Fig. 5) is expected to lower the stability &f GDH. tary material in Electronic AppendixIn contrast, a mechanism
Comparative studies have suggested that immobilization of botlzonsisting of either two consecutive irreversible steps, or an equi-
N- and C-termini is an adaptive feature for increasing the thermotibrium step followed by an irreversible step, yields a single-
stability of several hyperthermophilic proteins over their meso-exponential decline in the active hexamd#fg, and hence the
philic counterpartgDay et al., 1992; Macedo-Ribeiro et al., 1996; observed activity. As shown in Figure 3B, the inactivation trajec-
Hennig et al., 1997; Russell et al., 1997; Robb & Maeder, 1998 tory of rGDH! could be fitted more closely with a double-exponential
Our results with GDH from the hyperthermophRefuriosussug-  than a single-exponential curve. A two-exponential fit derived from
gest that increasing the flexibility of the C-terminus by a tetrapep-Equation 1 led to equal or better fits of all inactivation data at high
tide extension significantly reduces the stability of the enzyme a&and low pressures, consistent with the proposed mechanism of
temperatures above 100. Furthermore, the decrease in thermo- thermal inactivation. Therefore, this inactivation model describes
stability likely results from the weakening of ionic interactions, the available data foPf GDH, suggesting a mechanism whereby
especially between subunits, involved in ion-pair networks. pressure reduces the inactivation rate by stabilizing the native hex-
amer andor inhibiting dissociation of the hexameric intermediate.

Mechanism of thermal inactivation

. . ..__Mechanism of pr re-in thermostabilization
A mechanistic interpretation of pressure-induced thermostabiliza- echanism of pressure-induced thermostabilizatio

tion requires at least partial understanding of the mechanism ofA possible mechanism for pressure-induced thermostabilization
thermal inactivation. In the case of GDH, a model of enzymecan be proposed based on the comparison of pressure and glycerol
denaturation has been described by Singh €806, who found  effects on GDH thermostability. It is well known that the addition
that thermal denaturation of GDH from bovine-liver was consis-of glycerol and other polyols to aqueous solutions can stabilize
tent with the following mechanism: proteins against thermoinactivatigBack et al., 1979; Gekko &
Timasheff, 1981a, 1981b; Timasheff, 1998&s with all stabilizing
co-solvents studied so far, glycerol causes preferential hydration
around proteins; in other words, glycerol is preferentially excluded
from surface regions of the proteifiimasheff & Arakawa, 1991
whereMg is the active native hexame\l§ is an inactive hexameric  Glycerol appears to be excluded from protein surfaces by the
intermediate(referred to as a molten-glubule-like intermediate by solvophobic effect; that is, contact between nonpolar regions of
Singh et al., 1996 U is the unfolded monomer, ariis a final proteins and the glycerol-water mixture is even more unfavorable
aggregated state. The denaturation process was found to be kingftran contact with water alon&ekko & Timasheff, 1981b; Tima-
ically controlled (i.e., thermal inactivation included at least one sheff, 1993; Timasheff & Arakawa, 1997Glycerol is not com-
nonequilibrium stepfrom the dependence of melting temperature pletely absent near the surface of the protein, however. In fact,
on the scan rate during differential scanning calorimégC). glycerol has an affinity for polar regions of proteifiEmasheff &
Furthermore, the existence of an inactive hexameric intermediateirakawa, 1997, and as shown by Gekko & Timasheft981a

M¢, was suggested by following the change in particle size duringdinds to proteins in direct proportion to its concentration. An in-
thermal denaturation. Using light scattering, no significant changereasing amount of glycerol bound to polar and charged residues of
in the average particle siz@f the hexamerwas detected even rGDH! may help explain why glycerol concentrations higher than
after a substantial fraction of the initial activity was lost. With 25% (v/v) are less effective at stabilizing the rGDHrable 3.
further inactivation, the average particle size dropped abruptly, It has been proposed that the solvophobic effect induced by
suggesting dissociation of the hexamer to monomers. The last steglycerol causes the protein molecule to adopt a more compact
in the model, aggregation, occurred very rapidly and did not affecstructure to minimize the nonpolar surface area exposed to solu-

ks ke
Meg Mé—> 6U(— A) (1)

the overall rate of GDH denaturation. tion (Gregory, 1988; Cioni & Strambini, 1994The tendency to
GDHs fromPf and bovine-liver are both hexamefi¥ip et al., assume a compact structure is consistent with findings from sev-

1995; Singh et al., 199&nd possess high sequence identity to theeral studies of protein structure in the presence of glycerol. For

GDH from C. symbiosunt37 and 28%, respectivelyleller et al.,  example, glycerol has been shown to reduce the apparent specific

1992; Britton et al., 1999, indicating a high degree of structural volume of proteins in aqueous solutiof&ekko & Timasheff,
homology between the three enzymes. In addition, inactivation 0i9813, and to decrease both the volume and compressibility of
GDH and rGDH exhibits characteristics consistent with the inac- protein interiors(Priev et al., 1996 Compression of the protein
tivation scheme proposed for bovine-liver GDH. For example, likestructure has been rationalized through the reduction of voids or
bovine-liver GDH, thermoinactivation of both native GDH and cavities within the proteiiGekko & Hasegawa, 1986, 1989; Priev
rGDH! led to the appearance of aggregation. However, as shown iet al., 1996.

Figure 3A, aggregation is not the rate-limiting step, because a The compression of voids was also used to explain the effect of
10-fold decrease in concentration of native GDH did not affect theboth glycerol and pressure on the interior flexibility of apoazurin
overall inactivation rate. Consalvi et 41991 have also shown as probed by the kinetics of tryptophan phosphorescence decay
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(Cioni & Strambini, 1994, 1996 In this case, glycerol and pres-  Pressure-induced stabilization via reduced thermal fluctuations
sure(250-2,750 bapsboth reduced the flexibility of the protein and/or compression is consistent with the model of GDH inacti-
interior at relatively high temperatures, consistent with a morevation presented in Equation 1. Both mechanisms could decrease
closely packed, more rigid structure. Further effects of glycerol onthe overall rate of inactivation by stabilizing the native hexamer
protein dynamics include reduced thermal backbone fluctuation$/g, relative to the hexameric intermedidi#, and by retarding

in proteins(Butler & Falke, 1996, and a decreased rate of hydro- the irreversible dissociation and unfolding of the hexameric inter-
gen exchange from buried, slow-exchanging prot@ashoun &  mediate into unfolded monomets. Furthermore, the proposed
Englander, 1985; Gregory, 1988; Wang et al., 29%ur results  mechanisms of pressure stabilization are also consistent with the
show that both pressure and glycerol stabilized native GDH andbservation that both pressure and glycerol-induced stabilization
rGDH! substantially; furthermore, the degree of pressure andncreased with temperature. As shown by Equation 2, thermal fluc-
glycerol-induced stabilization both increased with temperature. Thertuations of proteins increase with temperature. Likewise, cavities
mostabilization of both rGDHand native GDH by pressure and also expand with increasing temperat(ffeauenfelder et al., 1990
glycerol may therefore result from similar mechanismwhereby  Thus, both the reduction of fluctuations and compression of GDH
the enzyme adopts a more compact and rigid structure/cand by pressure and glycerol are expected to be more pronounced at
thermal fluctuations away from the native state are diminished. higher temperatures, inducing a greater degree of stabilization. In

To investigate this hypothesis, we examined the combined effecaccord with our observation, the effect of pressure in reducing the
of glycerol and pressure on the thermostability of rGDIlpres-  flexibility of apoazurin was also found to be more pronounced at
sure and glycerol stabilize rGDHtia the same mechanigs), the higher temperatureCioni & Strambini, 1994.
presence of glycerol would not be expected to have an additional An important point to consider is the difference in the effect of
stabilizing effect on rGDHat high pressures. As shown in Fig- pressure between native GDH and rGDAs shown in Table 1,
ure 4, glycerol and high pressure independently extended the halB00 atm stabilized rGDHmore than native GDH at all tempera-
life of rGDH! to 175 and 470 min, respectively. However, the tures studied. As mentioned earlier, the extra C-terminal tetrapep-
combination of both(curve D gave nearly the same half-life, tide may destabilize rGDWby increasing fluctuations in the region
460 min, as for 750 atm alone. Therefore, pressure and glyceraiear the C-terminus. If so, pressure should stabilize rGHa
appear to stabilize rGDHoy similar mechanisits). greater degree by reducing the additional thermal fluctuations due

While it has been shown previously that a reduction in thermalto the presence of the tetrapeptide. Therefore, a mechanism of
fluctuations can increase protein stabilityihinen, 1987; Daniel  pressure stabilization involving the reduction of thermal fluctua-
et al., 1996, why compression should increase stability warrantstions is consistent with the greater stabilization of rGDiem-
closer examination. The compression of proteins occurs througpared to that of native GDH.
the collapse of intra and intersubunit cavities created from the Previous investigationdiei & Clark, 1994; Michels et al., 1996
imperfect packing of amino acid residuéSekko & Hasegawa, identified a potential mechanism of pressure stabilization based on
1986, 1989. Compression of such cavities may increase thermothe volume change of solvation of hydrophobic resid(ies, a
stability by increasing intra angdr intersubunit contacts and in- positiveAV for transfer of hydrophobic side chains from an apolar
teractiong(Priev et al., 1995 and by decreasing the amplitude of environment to an aqueous phadénfolding and denaturation of
thermal motions in proteinéGregory, 1988; Cioni & Strambini, very hydrophobic proteins are thus expected to be opposed by
1994, 1996; Butler & Falke, 1996; Priev et al., 199®loreover, pressure, because pressure favors the state occupying the smaller
it has been found that filling or creating cavities by site-directedvolume (i.e., the native staje However, it is unlikely that this
mutagenesis can lead to an increase or decrease of thermostabilitgechanism of pressure stabilization plays a major role in the
respectively(Kellis et al., 1988, 1989; Eriksson et al., 1992a, dramatic pressure stabilization &f GDH. For example, the
1992h. The effects on thermostability have been attributed to aglyceraldehyde-3-phosphate dehydrogenase fidmrmotoga
strengthening or weakening of van der Waals interactions througmaritimais slightly stabilized by pressurevith a t;,,[500 atni/
the increase or decrease of molecular contéekula & Sauer, t;,,[10 atm of 1.6), and has an average Kyte—Doolittle amino acid
1989; Hubbard et al., 1994 hydrophobicity of—0.039(Kyte & Doolittle, 1982; Hei & Clark,

The two proposed mechanisms of pressure stabilization are ndi994). In comparisonpPf native GDH is stabilized by 500 atm up
mutually exclusive. From statistical thermodynamics, the meanto 18-fold, with a lower(less hydrophobicaverage amino acid
square volume fluctuation of a proteifiy?, is given by Cooper hydrophobicity of—0.279. Furthermore, the mechanism of hydro-
(1976: phobic solvation cannot explain the significantly greater pressure
stabilization of rGDH over that of native GDH.

In summary, we examined the effect of pressure on the stability
of two glutamate dehydrogenases from the hyperthermophilic
archaeonP. furiosus In the case ofPf rGDH?!, the additional
wherek is the Boltzmann constant, is the absolute temperature, C-terminal tetrapeptide may weaken crucial intersubunit ion-pair
V is the total volume of the protein, ang; is the isothermal interactions by increasing the flexibility of the region around the
compressibility. The mean-square volume fluctuation is thus pro-C-terminus, and thus reduce the protein’s native thermostability.
portional to the temperature, volume, and compressibility of aOn the other hand, application of high pressure stabilizes the pro-
protein. Because compression of a protein leads to a decrease tiein to a remarkable degree. Based on the kinetics of thermoinac-
volume and compressibility, it will also reduce fluctuations result- tivation and the observed effects of glycerol on GDH stability, a
ing from high temperatures and create a more rigid and stablpossible mechanism of pressure stabilization involving the com-
structure. Therefore, Equation 2 shows that compression can staression of voids antbr decreased thermal fluctuations has been
bilize proteins by reducing thermal fluctuations as well as by in-proposed. These results provide insights into the structural deter-
creasing intra antbr intersubunit interactions. minants of protein stability at high temperatures and illustrate that

8V2 = KTVB )
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protein structure-stability relationships at extreme temperatures ca@lark, 1994. Temperatures of the thermoinactivation experiments
be strongly influenced by pressure. were accurate to withint0.1°C. Experiments were initiated by
injecting 7.0 mL of a solution of the enzyme in incubation buffer
(50 wg/mL) into the bioreactor, followed by 10 mL of nitrogen to
purge the injection line. The incubation buffer was 100 mM EPPS
Purification of recombinant GDH (pH 8.0 at room temperaturewith the appropriate concentrations

of glycerol when called for. The bioreactor was immediately pres-
Native GDH from Pf was kindly supplied by M.\W.W. Adams  syrized hyperbaricallfwith helium) to the appropriate pressure by
(University of Georgia Escherichia colistrain BL21 carrying the  gpening it to the gas reservoir and then sealing the reactor; enzyme
PPGDH plasmid was grown, induced, harvested, and resuspendgglection and pressurization were usually complete within 30 s.
as described previousliDiRuggiero & Robb, 1995 Cells were  samples were withdrawn from the bioreactor at various tifees,

lysed by a single freezing and thawing sequence and the lysate wag) 30, 75, 120, and 180 mimnd assayed at ambient pressure to

4°C. The supernatant fraction was recovered by centrifugation at

31,000x g for 85 min at £C. The extract containing recombinant

GDH was heated at 7T for 40 min and centrifuged at 31,000

g for 40 min to precipitateE. coli proteins. The supernatant frac- The C-terminal tetrapeptide of rGDHwvas spin-labeled at the

tion was applied to an anion-exchange colu@Sepharose FF; terminal cysteine with[1-oxyl-2,2,5,5-tetramethyb-pyrroline-

Pharmacia Biotech, Piscataway, New Jeyg&y6 X 12 cm), equil- 3-methyll methanethiosulfonatéToronto Research Chemicals,

ibrated in TED buffe50 mM Tris, L MM DTT, 1 mM EDTA, pH  Canada A fivefold molar excess of the methanethiosulfonate spin-

9.0, and GDH was eluted at 0.4 M NaCl. The eluent was thenlabel (MTSSL) from a stock solution in acetonitrile was added to

buffer-exchanged and concentrated with buffe2® mM Tris, a solution of rGDH in 100 mM EPPS, pH 8.0, and incubated for

28 mM NacCl, 5 mMv-glutamate, pH 8)0to remove NaCl. The 1.75 h(with gentle mixing at room temperature. The final volume

concentrated eluent was loaded onto an affinity coluflye-  fraction of acetonitrile in the spin-labeling solution was 0.9%.

Matrex Red A; Millipore, Beverly, Massachusett&.6 X 10 cm), Excess label was removed and the labeled enzyme concentrated by

previously equilibrated with buffer A. Recombinant GDH was eluted washing five times in a Microcon-100 microconcentratifilli-

with 20 mM Tris, 28 mM NaClpH 8.0 containing 1 mM NADP.  pore at 3,000x g for 8 min. ESR spectra were obtained at’€1

All chromatography steps were carried out &C4 The final pro-  and ambient pressure on a Bruker ESP3Bouker, Germany

tein preparation was pure according to SDS-PAGE and Coomassipectrometer, equipped with a loop gap resonator using the fol-

blue staining. lowing instrument settings: microwave power, 1 mW; modulation
amplitude, 2.1 G; and a scan width of 120 G.

Materials and methods

Spin-labeling and ESR spectroscopy

Protein concentration determination

Protein concentrations were measured by the Bradford Bio_Raéupplementary material in Electronic Appendix
(Hercules, Californiaprotein microassayBradford, 1976, using  Contains the mathematical solution of the glutamate dehydrog-
bovine serum albumin as a standard. enase denaturation model proposed by Singh €18P6.
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