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INTRODUCTION

High pressure affects protein structures at the secondary, tertiary and
quaternary level (Grossand Jaenicke,1994).Depending on the protein and
on incubation conditions, exposureto pressuremay thus convert a protein
from -helical to +-sheetstructure,induce protein unfolding, or dissociate
or aggregateproteins (Smeller et al., 2006).Of course, theseeffects are very
important for a variety of applications,suchasmaintaining or optimizing
the structural integrity of enzymes used as bio-catalysts under extreme
conditions of temperature and pressure, developing new and safer food
products,or controlling folding/misfolding reactionsof proteinsassociated
to systemic or neurodegenerative diseases.(Lange, 2006).

In the last decades,considerable progress was made in developing
analytical instruments for recording protein structural changesunderhigh
pressure.The interest of using pressureasstructure perturbation parameter
is i) it provides complementary thermodynamic information to the more
conventional parameters,suchastemperatureor chemicalagents;ii) pressure
isa relatively mild perturbant: irreversiblestructural changes,suchasthose
induced by heat, can generally be avoided; iii) its use does not lead to
complications such as specific interactions of protein with chemical
denaturants.

However, this progresswas mainly restricted to the study of pressure
dependent reactionsunder equilibrium conditions. Only in thelast decade,
theidea of studying protein reactionkineticsunder pressurebecamepopular.
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The underlying theory is simple, though. The pressuredependenceof the
rate constant (k) of anelementary processyields theactivation volume, +V‡,
which isequal to thedifferencein volumesof thekinetic transition state,V‡,
and the ground state,Vg. This relation is described in equations 1 and 2:

(+lnk / +p)T= –(++G‡/ +p)T/RT = –+V‡/ RT (1)

+V‡=V‡ –Vg (2)

where p is the pressure,T the temperature, R, the gasconstant and +G‡the
activation free energy. Hence, any chemical reaction—and a fortiori one
involving protein structural changes—is accelerated(for anegative value
of +V‡)or decelerated(for apositive value of +V‡)by pressuredepending on
the relative volume of the kinetic transition statewith respectto that of the
ground state(Mozhaev et al., 1996).Thesedifferences in volume aredue to
transient changesof protein packing and hydration in the course of the
reaction (Royer,2005).As an example, a value of +V‡of 69mL mol–1, found
for invertase (Morild, 1981),gives rise to amore than 100-fold acceleration
for a pressure increasefrom 0.1to 200MPa.

In practice, protein kinetics under high pressure have been studied
mainly by two methods, using high pressurestopped flow and pressure
jump devices.Here we will illustrate the useof theseexperimental set-ups
for studying the mechanism of enzyme activity, of ligand binding to
hemoproteins, and of protein folding. As our team is specialized in these
approaches,most of the examples will stem from our laboratory in
Montpellier.

EXPERIMENTAL

High pressurestopped flow technique

The high pressure stopped-flow technique (Fig. 1) was introduced by
Heremans and further developed by Balny’s group (Balny et al., 1984,
1987)andMerbach (Pappenbergeret al., 2000).It allows mixing, within less
then 10ms, of two solutions under defined pressure (up to 200MPa) and
temperature (between –20and +40°C). The reactant solutions (5 mL) are
kept in glasssyringes. The mixing bloc and observation cell (1 cm optical
path) aremadeof Teflon. Theapparatusis equipped with quartz windows
for absorbanceand fluorescencemeasurements and interfaced via optical
fibers to aBioLogic light sourceand detection system.
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Figure 1. Schematic representation of a high pressure stopped-flow apparatus. The actual
mixing device, consisting of mixing syringes (1), mixing chamber (2), observation cell (3),
and waste syringe (4), is introduced via an opening screw (5) into a silicon oil containing
cylindrical high pressurecell (6),equipped with quartz windows (7).Mixing of the reactants
contained is induced by a pneumatically driven upward movement of a central piston (8),
pushing upward the pistons of the mixing syringes.
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Pressure-jump device to induce protein structural relaxations

Figure 2 gives a schematic representation of a pressure-jump device
connected to a fluorescence spectrometer, as it is used our laboratory. A
limitation of thistechniqueisthepressure-induced variation of temperature.
During apressure-jump,thetemperatureof thesampleisheated (for upward
jumps) or cooled(for downward jumps) by about 0.1°Cfor apressurejump
amplitude of 10MPa. In order to minimize thesetemperature variations,
experimentsarethereforeusually limited to pressurejump amplitudesof 50
MPa (Font et al., 2006b)

THE USE OF HIGH PRESSURETO STUDY THE MECHANISM
OF ENZYME REACTIONS

The main problem for studying enzyme reactionsunder high pressure is
thegenerally high reactivity of enzymes;theconversion of asubstrateinto a
product starts immediately after mixing the enzyme with its substrate.If
this mixing is doneat atmospheric pressure,the time lap that isnecessaryto
raise the pressure of the mixture precludes observation of early reaction
stages.Moreover, in the caseof rapidly reacting enzymes,the reaction may
beevenfinished before the end of thepressurization time.

Figure 2. Schematic representation of the pressure jump device. The high pressure optical
cell (1) allows the sample cell to be cooled or heated at a set temperature, and operates at
a pressure of several hundred MPa (up to 700 MPa) without leakage, even at sub-zero
temperatures. It holds a quartz sample cell, which is sealed with a polyethylene stretch,
maintained by a rubber O-ring. This high pressure cell, equipped with sapphire windows,
is easily interfaced to conventional spectrophotometers and fluorimeters. Pressure is
generated by a manual pump (2) and controlled by HP valves (3). The pressure vector,
water (4), is mediated through stainless steel capillaries. A home made pressure-jump
device (Torrent et al., 2006a) can be connected to the high pressure cell. Pressure jumps are
carried out by opening an electrically driven pneumatic valve (5) localized between the
high pressure optical cell and the ballast tank (6). The pressure-jumps consist of sudden
changes of pressure (up to 100 MPa) within a pressure range of 0.1–600MPa.

Fluorescence

Absorbance
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A convenientmeansto overcomethisdifficulty isgiven by thestopped-
flow technique under high pressure (seeFig. 1). This approach allows
keeping enzyme and substrate separatedduring the pressurization time.
They aremixed only oncethefinal pressurehasbeen reached.An alternative
technical solution, optimized for steady state enzyme kinetics, has been
developed by (Hoa etal.,1990).Theuseof high pressurestopped-flow devices
for studying enzymeactivity isillustrated by thefollowing threeexamples.

Frequently, enzyme catalyzed chemical reactions are carried out by
oligomeric proteins.However, onemay ask,what istheroleof theoligomeric
states?And are themonomers equally active asdimmers or tetramers?These
questionshavebeen dealt with by Kornblatt and co-workers for the caseof
yeast enolase (Kornblatt et al., 1998).This dimeric enzyme catalyzes the
interconversion of 2-phosphoglyceric acid and phosphoenolpyruvate.
Raising pressure induces the dissociation of the protein into monomers.
Thisinformation could bededuced from afourth derivativeUV absorbance
spectroscopicinvestigation (Langeetal., 1996)under pressure.Furthermore,
asshown by stopped-flow results, the activity of the enzymedecreasedasa
function of pressure. As shown in Fig. 3, these two processesoccurred
concomitantly, suggestingthat monomersdo not retain native-likestructures.

Figure 3. Effects of pressure on the quaternary structure and activity of yeast enolase.The
quaternary structure (full dots) and the enzyme activity (open circles) are expressedas
percentage of the respective values at atmospheric pressure. Adapted from (Kornblatt
et al., 1998).
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This study also showed that pressure-induced dissociation of yeast
enolasein the presenceof magnesium involves the lossof bound metal ion
Mg(II). Interestingly, when magnesium was replaced by manganese,the
application of pressuredid not lead to a lossof themetal ion. Moreover, the
pressure-induced monomers of Mn-bound enolase remained active and
showed anative-like structure. Figure 4 resumesthe effectsof pressureon
magnesium and manganese-bound yeastenolase(Kornblatt et al., 2004).

Carboxypeptidase from the thermophilic archaebacterion Sulfolobus
solfataricusisanother example of successfulapplication of high pressure to
study enzymeactivity. In theabsenceofglycerol and beta-mercaptoethanol,
this otherwise heat-stableenzyme undergoes thermal inactivation at 50°C.
However, thislossof activity canbeinhibited when theenzymeismaintained
at 200MPa (Becet al.,1996).As shown in Fig. 5,at higher temperatures, even
higher pressures (up to 400 MPa) can be used to drastically reduce the
thermal inactivation rate.Thisproperty of high pressuretostabilizeproteins
against thermal inactivation is interesting for the use of enzymes in
biotechnological applications under high temperature conditions.

Using the samecarboxypeptidase, pressurewas used for investigating
the role of individual non-covalent interactions in enzymatic reactions
(Occhipinti et al., 2006).This carboxypeptidase turned out to be ideally
suited for this investigation due to its very broad substratespecificity. This
enzyme can remove any amino acid, with the exception of praline, from
short peptidesand N-blocked amino-acids,irrespectiveof theblocking group.
This allowed a first comparative analysis of the effects temperature and
pressure have on the interaction of an enzyme with a broad range of
substrates.Furthermore, the pressureand temperature dependenceof the
enzymekinetic parameters(turnover number andMichaelisconstant) could
be used to dissect the individual non-covalent interactions in substrate
binding. Togetherwith molecular docking experimentsperformed ona3D

Figure 4. Effects of hydrostatic pressure on yeast enolase. Adapted from (Kornblatt
et al., 2004).

Mg+2-dimers
Step 1

Mn+2-dimers Mn+2-monomers

Mn+2-monomers*

Step 3

Step 2

Step 4

Metal-free monomer* + Mg2+

Metal-free monomer* + Mn2+

(Speciesin bold are enzymatically active; monomers and monomers* indicate different
conformations of the monomer)
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model of the enzyme, it turned out that both hydrophobic and energetic
interactions (i.e.,stacking and van der Waals)contribute most strongly to
substratebinding.

As shown in Fig. 6, a strong correlation was observed between the
volume changesassociatedwith Km (+VKm) and kcat (+V‡

kcat). Taking into
account the kinetic reaction model of ordered Bi Bi system,describing Km
and kcat in terms of individual rate constants,this correlation indicates that
the pressuredependenceof the kinetic substratebinding constant doesnot
depend on the nature of the substrate. However, as shown in Fig. 7, the
thermodynamic parametersdescribing the temperature dependenceof the
enzyme-substrateinteraction and thosedescribing its pressuredependence
were not correlated. This suggests that—in contrast to the pressure
dependence—thetemperature dependenceof the kinetic substratebinding
constant depends on the nature of substrate.

LIGAND BINDING TO HEMOPROTEINS

In the field of hemoproteins, one of the key features of the puzzling
mechanismof heme-typemonooxygenaseshasbeen to identify thestructural
features responsible for binding and subsequentactivation of molecular

Figure 5. Effect of pressure on the inactivation rate of carboxypeptidase from S. solfataricus
at different temperatures. Adapted from (Bec et al., 1996).
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Figure 7. Distribution of the enthalpy changes associatedwith the Michaelis constants
( HKm) versus the volume changes associatedwith the Michaelis constants ( VKm) for
different N-blocked amino acids used as substrates.Reprinted with permission from
(Occhipinti et al., 2006).

Figure 6. Distribution of the volume changes associatedwith the Michaelis constants
( VKm) versus the activation volumes ( V‡

kcat) of the catalytic step for different N-blocked
amino acids used as substrates.Reprinted with permission from (Occhipinti et al., 2006).
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oxygen. Thebest-studied monooxygenase is cytochrome P-450,the generic
name for a multigene family of heme-thiolate proteins that catalyze the
oxidation of a variety of exogenous, as well as endogenous, substrates
(Makris et al., 2002;Makris et al., 2003;Sligar, 1999).Closely related to P450
is nitric oxide synthase (NOS), a two-domains protein that consists of a
cytochrome P450reductase (Bredt et al., 1991)domain and an oxygenase
domain that resemblescytochrome P450(Marletta, 1994;McMillan et al.,
1992;Stuehr and Ikeda-Saito, 1992;White and Marletta, 1992). For both
classesof proteins, the heme moiety in its active form contains a
pentacoordinatedhigh-spin iron (FeIII)with anaxial cysteinethiolateligand.
Oxygen canbind to thehemeiron asasixth ligand. This step is the essential
prerequisitefor itsenzymatic function. Generally,observationof thesebinary
complexesisvery difficult becauseoftheir restrictedstability in thetimescale
of measurementat ambient temperature (Gorren etal., 2000;Lipscomb etal.,
1976;Peterson et al., 1972;Sligar et al., 1974).Besidesoxygen, other small
ligands can bind. For example, carbon monoxide (CO) induces a
characteristic red shift of the Soret band to 450nm. Due to the chemical
stability of the ferrous iron -CO complex, the latter is often usedasamodel
for abetter understanding of the interaction of cytochromeP-450andNOS
with oxygen.An examplefor astopped-flow kineticsof CO-binding under
high pressure to cytochrome P450is shown in Fig. 8.

Severalstudies reported the importance of thiolate asa fifth proximal
heme-iron ligand onO2activation for cytochromeP450.Using high pressure
stopped-flow kinetic experiments, Lange et al., 1994 havedetermined the
activation volumefor CObinding in severalisoformsof cytochromeP450in
the absenceof a substrate and compared the results with those obtained
with histidine ligated hemoproteins suchashaemoglobin and myoglobin.
They pointed out that the pressure effect depended on the nature of the
proximal axial heme ligand. Markedly negative values of the transition
state volume were determined for histidine ligand proteins indicative of
protein conformational changesand/or solvation processesofthetransition
state.In contrast, small positive activation volume changesled the authors
to theconclusion that CO-binding transition statewasonly slightly affected
by pressurefor thiolate ligated proteins (Table1).A first explanation of the
origin of thisbehaviour wasto suggestthepresenceof thenegatively charged
sulphur from cysteineligand that producesspecificelectronic properties.

Reconsidering this conclusion, Jung et al. (2002) showed that CO-
binding in cytochrome P450camcomplexed with substrate analogues of
camphor carrying methyl groups was also characterized by negative
activation volumes in contrast to the resultsobservedfor the protein in the
presence or in the absenceof natural substrates (Jung et al., 2002).From
theseobservations, the authors suggestedthat theaccessibility of theprotein
hemecentrecan bemodulated by substratebinding. Thepositivesign of the
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Figure 8. Time course of the CO binding to cytochrome P-450 BM3 after stopped flow
mixing at 150 MPa. Kinetics were started by mixing equal volumes (60µl) of the reduced
form of enzyme and CO solution in a thermostated high-pressure cell placed in Aminco
DW2 spectrophotometer operating in dual wavelength mode. The experiments were set-
up with one syringe filled with enzyme and the other one containing the CO-saturated
solution (1mM). Enzyme and gas-saturated solutions were prepared as described by
(Gorren et al., 2000;Lange et al., 2001).The monoexponential fit is shown by the solid line
through data points.

Table 1. Activation volume changesof the CO binding to various hemoproteins.

Enzyme Ligand V‡ (ml.mol–1) References
P-450scc S– (cys) 2 ± 2 (Lange et al., 1994)
P-450LM2 S– (cys) 3 ± 2 (Lange et al., 1994)
P-450LM3 S– (cys) 6 ± 5 (Lange et al., 1994)
P-450cam S– (cys) 4.6 ± 2.0 (slow phase) (Jung et al., 2002)

10.2 ± 2.1 (fast phase)
P-450cam + 1R-camphor S– (cys) –19.6 ± 0.9 (slow phase) (Jung et al., 2002)

–13.2 ± 0.8 (slow phase)
P-450cam + norcamphor S– (cys) 7.6 ± 2.0 (fast phase) (Jung et al., 2002)
P-450cam + norbornane S– (cys) 8.4 ± 0.8 (fast phase) (Jung et al., 2002)
chloroperoxidase S– (cys) 1 ± 2 (Lange et al., 1994)
lactoperoxidase N (his) –10 ± 3 (Lange et al., 1994)
Horseradish peroxidase N (his) –24 (Balny and Travers, 1989)
myoglobin N (his) –9 (Hasinoff, 1974)

–18.8 (Adachi and
Morishima, 1989)

hemoglobin N (his) –3 (Hasinoff, 1974)
–36 (Hasinoff, 1974)
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activation volumefor CObinding israther indicativefor solventaccessibility
andflexibility of theprotein than for diffusion-controlled CObinding or for
the specificelectronicstructure of the thiolate proximal group.

With regard to the CO binding properties of cytochromeP450,it was
surprising that the closely related NOS did not show the samebehaviour.
Indeed, using stopped-flow kinetic approach, Lange et al. (2001)( pointed
out that the rate of CO binding was strongly decreasedby the presenceof
substrate.However, application of high pressureinduced astrong increase
of the rate constant,up to avalue similar to that in the absenceofsubstrate.
In contrast,for cytochromeP450BM3,aprotein structurally homologous to
NOS,CO-binding to thehemeiron wasnot affectedby pressure,whether in
the absenceor in the presenceof substrate. Altogether, theseobservations
indicated that thesubstratebinding sitein BM3would belargeand flexible
while that of NOS would be more rigid and narrow. Thus, the effect of
pressurecould beattributed to anexpulsion of substrateof the active centre
of NOS.

After instrumental optimization of the high pressure stopped-flow
apparatus and a very careful designof anaerobicexperimental conditions,
it becamepossible to record oxygen binding kinetics under high pressure.

Figure 9. Effect of pressure on the rate of CO binding by BM3 (circles) and neuronal NOS
(triangles). High pressure stopped-flow kinetics were carried out at 25°C in the absence
(solid symbols) and in the presenceof 100µM palmitate (open circles) with cytochrome
P450BM3 and with NOS, in the presenceof 200µM substrate, L-arginine (open triangles
up) or in the presence of both 200µM L-arginine and an excessof 25µM cofactor BH4
(open triangles down) for nNOS (Lange et al., 2001).
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Accordingly, Marchal et al., 2003successfully investigated the kinetics of
CO and oxygen-binding to heme-thiolate proteins, the F393Hmutant of
cytochrome P450BM3 and the endothelial NOS under pressure. These
proteins were usedasmodels becauseoftheir specific chemical properties,
theformation of astableferrous-oxy complex for theformer and theabsence
of a reductase domain for the latter, preventing the reduction of the
oxycomplex by electron transfer. For BM3, ratesand activation volumes of
oxygen-binding matched the valuesmeasuredfor CO binding. In contrast,
thesepropertiesdiffered for NOS,suggestingdifferent binding mechanisms
of COand oxygen in NOS.Moreover, theseresultsindicated that CObinding
doesnot seemtobeanappropriate probe for studying oxygen-binding.

Theanalysis of thepressuredependenceof theoxygen binding ratesof
NOS revealed biphasic profiles. A closer analysis of theseprofiles, in the
presenceof substrates,L-arginine and hydroxyl-arginine, and the cofactor
tetrahydropterin or its inactive analogs, led to interesting results which
could be interpreted by the transient formation of a new form of ferrous-
hemecentre for NOS(see reviews (Gorren et al., 2005;Marchal et al., 2005)).
Theseresults were corroborated in more recent rapid-scanning stopped-
flow experimentsperformed at low temperature(Marchal etal. 2004)which

Figure 10. Pressure-dependenceof ligand binding to the ferrous heme centre of P450BM3
(circles) and eNOSoxy (triangles). CO binding rates (solid symbols) and O2 binding rates
(open symbols) have been measured by rapid mixing of reduced proteins in the presence
of substrate (60µM arachidonate for BM3) and inactive cofactor (0.5mM L-arginine,
50µM amino-BH2 for eNOS) with 0.5mM CO and O2, respectively, in appropriate buffer
at pH 7.4 and at 4°C (Marchal et al., 2003).
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showed that oxygen-binding to thereduced endothelial nitric oxidesynthase
(eNOS)resulted in two distinct speciesdiffering in their Soretand visible
absorbancemaxima, and in their capacity to exchangeoxygen by CO.

Altogether, ligand-binding studiesusing high pressurewhich stopped
flow technology appears to be informative for the characterization of
elementary stepsin the complex mechanismof severalenzymatic systems.

PROTEIN FOLDING AND UNFOLDING

Protein folding/unfolding is a complex reaction that can be described
properly only in termsof multidimensional energysurfaces(Dill andChan,
1997;Soccietal.,1998).Determining thepath and rateof this reaction remains
a major experimental challenge. Nonetheless, there have been significant
advances in experimental techniques. Apart from computational
approaches, the p-jump method appears as an interesting tool. Over the
past 15 years, the pressure-jump induced relaxation kinetics has yielded
many significant insights in this researchfield, especially towards the
understanding of folding and unfolding mechanisms (Desai et al., 1999;
Font et al., 2006b;Herberhold et al., 2003;Mohana-Borges et al., 1999;Panick
et al., 1999;Panick and Winter, 2000;Pappenberger et al., 2000;Tan et al.,
2005;Torrent et al., 2006b;Vidugiris et al., 1995;Woenckhaus et al., 2001),
and the structure of folding transition states(Font et al., 2006a;Jacobetal.,
1999;Mitra et al., 2007;Perl et al., 2001).

Thep-jump approachcanbeusedto study both the unfolding reaction
(by upward p-jump—pressurization)and thefolding reaction(by downward
p-jump—depressurization). Thesestudies monitor the structural changes
through relaxation of the protein’s spectroscopic properties. The data
obtained, with a dead-time on the order of milliseconds, exhibit single- or
multiple-exponential time-decayprofiles, showing, respectively,that proteins
can fold in a two-state process(between the native stateand the unfolded
state)or in an scenarioinvolving intermediate states.

Generally,protein folding andunfolding reactionsaretriggered by rapid
flow techniques,involving turbulent mixing with high concentrationsofa
chemical denaturant, and by laser-induced temperature-jump (T-jump).
Although, the pressure-jump technique is used much lessoften, it offers
several advantages: (1) pressure propagates rapidly so that sample
inhomogeneity isa minor problem. (2)Pressure-jumpscanbeperformed bi-
directionally, i.e.,by upward and downward p-jumpsof magnitudebetween
10and 100MPa. (3) In the caseof fully reversible structural changesof the
sample, identical p-jumps canbe repeatedto allow for an averaging of the
dataover severaljumps. (4)Pressureallowstheactivation volumesfor folding
and unfolding reactionsto bedetermined, aparameter that informs about
the hydration of the transition state.



16 Comparative High Pressure Biology

Here,wediscusstheapplication of thismethod to severalmodel proteins:
33-kDa and 23-kDaproteins from photo-system II, a variant of the green
fluorescent protein, and afluorescent variant of ribonucleaseA, and asetof
sevenhydrophobic variants of this protein. As illustrated by the examples
shown thereafter,thepressure-jump relaxation method permits, ononehand,
to reveal path dependentprotein folding/unfolding reactions,which are
hidden in equilibrium unfolding studies and barely accessibleby other
techniques;and on the other hand, to explore the folding transition state
ensembleofaprotein, giving direct information about itsstateof hydration.

Path dependent protein folding/unfolding reactions

Depending on the model protein and the experimental conditions,
significant discrepancieswere observed when comparing upward and
downward p-jump induced kinetics. In fact, the recent landscapetheories
of protein folding suggestthat individual proteinswithin a largeensemble
may follow different routes in conformation spacefrom the unfolded state
toward the native state,and vice versa.The results are in line with amore
complex freeenergy landscapeinvolving multiple pathways.

The33-kDa and 23-kDa proteins from photo-systemII

The thermodynamically predictedequivalencyof upward and downward
pressure-jump induced relaxation kinetics for a typical two-state protein
was observed for the 33-kDamodel. The situation becomesmore complex
with the 23-kDaprotein. At 45°C,the relaxation profiles are fast,occurring
on the timescale of seconds.Hence, the apparent rates for the folding and
unfolding reaction are comparable. However, upon decreasing the
temperature to 20°C,and further on to 10°C,increasing differences in the
apparent reaction rates are revealed. At 10°C, refolding is about 20 times
slower than unfolding.

A GFPvariant

Intrigued by theprecedentresults,we extendedour study to other proteins.
The GFPvariant used appeared to be a very suitable model. At pressures
below theoverall breakdown of thesecondarystructureof thenativeprotein,
partial protein unfolding results in a quenching of the fluorescenceof its
co-factor.Theassociatedunfolding kineticsoccurson themillisecond to second
time-scale,and is acceleratedat high pressure,indicating that the activation
volumeisnegative. In Fig. 11,theobserved relaxation rates,kobs, arecompared
for upward and downward pressurejumps within a broad pressurerange,
from 150to 500MPa.Wenote that the observedrate constantskobs arenot the
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same for forward and backward pressure-jumps, i.e., the process under
consideration is path-dependent, indicating that p-jumps in opposite
directions appear to induce kinetics involving different transition states.

A Fluorescentvariant of ribonucleaseA

Again, significant deviations from the expected symmetrical protein
relaxation kinetics were observed. Whereas downward p-jumps always
resulted in single exponential kinetics, the kinetics induced by upward
p-jumps wasbiphasic in the low pressure rangeand monophasic at higher
pressures(Fig. 12).The relative amplitude of the slow phasedecreasedasa
function of both pressureand temperature. At higher temperatures(50°C),
only the fast phase remained. Theseresults were interpreted within the
framework of a two dimensional energy surfacecontaining apressure-and
temperature-dependentbarrier betweentwo unfolded statesdiffering in the
isomeric stateof theAsn-113-Pro-114bond.Analysisof theactivation volume
of the fast kinetic phase revealed a temperature-dependent shift of the
unfolding transition stateto a larger volume. Theobserved compensationof
thiseffect by glycerol offered anexplanation for itsprotein stabilizing effect.

Figure 11. Pressure-induced shift of observed rate constants (inverse of relaxation times)
for rsGFP after p-jumps of 100MPa amplitude at pH 5.5 and 5°C. Triangle symbols ( )
and ( ) are the kobs values determined in the pressurizing (right-handed arrow) and
depressurizing (left-handed arrow) direction, respectively. The length of the arrows refers
to the p-jump amplitude. Figure adapted from (Herberhold et al., 2003).
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The folding transition state ensemble of a protein. The caseof
hydrophobic variants of ribonuclease A

Investigation of the transition stateensembleis experimentally extremely
challenging, since—due to its transient nature—it can not be directly
observed.However, somecharacteristics of this state canbededuced from
kinetic experiments, especially by applying the -analysis (Fersht, 2004;
Raleigh and Plaxco,2005),which involves measuring the folding kinetics
andequilibrium thermodynamicsof variant proteinscontaining amino acid
substitutions. Sinceexperiments under pressure allow in determining
reaction and activation volume changes(andhencethe changein hydration
of the protein upon unfolding), using the +p-value analysis, the relative
hydration of the TSEwith respectto the folded and unfolded statescanbe
evaluated.This is illustrated by the following example.

The role of hydrophobic interactions in the pressure-folding transition
state of ribonucleaseA was investigated using the -value and +p-value
methods.To this aim, the ratio betweenthe folding activation volume and
the reaction volume (+p-value), which is an index of the compactnessor
degree of hydration of the transition state, was calculated. The results
obtained indicate a pressure-folding transition state for the main
hydrophobic coreof RNaseA that is approximately halfway between the
native and unfolded states.Theresults showed that theTSEwasarelatively
uniformly expanded form of the folded structure presenting a weakened

Figure 12. p-Jump induced Y115W RNase A folding and unfolding relaxation kinetics at
30°C. Comparison of upward and downward p-jumps led to identical final pressures.
The kinetics after a downward p-jump (upper x-axis) is fitted by a single exponential (A),
that after an upward p-jump (lower x-axis) by a double (B) and a single exponential (C,
dashed line). Figure adapted from (Font et al., 2006).
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hydrophobic core. This strongly suggestsa pressure-folding pathway
following a nucleation-condensationmechanism. In addition, a direct
comparison of the nature of the transition state inferred from pressure-
induced folding studiesand the results of the protein engineering method
was presented.As shown in Fig. 13,agood correlation was found between
the -values and the ++p-values.

Thestageisnow well setfor moredetailed and further work addressing
thesequestions,but also for looking atmore complex questions,suchasthe
study of the folding reactionof oligomeric proteins aswell asfor studiesof
protein aggregationand the fibrillation phenomena.Of particular interest
may betheapplication of this method to proteinswhich naturally fold into
different thermodynamically stableconformations, suchasprion proteins.
In fact,for suchproteins, identification of distinct path-dependentfolding/
unfolding reactions might help defining strategiesaimed at selecting or
modulating particular folding routes.

CONCLUSION

In this chapter we have analyzed the effectsof pressureon severaltypes of
protein reactions.Thenecessityto incorporate pressureasavariable in the
thermodynamic analysisof protein kinetics and for getting acloserinsight
into the structural featuresof their reaction mechanismhave beenshown.

Figure 13.Correlation between the fractional +-values and the +p-valuesof each variant.
The solid line shows the best fit to a linear equation (r = 0.85).Reprinted with permission
from Font et al., 2006a.

+
f
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Without changing pressure, it seemsindeed very difficult to characterize
transient interactionsof proteinswith their hydration shell.

Sometimes people who are less acquainted with pressure, object that
pressure variations of some hundred MPa are not in the ‘physiological
range’—meaning that using suchapproaches,albeit intellectually interesting,
might bevoid of practical utility. Theyarewrong for two reasons.First,there
aremany organisms that do indeed live under high pressureconditions (cf.
Chapter “Pressure and Living Organisms” in this book). Second,pressure
must beconsideredasaperturbation parameter—just asis temperature, pH,
chemical composition of the solvent, etc. The only difference to pressure is
that parameters like temperature or pH have beenused for a long time as
protein perturbation tools. Though, noone is questioning the use of
temperaturevariationsfor determining energeticparameters.However, using
pressure asa variable is still sometimes considered assomething ‘exotic’ .
But isn’t real scientific progresspossibleonly by taking ‘exotic’ paths, thus
permitting to overcometrapsand barriersof much-tramped paths?
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