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a b s t r a c t

While molecular adaptation to high temperature has been extensively studied, the effect of hydrostatic
pressure on protein structure and enzymatic activity is still poorly understood. We have studied the influ-
ence of pressure on both the quaternary structure and enzymatic activity of the dodecameric TET3 pep-
tidase from Pyrococcus horikoshii. Small angle X-ray scattering (SAXS) revealed a high robustness of the
oligomer under high pressure of up to 300 MPa at 25 �C as well as at 90 �C. The enzymatic activity of
TET3 was enhanced by pressure up to 180 MPa. From the pressure behavior of the different rate-
constants we have determined the volume changes associated with substrate binding and catalysis.
Based on these results we propose that a change in the rate-limiting step occurs around 180 MPa.

� 2011 Elsevier Inc. All rights reserved.

Introduction

A large portion of the earth’s biosphere is a high pressure envi-
ronment [1]. Around 79% of the marine biosphere lies at depths
below 1000 m, i.e. at pressures of 10 MPa or higher. Recent ocean-
ographic campaigns revealed the existence of a large number of
species in the deep-sea [2,3]. In organisms that are adapted to live
at atmospheric pressure, exposure to high pressure will lead to
growth arrest and eventually to cell death [4]. On the other hand
piezophilic organisms require elevated pressure for optimal
growth [1,5,6].

According to Le Chatelier’s principle hydrostatic pressure shifts
chemical equilibria and kinetic processes towards the state with
smaller volume. This affects all biochemical or physiological pro-
cesses in an organism when it is exposed to high pressure. The
effect of high pressure resembles that of high temperature as it
destabilizes the quaternary and tertiary structure of proteins and
it resembles that of low temperatures since it has a similar effect
on protein synthesis and membrane structure [7]. However, com-
pared to temperature effects, much less energy is involved in pres-

sure effects, which act exclusively on weak interactions. Regarding
the quaternary structure of protein complexes pressure can lead to
dissociation or partial unfolding and aggregation [8–11]. Whether
dissociation or aggregation occurs depends on the volume change
associated with the breaking of the intersubunit interactions with-
in the assembly and on the volume difference between the native
and the unfolded/dissociated states. In most cases, changes in the
quaternary structure will have an effect on enzyme activity. How-
ever, pressure will directly affect enzymatic reactions through vol-
ume effects as well. Depending on the sign of the activation
volume DV–, i.e. the volume difference between the transition
state and the initial state, the reaction will be slowed down or
enhanced by pressure [12]. A hint that the growth arrest of micro-
organisms might be related to pressure-induced loss of enzyme
function is the fact that its kinetics resemble the inactivation
kinetics of proteins [13,14].

The archaea Pyrococcus horikoshii was isolated from the
Okinawa Trough in the Pacific Ocean at a depth of 1395 m [15].
At pressure conditions between 0.1 and 15 MPa growth is optimal
at 95 �C, whereas at higher pressure (30 MPa) the optimal growth
temperature is 100 �C [16]. We recently solved the structure of the
TET3 peptidase from P. horikoshii (PhTET3) [17]. TET peptidases are
a new class of large selfcompartmentalized proteases found in
archaea. In contrast to other known cytosolic bacterial or
eukaryotic proteases, these proteins do not form barrel-shaped
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assemblies, but dodecameric tetrahedral complexes of about
470 kDa [18]. The six edges of the tetrahedron are each formed
by a dimer, which we have identified as the building-block of the
dodecamer [19]. On the faces of the tetrahedron a 9 Å opening is
located in the center of the triangle formed by three dimers. On
the vertices small pores of 4 Å diameter exist. We proposed that
peptides access the active site in the interior of the protein through
the openings on the faces and that the reaction products, free ami-
no acids, are expelled through the pores [17].

In the MEROPS classification system TET proteins belongs to
peptidase family M42, which is part of the clan MH [20]. All TET
proteases for which high resolution structures are available have
the same active site architecture as aminopeptidase AAP, the type
example of clan MH [17,21–23]. In the proposed catalytic mecha-
nism for AAP, a glutamate residue first acts as a general base,
removing a proton from the water molecule that bridges the cocat-
alytic zinc ions. The attack of the resulting hydroxide on the car-
bonyl of the scissile peptide bond leads to the tetrahedral
intermediate. The protonated glutamate residue is then thought
to provide a proton to the amino nitrogen, leading to the breakage
of the C–N bond [24]. In a last step the products are released and a
water molecule binds to the zinc ions to return the enzyme to its
original state. The breaking of the C–N bond is the rate-limiting
step of the reaction, independently of the temperature at which
the reaction takes place [25]. The reaction can be summarized by
the following reaction scheme:

Eþ S�
Km

ES!k2 EA!k3 Eþ P:

The behavior of enzymes under pressure has garnered more and
more interest in recent years because of the role of pressure as a
fundamental thermodynamic variable, the discovery of the large
biodiversity in high-pressure environments such as the deep sea
and the increasing implementation of high pressure in biotechnol-
ogy. Nevertheless, few studies exist that combine the investigation
of the influence of high pressure on enzyme activity and on struc-
tural integrity [11], especially compared to the extensive research
that has been done on the effect of temperature. Several studies
have been carried out on the pressure-resistance of proteins from
hyperthermophiles, mostly on the increase in half-life at high tem-
perature with increasing pressure [26–28]. However, these studies
have focused on pressures of up to 75 MPa and report effects on
residual activity, which does not allow conclusions on whether oli-
gomer dissociation, unfolding or more subtle structural changes are
at the origin of the observed effects.

In order to advance our understanding of the effect of hydro-
static pressure on the quaternary structure and the catalytic activ-
ity of high molecular weight complexes in situ, we have used the
PhTET3 peptidase as a model system. In this study we combine
small angle X-ray scattering (SAXS)1 and enzymatic activity mea-
surements to investigate the limits of the stability of the quater-
nary structure and of the enzymatic activity of PhTET3 under
high pressure.

Theory

From the pressure dependence of the activity of an enzyme and
from its catalytic parameters, information on the volume changes
associated with different steps in the catalytic mechanism can be
obtained. The partial derivative of a rate constant k with respect
to pressure can be expressed in terms of the activation volume
DV– [12,29,30].

@ðln kÞ
@P

� �
T

¼ �DV–

RT
; ð1Þ

where R and T are the gas constant and temperature in Kelvin,
respectively. DV– represents the volume difference between the
transition state and the initial state of the system in the reaction
with rate constant k. Similarly, a volume change D Vbind associated
with a binding constant Kbind, can be defined as:

@ðln KbindÞ
@P

� �
T
¼ �DVbind

RT
: ð2Þ

In the most straight forward case, when the volume change is pres-
sure independent, the rate constant will have a linear pressure
dependence. If the volume change is pressure dependent, the
rate-constant will show a non-linear behavior with pressure. This
can be due to a change in the isothermal compressibility b of a pro-
tein, which is defined as the change of its molar volume Vi with
pressure [13]

b ¼ �1
Vi

@Vi

@P

� �
T

:

If the non-linearity of the pressure behavior of the rate constant is
due to compressibility changes, then its pressure dependence can
be described by the following quadratic equation [30]:

ln ðkÞ ¼ lnðk0Þ �
DV–

RT
P þ Db–

2RT
P2: ð3Þ

Methods

Production of recombinant PhTET3

The protein was produced and purified as described earlier [17].

Small angle X-ray scattering

All small angle X-ray scattering (SAXS) experiments were car-
ried out at the high brilliance beamline ID02 at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France. For the high
pressure measurements the cell described in [31] was used allow-
ing access to a pressure range from atmospheric to 300 MPa. The
sample to detector distance was set to 2 m. The X-ray energy used
was 16.5 keV which corresponds to a wavelength of 0.751 Å. All
samples were measured at a concentration of 1 mg mL�1 in
50mM HEPES-NaOH buffer at pH 7, except for the sample which
was progressively heated, for which HEPES buffer adjusted with
NaOH to pH 9 at 90 �C was used. Exposure times were 5 times
0.3 s for the sample and 10 times 0.1 s for the buffer. A test run
showed that PhTET3 can be exposed to the beam for at least
130 s in intervals of 1 s or less without suffering measurable radi-
ation damage. During data reduction the dark images were sub-
tracted from the data, which were then corrected for spatial
distortion and divided by a flatfield image. Data reduction was
automatically done during the data acquisition at ID02. The
program Fit2d [32] was used for masking of the beamstop, the
detector edges and any parasitic scattering from the diamond win-
dows of the pressure cell. Averaging, subtraction of the mask and
azimuthal integration were done using the ‘SAXS program package’
by Boesecke [33]. In a last step scaled buffer intensities were sub-
tracted from the sample intensities using the program PRIMUS
[34]. Parasitic scattering from the diamond windows of the pres-
sure cell led to bad data quality at very small angles in some data
sets. Therefore, pair distribution functions and the corresponding
radii of gyration (Rg) were calculated using the program GNOM
[35]. For all points within a data series calculations were done over
the same q-range. The program CRYSOL [36] was used to

1 Abbreviations used: SAXS, small angle X-ray scattering; ESRF, European Synchro-
tron Radiation Facility; BuChE, mutant butyrylcholinesterase; H-lysine-pNA, 1H-
lysine-para-nitroanilide.
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