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Table 1. Reaction volumes associated with selected biochemically important reactions (25 "C). For further data, including activation 
volumes of inorganic and organic reactions, cf. van Eldik et al. (1989). 

Reaction Example AV 

Protonationlion-pair formation 

Hydrogen-bond formation 

Hydrophobic hydration 

Hydration of polar groups 
Protein dissociation/association 

H' + OH- + H,O 
imidazole + H' 3 imidazole . H' 
Tris + H' + Tris . H' 
HP0,Z- + H' + H,PO, 
C0:- + 2H' + HCO; + H+ + H,CO, 
protein-COO- + H' + protein-COOH 
protein-NH; + OH- + protein-NH, + H,O 
poly(L-lysine) (helix formation) 
poly(A+U) (helix formation) 

(CH4)hCX,", + (CH,),,,,, 
C6H6 -+ (C&),ater 

rnVmol 
+ 21.3 
- 1.1  
- 1.1 
+ 24.0 + 25.5" + 10 + 20 
- 1.0 
+ l . O h  
- 6.2 
- 22.7 

n-propanol -+ (n-propanol),,,,, - 4.5 
lactate dehydrogenase (M, + 4M) apoenzyme 

microtubule formation (tubulin propagation ; 

-500 
holoenzyme (saturated with NADH) -390 

AV per subunit + 90 
ribosome association (E. coli 70s) 2200" 

Protein denaturation myoglobin (pH 5, 20°C) - 98 

a AV for each ionization step. 
For DNA denaturation: 0-3 mVmol base pair. 
200-850 mVmol, depending on pressure and state of charging. 

lized by hydrostatic pressure. This effect is attributed to the 
electrostrictive effect of the separated charges: each of it ar- 
ranges water molecules in its vicinity more densely than bulk 
water. Thus the overall volume change favours the disso- 
ciation of ionic interactions under pressure. For the same 
reason the pHof water is shifted by 0.3 when pressure is 
raised from 0.1 to 100MPa; in certain buffer systems the 
effect is even larger (for buffer systems with low pressure 
coefficients, cf. Bernhardt et al., 1988a; Distkche, 1972). 

Similarly, the exposure of hydrophobic groups to water 
disturbs the 'loosely packed' structure of pure water and 
leads to a hydrophobic solvation layer which is assumed to 
be more densely packed (Kauzmann, 1959 ; J. Finney, unpub- 
lished). Hence, the exposure of hydrophobic residues occur- 
ring, for instance, during the unfolding of proteins is fa- 
voured at elevated pressure. In this context, the well estab- 
lished fact that van der Waals' forces contribute significantly 
to hydrophobic interactions (Privalov, 1993) should be kept 
in mind. Since they tend to maximize packing density, one 
would predict their pressure coefficient to be positive. 

Formation of hydrogen bonds in biomacromolecules is 
connected to a negligibly small reaction volume, which may 
be positive or negative, depending on the model system. 
Table 1 gives some typical values for the volume effects con- 
nected with biochemical reactions involving the various in- 
teractions. From the previous discussion of the size and sign 
of AV and AV", it is obvious that water as the main compo- 
nent of the cell and as a standard solvent in biochemistry 
plays a major role in our understanding of high-pressure ef- 
fects. It needs hardly to be mentioned that water is far from 
being a simple liquid (Franks, 1972-90; Lang and Liide- 
mann, 1982, 1990; Liidemann, 1992). Its structure is still 
puzzling physicists and physicochemists and its anomalies 
provide pitfalls as well as unexpected chances when hy- 
drostatic pressure is applied to biological reactions in their 
natural aqueous environment. 

Experimental facilities and methods 

The 'classical' high-pressure techniques include ultravio- 
let/visible spectroscopy, fluorimetry, stopped-flow kinetics 
and tube gel electrophoresis at elevated pressures (Hawley, 
1978; Schade et al., 1980b; Heremans, 1982; ClCry and Mas- 
son, 1992) (Fig. 1A-C). More recently, high-pressure NMR 
has become feasible, including two-dimensional NMR at hy- 
drostatic pressures up to 500 MPa (Jonas, 1992). X-ray crys- 
tallography under pressure has been used for lysozyme (Kun- 
drot and Richards, 1987, 1988) which, however, remained 
the only system studied by this technique. Similarly, the 
application of circular dichroic spectroscopy under pressure 
has been described, but very rarely used (Harris et al., 1976). 

An astonishing example of how many different manipula- 
tions can be performed on a pressurized sample is provided 
by the high-pressure patch-clamp recording technique 
(Fig. 1D). The sample can be illuminated, watched, moved 
in three dimensions, and highly sensitive electrical equip- 
ment for patch-clamp recording is provided in the autoclave. 
Another high-pressure marvel is the 'portable spectroscopy 
unit' reported by Spitzer et al. (1988). 

Highly specialized equipment has also been developed 
for the isolation (Dietz and Yayanos, 1978) and growth of 
micro-organisms under pressure, e.g. for methanogens (Bern- 
hardt et al., 1987), for marine fungi (Lorenz and Molitoris, 
1992b) and for high-pressure cultivation in temperature gra- 
dients (Yayanos et al., 1984). 

Thus there is no restriction as to what one can in principle 
do with pressurized samples (varying other parameters, hy- 
drogen exchange, hybridization, electrophoresis, etc). Of 
course, sample handling must be economized in order to 
avoid the need of excessively complicated high-pressure 
equipment. 

Furthermore, in certain experimental techniques such as 
ultracentrifugation (Harrington and Kegeles, 1973), HPLC, 
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Fig. 1. High-pressure equipment (A) Schematic representation of high-pressure apparatus : 1, autoclave; 2, Bourdon gauge; 3, hydraulic 
pump; 4, reservoir for hydraulic fluid. (B) High-pressure transmission and fluorescence cuvette: 5 ,  pressure inlet; 6, thermostatting jacket 
with thermocouple; 7, Cu-Be or stainless steel block; 8, teflon sample cell (volume 2ml)  with silicon hose and stopper; 9, sapphire 
windows; 10, ultraviolet light guide to monitor fluorescence emission (at right angles to the transmission beam .-). (C) Flexible 
teflon container (11) (volume = 2 ml for autoclave 1 in A): 12, copper cylinder: 13, screw with steel plate; 14, teflon stopper with rubber 
O-ring. (D) Patch-clamp recording equipment at helium pressures up to 50 MPa. The patch-clamp recording equipment (a) can be accommo- 
dated in a pressure vessel with 15-cm bore (b). The pressurized sample can be moved, illuminated, manipulated with the patch electrode 
and watched with a long-range binocular microscope: 1, microscope; 2, drive control; 3, window; 4, tissue bath on movable platform; 5,  
electrical connection; 6, gas connection; 7, light guide; 8, rotating platform; 9, x and y movement; 10, light guide and prism; 11, mechanical 
linkage to external drives: 12, micrometer vertical drive; 13, pre-amp pressure casing; 14, patch electrode (Macdonald et al., 1989). 

etc., high pressure occurs as an intrinsic effect, which must 
be taken into account in interpreting data, especially on dis- 
sociable or compressible systems. On the other hand, these 
techniques can also be used to create pressures at will; for 
instance, in common swing-out rotors in the ultracentrifuge, 
pressure gradients from 0.1 to 140 MPa can easily be accom- 
plished (Seifert et al., 1984). 

Effects of pressure on proteins and protein complexes 
The delicate balance of stabilizing and destabilizing in- 

teractions makes proteins exhibit only marginal intrinsic sta- 
bility. Considering the fundamental principles of the structure 
of globular proteins, i.e. optimum packing of the hydropho- 
bic core, minimum hydrophobic surface area, and ion pairs 
within and between subunits (Pemtz and Raidt, 197.5; Ri- 
chards, 1977; Dill, 1990; Jaenicke, 1991a,b), it is evident 
that high hydrostatic pressure must be effective at the levels 
of both the tertiary and quaternary structures. Since there 
is no way to differentiate between specific and unspecific 
interactions, pressure will promote the dissociation of oligo- 
meric proteins and assembly systems of higher complexity 
on the one hand, and unfolding and misassembly on the other 
(Jaenicke, 1987). 

Monomeric proteins 
Denaturation and refolding 

Pressure-induced denaturation of a monomeric protein 
was first observed by Bridgman (1914), but systematic 
studies of the effect only began half a century later. The first 
reversible denaturatiodrenaturation by pressure was de- 
scribed by Suzuki et al. (1963). Quantitative evaluation of 
the thermodynamics of pressure-induced denaturation be- 
came feasible with the introduction of ultraviolet spectros- 
copy at pressures of lo8 Pa. Studies of Brandts et al. (1970) 

on RNase A, of Hawley (1971) on chymotrypsinogen and 
of Zipp and Kauzmann (1973) on metmyoglobin provided 
sufficient data for p/T diagrams which revealed elliptic con- 
tours indicating that proteins can show heat and cold denatu- 
ration (Fig. 2). A decrease of the limiting pressure of denatu- 
ration at low temperature had already been observed by 
Bridgman (1914). 

In general, single-chain proteins, studied at ambient tem- 
perature and neutral pH, do not undergo denaturation at pres- 
sures below 400 MPa. This indicates that protein denatu- 
ration cannot play a significant role as a stress phenomenon 
in the adaptation of microorganisms toward deep-sea condi- 
tions. Application of a two-state model for the N + D equi- 
librium transition yields reaction volumes between 30 - 
100 ml/mol. The validity of two-state approximations for the 
pressure-induced unfolding of monomeric proteins was first 
challenged by Li et al. (1976). In this study, the protein fluo- 
rescence of lysozyme was shown to exhibit two separate 
transitions, a smooth one between 200-800MPa, and a 
highly cooperative one between 800- 1100 MPa, both ac- 
counting for approximately the same amplitude in fluores- 
cence change (Fig. 3). Binding of a substrate analogue made 
both transitions coincide. A more detailed account was pro- 
vided by the application of high-resolution NMR techniques 
under pressure. First results in the pressure range up to 
500 MPa corroborated the biphasic transition (Samarasinghe 
et al., 1992; Jonas, 1992). The corresponding reaction vol- 
umes obtained from the pressure-dependent proton NMR sig- 
nals of five amino acid residues located in different regions 
of the molecule were found to differ significantly. Three resi- 
dues located in the a-helical domain (Trp28, Leul7, Hisl.5) 
yielded reaction volumes around 10.5 ml/mol, whereas the 
reaction volume for Cys64, located in the P-sheet domain, 
was only 9.3 ml/mol. In accord with these volume changes, 
the P-domain was found to be more stable against pressure- 
induced unfolding than the a-domain. As in the earlier study 
(Li et al. 1976), the difference vanished upon binding of a 
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FIG. 1. A simplified diagram o£ side (upper panel)
and Cront (lower panel) views of the pressure
cell employed in these studies. The total volume of
the cell is about 5 ml. Windows (labelled W)
to the cell were sapphire, UV grade. Temperature
control was maintained by circulating water from a
Lauda constant temperature bath and circula-
tor. During operation, the cell is closed after addi-

of the total time the reaction was linear.
Pressure-release was almost instantaneous,
so that experiments could be carried out to
examine the rebound-ability of a given
enzyme. Cuvette temperatures were main-
tained by the use of a Lauda K-2/R re-
frigerated water bath connected to a water
jacket surrounding the pressure cuvette.

Electrophoresis and electrofocus of rat-

tion of the reaction mixture by screwing in the
screw plug (upper panel) "finger-tight." The pres-
sure pump can be connected by either of the two
lateral channels leading into the pressure cell (low-
er panel). The lower channel is basically designed
to ease in flushing out the cell contents after each
assay.

tail muscle PK. The epaxial muscle en-
zyme was investigated electrophoretically
and by electrofocus techniques to deter-
mine whether unusual enzyme forms that
differed from those seen in other fishes
were maintained. Electrophoresis was per-
formed according to the procedures given
by Susor and Rutter (1968), and electrofo-
cus was carried out according to Haglund

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article-abstract/11/3/451/174356 by U

niversity of C
alifornia, Santa C

ruz user on 20 D
ecem

ber 2018


