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High pressure induces the formation of aggregation-prone states of
proteins under reducing conditions
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Abstract

The pressure stability of ribonuclease A and bovine pancreatic trypsin inhibitor has been investigated with Fourier
transform infrared spectroscopy in the presence of the disulfide bond reducing agent 2-mercaptoethanol. The secondary
structure of the reduced proteins at high presduréGPa is not significantly different from the pressure-induced
conformation of the native form. Upon decompression under reducing conditions, amorphous aggregates are formed.
Such aggregates are not formed upon decompression of the native proteins. Our data demonstrate that high pressure
populates, and thus allows the potential characterization of highly aggregation-prone conformations. The relevance of
these findings with regard to fibril formation is discussed and the possible role of conformational fluctuations of
intermediates on the aggregation pathway is emphasized.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction macologists and biochemistd,2]. The general
picture that has emerged so far is that a partially
Considerable effort has been put in gaining a unfolded conformation is the aggregation-prone
better insight into the mechanism of protein aggre- specieg1,3—d. One approach to characterize this
gation, and in particular the formation of amyloid Species is to create solvent conditions in which the
fibrils. Because of its human and economic con- protein is destabilized. The right conditions can be
sequences, of which Alzheimer's disease and the achieved by reducing the pH, varying the ionic
transmissible spongiform encephalopathies such asstrength or by addition of, for instance, trifluoro-
BSE are the best known, protein aggregation has ethanol[7,8].
attracted the attention of biotechnologists, phar- Recently, it was demonstrated that high pressure
can be a valuable tool in the formation of a
Abbreviations: BPTI, bovine pancreatic trypsin inhibitor;  partially unfolded conformation. Smeller et §i]
RNase A, ribonuclease A; FTIR, Fourier transform infrared showed that pressure-treated myoglobin, when

spectroscopy; D-exchange, hydrogen—deuterium exchange. [ _
*Corresponding author. Tel:+32-16-32-79-51; fax:+32- heated, aggregated at significantly lower tempera

16-32-79-82. tures than the untreated protein. Ferrao-Gonzales
E-mail address: et al. [9] were able to convert native transthyretin
karel.heremans@fys.kuleuven.ac(e Heremans. after a compression—decompression cycle into a

0301-4622/03/$ - see front matt@€r 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0301-4622(02)00385-X



298

species that forms amyloid fibrils under conditions
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ples were stored overnight to ensure complefe H

where the untreated protein is stable. They also D-exchange of all solvent accessible protons.

indicated that this species might well be an inter-
mediate that is actually on the aggregation path-
way. Both investigations suggest that in order to

Mercaptoethanol was present during overnight
storage. All samples were centrifuged for 10 min
at 12 100< g before use.

achieve the aggregating species, pressure treatment

of proteins is a useful tool.
Why would an intermediate conformation have

2.2. Pressure unfolding

a greater tendency to aggregate than the native High hydrostatic pressure is achieved using a

fold? Chalikian and Breslauefl(] investigated
the change in partial specific adiabatic compressi-
bility B2accompanying conformational transitions.
They found that the transition between the native

diamond anvil cell(DAC) in combination with
the MINICELL (Diacell Products, UK, which is
the drive mechanism. The pressure is generated by
means of a hand-driven knob and screw, acting on

and partially denatured state is characterized by aspring washers, moving a lever and presser plate

small decrease iB2, whereas the transition from
the native to the fully denatured state results in a

mechanism. The lower presser plate drives a pis-
ton, on which a diamond anvil is mounted. The

large decrease of the compressibility. This suggestsopposing anvil is held fixed on a plate, adjustable

that the partially denatured state has a highgr
than the fully denatured state. In other words,

for tilt (www.diacell.co.ub. The choice of dia-
mond anvils is based on the fact that diamonds

partially denatured states seem to be more dynamicare the hardest substance known, and because they

than fully denatured ones.

In this paper we describe the effect of pressure
on bovine pancreatic trypsin inhibit¢BPTI) and
ribonuclease A(RNase A under reducing condi-
tions in the presence of 2-mercaptoethanol. Both
proteins are paradigms in folding studies investi-
gating the role of disulfide bondg11]. Their
pressure stability in the absence of any reducing
agent is well documentefll2—14. Fourier trans-
form infrared (FTIR) spectroscopy is our method
of choice because it is highly sensitive fesheet
[15], and because the most common form of
aggregation displays a well-defined infrared pat-
tern. The emphasis of this work is on the aggre-
gation behavior and the role of the flexibility of
the aggregating species.

2. Materials and methods
2.1. Sample preparation

RNase A and BPTI were purchased from Sigma
(Bornem, Belgium and used without further puri-
fication. All proteins were dissolved at 50
mg mli~* in 10 mM deuterated Tris—HCI buffer
(pD 7.6). Reducing conditions refer to the same
buffer but in the presence of 300 mM 2-mercap-
toethanol(Merck, Darmstadt, GermamnyThe sam-

are transparent to photons over a wide energy
range[16]. Type lla diamonds, especially, are used
in infrared studies because they have a low absorp-
tion outside the relevant protein absorption bands.
A stainless steel gasket, with a hole in it, is
squeezed between the two diamonds, and has two
functions: (i) it provides support to the anviléii)

it creates a chamber in which the sample can be
contained[17]. The usual gasket thickness before
compression is 5qum, and the diameter of the
hole is 0.5 mm. So the final volume of protein
solution in the DAC is in the order of several
nanolitres. The use of such a small volume has
the advantage that there is no adiabatic heating
during compression. Moreover, the MINICELL is
connected to a thermostat, which allows adjust-
ment of the temperature. In the present case all
experiments were performed at 26. After pres-
sure increasédecrease the protein solution was
allowed to equilibrate for 10 min before taking the
infrared spectrum. Barium sulfate was used as an
internal pressure standaftig].

Note that the short path leng(B0 pm) explains
why we use a high protein concentration. The use
of lower protein concentrations would require sub-
traction of the solvent contributioffeven in a
deuterated buffer This is not a straightforward
procedure and may result in artefacts. In addition,
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Fig. 1. The effect of increasing pressure on the deconvoluted armiadl of RNase A at 25C: (a) native protein(b) protein in
the presence of 300 mM mercaptoethanol. Pressure increases from bottom to top between 0.1 MPa and 1 GPa in steps of approx-
imately 1 MPa.

this procedure would require solvent spectra at reductant 2-mercaptoethanol. Fig. 1 compares the
exactly the same pressure as the correspondingdeconvoluted amide’ Iband of RNase A as a
protein solution which is impossible to achieve function of pressure under native and reducing
with a DAC. Remark that under the given solvent conditions. The amide band(1600—-1700 cm?)
conditions both RNase A and BPTI readily is mainly due to the €O stretching vibration of

dissolve. the protein backbone, and therefore sensitive to
the secondary structurl5]. It can be seen that
2.3. FTIR spectroscopy the spectra at 0.1 MPa and 26 are very similar.

This suggests that not all disulfide bonds are
The infrared spectra were obtained with a Bru- reduced at ambient conditions.
ker IFS66 FTIR spectrometer equipped with a In both cases the component bands at 1638,
liguid nitrogen cooled broad band mercury—cad- 1652, 1662, 1675 and 1685 cth  can clearly be
mium-—telluride solid state detector. Two hundred seen at ambient pressure. These have been assigned
and fifty interferograms were co-added after reg- to B-sheet, a-helix, turns, turns andp-sheet,
istration at a resolution of 2 cnt . respectively[13,14,20. At 1 GPa, a broad band
Resolution enhancement was achieved by Fou-with a maximum at approximately 1644 crh
rier self-deconvolution, a mathematical technique typical for the disordered structufé3,14,20, can
of band narrowing, and was performed using the be found in both cases. This indicates that the
BRUKER software. The assumed line shape was overall structure of the conformational ensemble
Lorentzian. A half bandwidth of 21 cmt and an that makes up the unfolded protein is essentially

enhancement factor of 1.7 were uddd. the same for the reduced and the native RNase A.
However, upon decompression the behavior of the

3. Results reduced RNase A differs from the native protein.
Whereas the native protein refolds to its native

3.1. Ribonuclease A form, the reduced protein remains as its disordered

structure down to 200 MPa. Below this pressure
We investigated the pressure stability of RNase two distinct bands at 1612 and 1683 th  start
A in the absence and in the presence of the developing. These bands are characteristic of inter-
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Fig. 2. The deconvoluted amide I' band of non-redudidgt-

ted line) and RNase A under reducing conditioffall line) at
25°C and 0.1 MPa, 1 GPa and 0.1 MPa after decompression
(from bottom to top. The spectra were normalized for the
same overall intensity.

molecular anti-parallel B-sheet aggregation
[21,23. It should be emphasized that this is an
amorphous, non-fibrillar form of aggregation as
observed by electron microscopy,23.

For better comparison Fig. 2 shows the super-
position of the spectra at 0.1 MPa, 1 GPa and 0.1

MPa after decompression. These correspond to thecoincides with
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native and the denatured state and to the confor-
mation obtained after pressure treatment,
respectively.

Fig. 3a shows the position of the amidebhnd
maximum of native RNase A as a function of
pressure. The maximum is situated at approxi-
mately 1640 cm? , indicative of the high degree
of B-sheet preseritl3,14,20. Two transitions, with
midpoints(p, ,) at 600+ 11 and 75@-2 MPa, can
be observed. The first transition coincides with the
H/D-exchange transitior{Fig. 3a; p,,=605+4
MPa), which causes a shift of the composing
amide | peaks to lower wavenumbef45]. The
H/D-exchange can be followed by the disappear-
ance of the amide Il band at 1550 c/h  and the
increase of the amidellband at 1450 cm? [24].
The former band is mainly60%) caused by the
N-H bending vibration, while the latter is due to
the N-D bending vibratiori15]. The second tran-
sition is the actual unfolding transition, shifting
the band maximum to approximately 1644 th
characteristic for disordered structuf3,14,2Q.
The completion of the HD-exchange before the
main unfolding can be explained by a transient
global unfolding mechanisr25]. Under reducing
conditions we can observe only one transition in
Fig. 3b (p,»,=640+0.8 MPa, which roughly
the HD-exchange transition
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Fig. 3. The pressure dependence of the RNase A aridenid maximun(@®), and of the ratio of the intensities at 1450 and 1550
cm~1 (O) (at 25°C): (a) native protein(b) protein in the presence of 300 mM mercaptoethanol.
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mercaptoethanol. Two pressure regions can be
distinguished. Up to approximately 400 MPa the
MPa width of the amide 'l band decreases, while all
01 spectral features remain clearly distinct. The
intense band at approximately 1643 th  has
been assigned to disordered structure which is also

?

1417
1326

(0]

% 1233 present in the native proteii2]. Above 400 MPa

g 1002 a gradual broadening of the amidebland takes

2 o4 place and the intensity of the 1643 ctm  band

< 604 decreases. The broadening is mainly due to the
o increase of the intensity of the bands at approxi-
207 mately 1624 and 1636 cnt , characteristicfof
91 sheet structure[13,14,2Q0. Above 1.0 GPa the
o1 unfolding of the reduced BPTI is complete. Pres-

1

sure release results in the formation of two bands
at 1612 and 1683 cmt , respectively, indicating
Wavenumber / cm ' aggregation of the proteifFig. 4, top spectrum
These were absent in the pressure-treated native

Fig. 4. The pressure-induced changes in the anidand of protein [12].
BPTI in the presence of 300 mM mercaptoethanol at’@5

(deconvoluted spectyaThe top spectrum was taken at 0.1 4. Discussion
MPa after decompression. Note the presence of the two bands

at 1612 and 1683 cnt , indicating aggregation after . . .
decompression. RNase A contains four disulfide bonds, two of

which are buried in the hydrophobic core of the

(p1,2=6184+0.1 MPa. This suggests that in the protein, and two that are only partially buri¢2i7].
presence of 2-mercaptoethanol, RNase A unfolds Whereas the latter two may be exposed to the
as soon as the disulfide bonds become accessibleeducing solvent upon local unfolding, the former
to the solvent due to a transient global unfolding two require a global unfolding in order to become
and are subsequently reduced. reduced. Thus, we expect that under the present

At this point we would like to emphasize that experimental conditions at least two disulfide
under the experimental conditions used in this bonds are still present at 0.1 MPa. However, a
work only the solvent accessible protons will be correlation between the HD-exchange in the
exchanged for deuterons after overnight storage.absence of reductariFig. 39 and the unfolding
The buried protons do not become exchanged until in the presence of mercaptoethabig. 3b) pro-
the protein unfolds, either transiently or non- vides evidence that at approximately 600 MPa a
transiently. Our approach, compared to fully transient global unfolding takes place. At that point
exchanging the protein as suggested by Haris etthe disulfide bonds are reduced and RNase A
al. [2€], has the advantage that one can monitor concomitantly unfolds. Our data also indicate that
other processes preceding or accompanying thethe secondary structure of the pressure-unfolded
unfolding by means of the fD-exchange. How-  protein under reducing conditions does not signif-
ever, note that the completion of the exchange will icantly differ from the pressure-unfolded state of
cause a shift of the amide’ bands to lower the native protein. This is also observed in studies
wavenumber[26], but this does not affect our of isothermally prepared nonnative protein states,
analysis. using H” O magnetic relaxation dispersi¢ag],
small angle X-ray scatterinf29] and fluorescence
resonant energy transfé30], that have shown that

Fig. 4 shows the pressure dependence of theeven the unfolded states of reduced proteins are
amide [ band of BPTI in the presence of 2- not random coils and that they bear significant

1560 1580 1600 1620 1640 1660 1680 1700 1720 1740

3.2. Bovine pancreatic trypsin inhibitor
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resemblance to the unfolded state of native proteins have a higher exchange rf8&]. This is
proteins. also suggestive of an increased flexibility, in the
The pressure stability of BPTI in the absence of sense of conformational fluctuations. Thus, we
a reducing agent using FTIR spectroscopy was assume that, in the absence of any structural
investigated by Goossens et #1.2]. They found difference between the pressure denatured protein
that up to 500 MPa all observed changes in the under native and reducing conditions, the latter
FTIR spectrum are related to changes in bond undergoes larger conformational fluctuations,
length, hydration and cavities, rather than to a loss because it lacks the constraints imposed by the
of structure [31]. This was confirmed by high disulfide bonds. As a result the hydrophobic core
pressure computer simulatiori82]. Above 500 of the reduced protein becomes likely more
MPa a gradual transition from-helix and disor- exposed, and therefore the reduced protein tends
dered structure t@-sheet takes place. However, a to aggregate more easily. It is generally assumed
cooperative unfolding transition could not be that exposure of hydrophobic patches that other-
observed and all changes were reversible. In agree-wise remain buried within the domains of persist-
ment with these observations we find that the ent secondary structure allows the formation of
pressure dependence of the amiiddnd of the intermolecular associationgl,38. Evidence for
reduced BPTI is also characterized by two phasesthis exposure comes from 8-anilinonaphthalene-1-
below and above 500 MPa. But in contrast to the sulphonate binding studig87,39. Moreover, the
native BPTI we observe a complete unfolding present type of aggregation is normally not
rather than a structural re-arrangement. The observed after pressure treatment, unless at higher
assumption of a complete unfolding is based on temperatureg >40 °C). Higher temperatures are
the fact that at 1.4 GPa the amidebhnd is more  also known to increase the amplitude of confor-
or less symmetrical at approximately 1644 ¢ , mational fluctuationg40].
lacking a distinct shoulder at lower wavenumbers  The fact that the aggregation does not take place
(1624-1636 cm?). Also, a plot of the pressure- above 200-300 MPa is due to the dissociating
induced structural changes indicates completion of effect of pressure at higher pressurgs4i]. In
the transition(not shown. contrast, temperature would cause such flexible
Goossens et al[12] concluded that the native structures to aggregate immediately. This shows
BPTI was not unfolded at 1.5 GPa based on the that pressure is a useful way of conformational
fact that secondary structural features, in particular perturbation that allows the population and, poten-
the newly formed3-sheet, still existed at this high tially, the characterization of flexible, aggregation-
pressure. However, there is now sufficient evidence prone species. This adds further support to the
that for many proteins a persistent amount of earlier high pressure work on myoglobjd] and
secondary structure remains present in the unfoldedtransthyretin[9].
state [33—-34. Thus, we suggest that even the It is interesting to consider the effect of disulfide
native BPTI is unfolded at 1.5 GPa, albeit that the bond reduction from the viewpoint of fibril for-
presence of the disulfide bonds poses some con-mation. Recently, it was shown that a reducing
straints on the remaining structure. This might environment is not a prerequisite for the conver-
explain the minor spectral differences between the sion of the cellular form of the prion protein
native and the reduced protein at high pressure. PrP into its pathological isoform P¥P , that can
Finally, an amorphous aggregate is formed upon associate into fibrillar structure$42]. Another
decompression of the reduced protein. study concluded that the reduction of the disulfide
Denisov et al.[28] argued that although the bridge in recombinant human prion protein at
average structure of the denatured state of reducedneutral pH results in the formation of amorphous
proteins is not very different from the denatured aggregate$39]. Similarly this was also shown to
state of the native proteins, their flexibility is be the case for the amyloid protef}-microglob-
likely to be affected to a larger extent. In addition, ulin [37]. However, at more acidic pH and in the
H/D-exchange studies have indicated that reducedpresence of salts amyloid fibrils @,-microglob-
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ulin did form. These results suggest that disulfide
bond reduction is indeed no prerequisite for fibril

formation. They also seem to indicate that fhe

sheet-rich intermediate on the fibrillation pathway
is not very flexible, since this gives rise to amor-
phous aggregates. On the other hand, a certain
degree of conformational fluctuation may allow
processes such as domain swapping to take place.
It has been suggested that this phenomenon might

be a first step in fibril formation[43,44. Addi-

tionally, the amyloid-associated light chain of
human immunoglobulin was shown to have a faster
rate of H/D-exchange than the homologous non-
pathological light chain, indicative of stronger

conformational fluctuations in the formei38].

Thus, the flexibility of intermediate states may be
an additional factor determining the outcome
between refoldingunfolding, amorphous aggre-

gation and fibril formation. The condition&H,
salt, temperature and pressurfer the formation

of these flexible intermediates and their experi-
mental characterization requires further attention.

5. Conclusion

We have shown that complete reduction of
disulfide bonds requires an unfolding that can be

(2]

(3

(4]

(6]

(7]

(8l

(9]

achieved by pressure. Moreover, the secondary [10]

structure of the reduced pressure-unfolded state
does not significantly differ from that obtained
under non-reducing conditions. However, under
reducing conditions, decompression results in the
formation of an amorphous aggregate. This shows
the potential of high pressure to populate and

It also
highlights the possible importance of flexible inter-

characterize aggregation-prone species.
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