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ABSTRACT. Temperature- and pressure-induced denaturation of the protein ubiquitin was investigated using
FT-IR spectroscopy. On the basis of IR spectral parameters, different states are distinguished and a pressure/
temperature stability diagram of the protein has been determined. The evolution of the secondary structures
with temperature illustrates that the band intensities of disordered structures decrease at the expense of
the formation of intermoleculgf-sheets at 83C, pD 7, and ambient pressure, with the population of
intramoleculaiB-sheets andi-helices remaining essentially unchanged. At ambient temperature2(l

°C) and pD 7, ubiquitin denatures at 5.4 kbar. Contrary to other proteins studied so far, features of secondary
structure of ubiquitin remain distinct at high pressure, suggesting that part of this small protein rearranges
and does not unfold to disordered structures. The secondary structural changes during compression and
decompression are fully reversible, and no aggregation occurs. With corresponding measurements of the
pressure-induced denaturation of ubiquitin at different temperatupg$;-atability diagram of ubiquitin

could be obtained. Furthermore, kinetic FT-IR measurements were carried out using the pressure-jump
relaxation technique. The denaturation process is shown to occur on a time scale which is about twice as
long as that of the renaturation process, and both processes are much slower than the umédtalaigg

kinetics observed at ambient pressure.

Most studies dealing with protein unfolding and denatur- for understanding protein folding phenomena. The structural
ation have been carried out at atmospheric pressure usingoroperties of the denatured state that is achieved may depend
various physicochemical perturbations such as temperaturepn the method employed to perturb the native structure.

pH, or chemical denaturants as experimental varialiles (|t has long been known that the application of hydrostatic
Besides temperature and chemical potential, pressure reppressure results in a change in the native protein structure
resents a further important thermodynamic variable, and the (2, 3) due to a decrease in the total volume of the protein
volume changes that have been found, which are associate@olvent system upon denaturation. A number of reviews on
with the observed transition, correspond to a fundamental the effects of pressure on proteins discuss these volume
physical parameter of the protetsolvent system, the  changes in greater detait£8). Also, in a recent theoretical
volume of unfolding,AV,°.* Compared to varying temper-  study, the pressure dependence of hydrophobic interactions
ature, which produces simultaneous changes in both densityhas been shown to be consistent with the observed pressure
(or volume) and thermal energy, the use of pressure to studydenaturation of proteingy.

protein solutions perturbs the environment of the protein in |, 54dition to being an important thermodynamic variable,

a continuous, controlled way by changing intermolecular hressyre can be used as a valuable means of triggering and
distances. As such, pressure represents a potentially Very, estigating the kinetics of the unfoldirgefolding transi-
informative approach to the study of protein structure and o of proteins. The use of pressure as a kinetic variable
stability. A more complete description of the pressure- ¢ sydying the kinetics of biomolecular phase transforma-
denatured states of proteins, therefore, should be quite usefu}ions is a field which is developing rapidig,(10). Generally,

the pressure-jump technique has several advantages over
T This work was supported by the Deutsche Forschungsgemeinschaftother trigger mechanisms. First, it does not significantly

(DFEFE) ari;d the Fonds dé%r Cherr?iS?g%n |ré%ustrie-d bhvsical Chermist change the solvent properties; second, pressure propagates
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' Abbreviations: FT-IR, infrared spectroscopy; IR, infrared; NMR, — another reason for systematic studies on the pressure unfold-
nuclear magnetic resonance; SAXS, small-angle X-ray scattering; DAC,

diamond anvil cell; Snase, staphylococcal nuclease; Rnase, ribonuclease!'9 of proteins related to the new_theoretlcal appr_oaph by
BPTI, bovine pancreatic trypsin inhibitor, relaxation time;T, Bryngelson and Wolynes1@), which uses a statistical
temperature;p, pressure;AG,°, standard Gibbs energy change of characterization of the energy landscape in analyzing protein

unfolding (denaturation)AV,°, volume change of unfolding (denatur- ; ; ; i i
ation);k,, reaction constant of unfolding (denaturatioh,, activation folding. Different modes of denaturation, including pressure,

volume of unfolding (denaturation}yV;*, activation volume of folding may correlate differently W_ith the roughness of the energy
(renaturation). scale and slope of the folding funnel, and small changes in
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nuclear magnetic resonance (NMR) spectroscopy using rapid
mixing techniques indicates a three-state transition. The first
80% of ubiquitin folds with a time constant 6f8 ms; 12%
folds with a time constant o100 ms, and 8% folds within
~10 s @1).

MATERIALS AND METHODS

Ubiquitin was purchased from Sigma Chemical Co. and
used without further purification. The protein was dissolved
at a concentration of 5% (w/w) in 10 mM TRIS buffer
(Sigma) with 99.9% RO (Sigma) at pD 7 for the high-
pressure experiments. For the temperature-dependent experi-
ments, we used a 10 mM phosphate buffer. The pD of the

solution was adjusted to 7.0 using DCI. Before the measure-
Ficure 1: Tertiary structure of ubiquitin. ments were performed, the solution was heated toGor
1 h to allow deuterium exchange of the labile amide protons
solvent temperature or pressure might lead to continuousof ubiquitin.

changes in the populations of molecular conformations during  FT-|R spectroscopy has proven to be a powerful technique
folding. Such subtlety is not recognized in the classical for determining the secondary structure elements under high-
modeling where specific intermediate structures and path-pressure conditions. The amide | band (between 1600 and
ways are invoked. 1700 cnt!) was detected, which is mainly associated with

In this paper, we used high-pressure FT-IR spectroscopythe carbonyl stretching vibration (85%) of the amide groups
to study the reversible pressure-induced unfolding and of the amino acids, and which is directly related to the
denaturation of ubiquitin and we compare the results with backbone conformation and hydrogen bonding pattern of the
those obtained for the temperature-induced transition. Thisprotein. The FT-IR spectra were recorded with a Nicolet
work is a continuation of our studies on pressure-induced MAGNA 550 spectrometer equipped with a liquid nitrogen-
folding—unfolding reactions of proteinslp—15). For ex- cooled MCT (HgCdTe) detector. The infrared light was
ample, our recent pressure-jump relaxation FT-IR and SAXS focused by a spectra bench onto the pinhole of a diamond
studies on Snase indicated that a partial unfolding to anvil cell (DAC) with type lla diamond<2Q). Each spectrum
disordered structures occurs at pressures ab@vigbar, and was obtained by co-adding 256 scans at a spectral resolution
these studies provided a picture of the transition state in of 2 cnm* and was apodized with a HapfBenzel function.
which a significant fraction of the protein has been removed The sample chamber was purged with dry and carbon dioxide
from contact with the solvent. To characterize the nature of free air. Powderedr-quartz was placed in the pinhole of
the transition state in the pressure-induced foleingfolding the steel gasket, and changes in pressure were quantified by
reaction of ubiquitin, we also performed pressure-jump the shift of the quartz photon band at 695 @n(23). An
kinetic FT-IR studies on this protein. external glycol thermostat was used for the pressure- and

Ubiquitin is a single-domain protein without disulfide temperature-dependent measurements to control the temper-
bonds or bound cofactors that is bound covalently by a ature to within 0.1°C. The equilibration time before
conjugating enzyme to proteins that are targeted for degradaf@cording spectra at each temperature and pressure was 20
tion by the 26S proteosoma®). This 76-amino acid protein ~ Min. Pressure jumps were obtained by turning the spring-
with a molecular mass of 8433 Da exists in virtually all loaded screw of the DAC. Within the accuracy of the
eukaryotes, including plants. The sequence is highly con- €xperiment, an adiabatic temperature change in the course
served, being identical in animal sources from insects to Of the pressure jumps could not be observed within the dead
humans 17). The X-ray structure shows the extremely time of the measurement-Q0 s), as the sample volume was
compact nature of the protein with approximately 87% of Vvery small ¢-10 nL) and the DAC was effectively thermo-
the polypeptide chain being involved in hydrogen-bonded Stated.

secondary structure, involving a 5-strand mixgdheet Fourier self-deconvolution of the IR spectra was performed
(residues +7, 11-17, 40-45, 48-50, and 64-72), 3.5 turns with a resolution enhancement factor of 2.4 and a bandwidth
of ana-helix (residues 2334), a short piece of aighelix of 12 cnrl. The fractional intensities of the secondary

(residues 56'59), and 7 reverse turns (residuesia, 18- structure elements were calculated from a band-fitting

21, 3740, 45-48, 51-54, 5760, and 62-65) connecting procedure assuming a Gaussidrorentzian line shape
the secondary element$g 19). The3-sheet has a charac- function (L3, 14). For the time-dependent measurements, 32
teristic left-handed twist, and the-helix fits into the cavity scans were co-added to one spectrum. We analyzed the |
formed by the sheet. The protein crystalline state containsband by calculating the difference between the absorbance
about 16%u-helices, 37%8-sheets, and 37% other structures measured at timeand the absorbance measured before the
(Figure 1) @8, 19). On the other hand, circular dichroism pressure jump24). It should be mentioned that the results
(CD) experiments reveal 16%-helices, 55%p-sheets, and  of this method need to be treated with caution for the
29% other structure elemen®0j. Four of the fives-strands determination of the absolute values of the secondary
form af-sheet plane; above this plane is arrangedthelix. structure elements, because their transition dipole moments
Ubiquitin folds very rapidly under ambient-pressure condi- may be different. Fewer problems arise, however, from the
tions. Kinetic analysis of the renaturation of ubiquitin by application of the fitting method to the study of changes in



2398 Biochemistry, Vol. 41, No. 7, 2002 Herberhold and Winter

1648
1646 0
O
g 1644
s ' |
8 5 1642
s > 0
s 16401] 0ooo DDDDDDDDDDDDDDD
1638 - - -
20 40 60 80 100
T/°C
1700 1650 1600 FiGure 3: Temperature dependence of the maximum of the amide
7/ emi! I" band of ubiquitin at ambient pressure (pD 7).
Ficure 2: Deconvoluted FT-IR spectra of ubiquitin as a function N1—=——=55 iaua
of temperature at ambient pressure (pD 7). oY =00 tooen” o
304
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function of temperature at ambient pressure (pD 7).

conformations of the protein backbone, which was the
primary goal of this study.

To determine the standard Gibbs energy chak@g® and
the volume change\V,° [=(0AG,°/dp)7] of a two-state
pressure-induced unfolding process, the equilibrium profiles
obtained from the FT-IR spectra can be fitted to the relation
AG = —RTIn Kequ= —RTIn[(Is — 1,)/(I, — 1y)] using the
data points at each pressufg,and the asymptotic values
of the fractional band intensities due to particular secondary : .
structural elements for the folded and unfolded stdtes)d 1700 160 1600
l,, respectively. v from

absorbance

Ficure 5: Deconvoluted FT-IR spectra of ubiquitin at different
RESULTS pressures at 21C and pD 7.

Temperature and Pressure Dependence of the Amide | (~36%),a-helices (-12%), and turns+{15%) are constant,
FT-IR Spectrum of UbiquitinFigure 2 shows the deconvo- and are therefore not included in the plot. The temperature-
luted IR spectra of ubiquitin between 20 and T@at pD induced increase in the band intensities of intermolecular
7.0 and ambient pressure after-B exchange at 55C. As [-sheets is clearly visible above 83, which is accompanied
can be clearly seen, significant changes in the spectral shap®y a corresponding decrease in band intensities of disordered
of the amide 'l band occur above-83 °C. At 20 °C, the (nonperiodic) structures. Without being significantly un-
maximum of the amide’ band (the prime indicates that the folded, ubiquitin aggregates by forming new intermolecular
solvent is DO) in the FT-IR spectrum appears at 1639ém  -sheets when heated above 3. An analysis of the IR
Up to ~83 °C, the band maximum increases slightly and band at 1516 crrt, which is due to the vibrational band of
then it shifts drastically to higher wavenumbers (Figure 2). tyrosine 59, which is located at the end of thehelix,
Above 83°C, two new bands appear, around 1620 and 1684 indicates a small change in the tertiary structure of ubiquitin
cm L. These bands are characteristic of the formation of at~83 °C only (data not shown).
intermolecular-sheet structures and are thus indicative of  To investigate also the effect of pressure on the secondary
the aggregation of the protein at these temperatures. Thestructures of ubiquitin, we measured the pressure-induced
sharp rise in the amidé band maximum at 83C indicates changes in the amidé tegion of the IR spectrum in the
the location of the temperature-induced unfolding of the pressure range of 1 bar to 9 kbar. The pressure dependence
protein. of the deconvoluted FT-IR spectra of deuterium-exchanged

The fractional intensities of the secondary structure ele- ubiquitin at pD 7.0 and 22C is shown in Figure 5. Above
ments were calculated as described above using the assign=5.4 kbar, drastic changes in the spectral shape of the amide
ment to IR bands as summarized in Table2hb, (26). The I' band are clearly visible. With increasing pressure, the
evolution of secondary structures of ubiquitin with temper- amide | band maximum decreases from 1638.7 tiat 1.4
ature is illustrated in Figure 4. Within experimental error, kbar to 1637.6 cm* at 5 kbar, i.e., at a rate 6f0.5 cnmY/
the fractional intensities of the intramolecul@rsheets kbar (Figure 6), the negative slope being expected to occur
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pressures at 2iC and pD 7. from 8 to 3 kbar] (pD 7).

pressure kinetic FT-IR experiments was 10 s. Figure 9 shows
the intensity of the amideé band maximum of the difference
e'spectra at 21 and 31C after pressure jumps from 3 to 8

b f conf onal ch h ' Above 5 4kbar and from 8 to 3 kbar, respectively. The first data point
absence of coniormational changes to the protein. Above 5. is set to zero on the difference absorbance scale, and the

kbar, the band maximum shifts to larger wavenumbers. At end point fort — o is set to—1. The renaturation curves
this pressure, the pressure-induced denaturation of the prOteiQpressure jumps from 8 to 3 kba.r) are mirrored onxthis

takes place at 21C. _ o . The data reveal a significant change in the IR spectra on the
The pressure-induced changes in the fractional intensitieS;jme scale of 800 s after the pressure jump. A fast burst phase
of the different amide’lsubbands are presented in Figure 7. may not be resolved here. The relaxation timesan be fit

Within experimental error, the fractional intensity of in- 5 gingle exponentials. The calculated relaxation time for
tramolecular -sheets is constant, and is therefore not yaonaturation of ubiquiting) at 21°C is 242 s: at 3FC, it

included in the plot. The pressure-induced denaturation aspag gecreased to 132 s. For the renaturation, the relaxation
judged by changes in the fractional band intensities also tje () is 115 s at 2°C and 44 s at 32C. As expected,
begins at 5.4 kbar, and the transition is complete at 6.4 kbar.ihe qenaturation and renaturation process atGis faster
At the transition, the fractional intensities afhelices and than that at 2P°C, and the renaturation process is a factor
turns slightly increase, whereas the population of disordered s .o faster than the denaturation process at the same
(nonperiodic) structures decreases. Assuming that the changegmperature. An additional kinetic experiment with a pressure
taking place in the transition region can be assigned to ajump from 4.5 to 8 kbar, i.e., in a pressure region which is
simple two-state unfolding process, we can calculate the hropaply mainly determined by the reaction constant of
volume change during denaturatioh\(,") to be =50 + 20 unfolding, k,(p), revealed a much shorter relaxation time of
mL/mol. _ . ~23 s only at 21°C, indicating that the activation volume
Corresponding measurements of the pressure-inducedsf ynfolding AV, is negative. Assuming for simplicity that
denaturation of ubiquitin at different temperatures result in ;g essentially determined iy, and assuming a simple two-
a p/T—stability diagram, which is shown in Figure 8 (the  state process, we can calculate an apparent activation volume
onset temperatures and pressures of the denaturing transitiog¢ unfolding of approximately—38 mL/mol. This would
are given). At 3I'C, the point of maximum pressure stability  jngjcate that the transition state has a structure which is close
is reached. Above 4€C, the pressure-induced denaturation o the conformation of the pressure-denatured state. The
and partial unfolding are accompanied with some degree of corresponding activation volume for refoldingyVi*, has to
aggregation (data not shown) during compression, as can b&e positive then, which would be consistent with a rate-
inferred from the occurrence of aggregation bands around”miting step for refolding involving minor secondary
1620 and 1684 ct. structural rearrangements and some degree of dehydration.
Time Dependence of the AmideHT-IR Spectrum of
Ubiquitin. To study the unfolding and refolding kinetics of DPISCUSSION AND CONCLUSIONS
ubiquitin, pressure jumps from 3 to 8 kbar and in the reverse  The FT-IR measurements indicate that ubiquitin partially
direction were performed. The dead time of these high- unfolds and aggregates above 83. During aggregation,

for hydrogen-bonded carbonyl grou®y). It should be clear
that these continuous changes in pressure-induced wav
number shifts only apply to the elastic regime, i.e., in the
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the ubiquitin molecules form intermoleculArsheet struc-  31°C, it has decreased to 132 s. The renaturation process is

tures;a-helical structures are not involved in this process. considerably faster. The corresponding relaxation times are

The temperature-induced aggregation process turns out tol15 s at 21°C and 44 s at 32C. As the first data point in

be irreversible. This finding is in agreement with the results our current high-pressure experiments indicates that at 21

of Wintrode et al. 28—30), who pointed out that above pH  °C 45% of the ubiquitin molecules are denatured, we cannot

4.0 ubiquitin tends to aggregate and that ubiquitin has arule out a faster burst phase during denaturation. For

transition temperature 690 °C at pH 4.0. comparison, the process of folding induced by chemical
Reversible pressure denaturation experiments were carriedlenaturants is much faster. Kinetic analysis of the renatur-

out at different temperatures in the pressure range from lation of ubiquitin by nuclear magnetic resonance (NMR)

bar to 9 kbar. The results indicate that the protein unfolds at spectroscopy using rapid mixing techniques indicates a three-

pressures above5 kbar in the temperature range from 7 to  state transition; 80% of ubiquitin folds with a time constant

55 °C. Interestingly, the pressure-denatured state containsof 8 ms, 12% with a time constant of 100 ms, and the final

morea-helical and turn structures than the native state, and 8% with a time constant of 10 21). Our data clearly

the increase in the levels of these secondary structureindicate that the pressure-induced relaxation times for

elements is accompanied by a decrease in the levels ofdenaturation and refolding are much slower. In our case, the

disordered (nonperiodic) structures. Application of high kinetics is determined by the activation volume of the

pressure thus results in no complete unfolding forming denaturation and refolding reaction, and not by activation

essentially disordered structures, but instead leads to a partiaénergies as in the ambient-pressure studies using rapid mixing

rearrangement of the secondary structure elements of thistechniques.
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