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ABSTRACT: Differential scanning calorimetry and Fourier-transform infrared spectroscopy have been used
to characterize the thermal stability of bacteriorhodopsin (BR) cleaved within different loops connecting
the helical rods. The results are compared to those of the native protein. We show that the denaturation
temperature and enthalpy of BR cleaved at peptide bond 71-72 or 155-156 are lower than those of the
intact protein, and that these values become even lower for the BR cleaved at both peptide bonds. The
effect of cleavage on the denaturation temperature and enthalpy values seems to be additive as has been
previously suggested [Khan, T. W., Sturtevant, J. M., & Engelman, D. M. (1992)Biochemistry31, 8829].
The thermal denaturation of all the samples was irreversible and scan-rate dependent. When cleaved at
the 71-72 bond BR follows quantitatively the predictions of the two-state kinetic model at pH 9.5, with
an activation energy of 374 kJ/mol, similar to that of native BR. Calorimetry experiments with different
populations of intact and cleaved BR provide direct evidence for some intermolecular cooperativity upon
denaturation. The denatured samples maintain a large proportion ofR helices andâ structure, a fact
which seems to be related to their low denaturation enthalpy as compared to that of water-soluble, globular
proteins.

Thermodynamic-data analysis and energetic characteriza-
tion of the thermal stability of membrane proteins (Sanchez-
Ruiz & Mateo, 1987; Ruiz-Sanz et al., 1992) as well as that
of several globular proteins (Sanchez-Ruiz et al., 1988;
Conejero-Lara et al., 1991) cannot be undertaken because
of their non-equilibrium, irreversible denaturation (Sanchez-
Ruiz, 1992). This irreversibility is usually due to non-
equilibrium processes taking place on protein unfolding
(Klibanov & Ahern, 1987). Even in this case differential
scanning calorimetry (DSC)1 can provide the denaturation
enthalpy (∆H) and temperature (Tm) values of the transition
for a given scan rate. ThusTm can be used as an operative
parameter, at least in comparative, relative terms, to char-
acterize the thermal stability of a protein which unfolds under
non-equilibrium conditions. Fourier-transform infrared spec-
troscopy (FTIR) is a very suitable technique to complement
protein DSC studies, particularly in the case of membrane
proteins, since it provides structural information concerning
the native and denatured states and can also be used to

observe the denaturation process itself (Surewicz & Mantsch,
1988; Surewicz et al., 1993; Arrondo et al., 1993; Jackson
& Mantsch, 1995).

Bacteriorhodopsin (BR), the only protein present in the
purple membrane ofHalobacterium salinarium, is one of
the best known and well-studied intrinsic membrane proteins,
both from a structural and a functional point of view
(Henderson et al., 1990; Rothschild, 1992; Lanyi, 1993;
Grigorieff et al., 1996). Previous denaturation studies carried
out by DSC and spectroscopic techniques have thrown light
on the importance of several structural features on BR’s
stability, such as the presence of the retinal moiety, the
favorable packing and interactions of the seven helices within
the bilayer, the presence of cations in the medium, and the
possible role of the extramembranous loops connecting the
helices (Jackson & Sturtevant, 1978; Brouillette et al., 1987;
Cladera et al., 1988, 1992a; Khan et al., 1992; Sanchez-Ruiz
& Galisteo, 1993; Taneva et al., 1995). The question still
remains, however, as to what extent these stability factors,
and certain others proposed in the literature (Khan et al.,
1992), are quantitatively comparable with each other, and
whether they are interconnected to any degree or can be
considered in principle as being simply additive factors.

We have made DSC and FTIR studies into the thermal
stability of bacteriorhodopsin cleaved within different loops
(individual peptide bonds 71-72 and 155-156, and both)
at neutral and alkaline pH values and different scan rates
and compared these results to those of the native protein.
The denaturation of some of the samples followed the two-
state kinetic model. When different BR molecule popula-
tions were present in the sample a clear cooperative
intermolecular interaction appeared on denaturation. The
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effects of the cleavage of different peptide bonds on both
Tm and∆H can be approximately taken as an additive result
[see also Khan et al. (1992)]. FTIR studies always showed
a moderate decrease in secondary-structure elements upon
denaturation, which may be related to the lower denaturation
∆H of this protein compared to that of globular proteins.

MATERIALS AND METHODS

Purple membrane was obtained fromH. salinariumstrain
S9 as described by Oesterhelt and Stoeckenius (1974).
Bleached membrane was obtained by the illumination of
purple membrane suspensions (2.5× 10-5 M BR) with
yellow light in the presence of 1 M hydroxylamine and 4 M
NaCl at pH 7.5, as described by Oesterhelt et al. (1974).
Purple membrane was regenerated by addingall-trans-retinal
(1.4 mol of retinal/mol of BR) to an apomembrane suspen-
sion (10-5 M) in 50 mM phosphate buffer, pH 6.5. Retinal
was dissolved in ethanol just before use, the concentration
being determined using an extinction coefficient of 42 800
M-1 cm-1 at 380 nm. The total ethanol concentration was
less than 0.5% (v/v). After 24 h of incubation the sample
was centrifuged at 2000g for 10 min to eliminate the excess
of retinal.
Purple membrane (2 mg/mL in water) was cleaved by

dilution with an equal volume of 6% (w/v) NaBH4 and 0.1
M sodium carbonate, pH 10. In order to obtain different
percentages of cleaved BR, the samples were allowed to react
at 4°C in the dark for different periods under gentle stirring.
The reaction was stopped by adding 5 volumes of 0.1 M
phosphate buffer, pH 6. The sample was then washed three
times with distilled water. Electrophoretic controls showed
that after 4, 10, 24, and 48 h of reaction time 36%, 52%,
60%, and 86% of cleaved protein was obtained, respectively.
For chymotryptic cleavage the apomembranes (2 mg/mL)
were supplemented with Tris‚HCl and CaCl2 (final concen-
trations 50 and 5 mM, respectively) andN-p-tosyl-L-lysine
chloromethyl ketone (TLCK)-treated chymotrypsin (1 g/60
g BR), pH 8, and incubated for 3.5 h at 37°C. Proteolysis
was ended by cooling on ice and diluting at least one-to-
one with ice-cold water containing a 1:3 mass ratio of
chymotrypsin-trypsin (Bowman-Birk) inhibitor to the chy-
motrypsin present in the sample. After being pelleted,
samples were resuspended in ice-cold water containing half
as much inhibitor as before, and were pelleted again.
The protein concentrations for native bacteriorhodopsin

and the modified, cleaved BR samples were determined from
absorbance measurements at 568 nm using the absorption
coefficientε ) 63 000 M-1 cm-1 (Oesterhelt & Hess, 1973)
and/or by Lowry’s method (Lowry et al., 1951), modified
according to Wang and Smith (1975). The molecular mass
used was 26 kDa (Oesterhelt & Stoeckenius, 1974). SDS-
polyacrylamide gel electrophoresis was carried out using the
discontinuous buffer system (Laemmli, 1970) with a 15%
acrylamide separation gel. Gels were later stained with
Procium Navy MXBRA (Sigma) and scanned with a Sharp
JX-450 scanner. The areas of the resulting peaks were
calculated with the PEAK program using native BR as the
reference.
all-trans Retinal, trypsin-chymotrypsin inhibitor, and

TLCK-treated chymotrypsin were from Sigma. All other
chemicals were of the highest purity commercially available.
Distilled, MilliQ deionized water was used throughout.

Calorimetric experiments were carried out in a DASM4
differential scanning microcalorimeter with 0.47 mL cells
(Privalov & Potekhin, 1986). Prior to the DSC experiments
the BR samples were extensively dialyzed against buffers
with the appropriate pH. The scan rates used were 0.5, 1.0,
and 2.0 K/min, and a constant pressure of 2 atm was always
maintained to prevent possible degassing of the solutions
on heating. Sample concentrations varied between 1.0 and
2.0 mg of protein/mL. DSC experiments were carried out
at pH 7.5 (190 mM phosphate buffer) and at pH 9.5 (100
mM NaCl, 50 mM carbonate buffer) to follow the conditions
used in a previous DSC work with BR (Galisteo & Sanchez-
Ruiz, 1993). Reversibility of the transitions was checked
for by reheating the solution in the DSC cell after cooling
from the first run. Since the thermal transitions were always
found to be irreversible, the reheating thermograms were used
as instrumental base lines that were subtracted from the
original, experimental thermograms to obtain the apparent
Cp profiles. In addition, the thermograms were corrected
for the dynamic response of the instrument (Lopez-Mayorga
& Freire, 1987). The excess heat capacity function,Cp

ex,
was obtained by drawing a chemical base line as described
by Takahashi and Sturtevant (1981), which was subtracted
from the apparentCp curves. The existence in some cases
of a pre-transition and/or an exothermic effect at high
temperatures [also described by Brouillette et al. (1987) and
Kahn et al. (1992), and which may be due to aggregation of
denatured BR molecules] causes some uncertainty in the
chemical base line, precluding the determination of∆Cp and
increasing the errors (sometimes as large as(30%) in the
∆H values. Furthermore, since in most cases there were
different populations in the samples, i.e., cleaved and
uncleaved protein molecules and/or partially retinal-recon-
stituted BR molecules, the∆H values are only estimations
of the real ones for the different species, a fact which does
not, however, affect the qualitative conclusions of the work.
The temperature at theCpmaximum,Tm, was determined to
within 0.5 °C.
Membrane suspensions for the FTIR measurements were

prepared by washing the membrane three times with D2O
buffer and keeping the final suspension overnight before data
collection to achieve a good D/H exchange. Samples in D2O
(pD 6.0), at a protein concentration of about 20 mg/mL, were
placed in 25 mm path length CaF2 IR cells with Teflon
spacers. IR spectra were obtained on a Mattson Polaris FTIR
spectrometer equipped with an MCT detector, working at
an instrumental resolution of 2 cm-1. 1000 scans were
averaged using a sample shuttle, apodized with a triangle
function, and Fourier-transformed. The spectrometer was
continuously purged with dry air (dew point lower than-40
°C). To obtain the pure spectra of the membrane, spectra
of the solvent were collected under identical conditions and
digital subtractions were made by computer. The criterion
for a good subtraction was the removal of the water band
near 2130 cm-1 and the obtention of a flat line between 1800
and 2000 cm-1. This region was also useful to check for
the absence of residual water-vapor peaks. Deuterated
buffers were prepared from a liophylized solution by adding
D2O and adjusting the measured pH (pH*) with DCl. The
pH* value was corrected using the equation pD) pH* +
0.4 (Gregory & Rosenberg, 1986).
The experimental absorption spectra were Fourier-self-

deconvoluted using the programs developed by Moffat et
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al. (1986), with a Lorentzian band shape and FWHH andk
values of 14 cm-1 and 2.5, respectively. In all cases thek
values were kept below log(signal/noise), as indicated by
Mantsch et al. (1988). A least-square iterative curve fitting
(Spectra Calc v2.21, from Galactic) was made over the
deconvoluted spectrum using a Gaussian band shape and
allowing the peak positions, heights, and bandwidths to vary
simultaneously until a good fit was achieved.

RESULTS

Figure 1 shows the DSC endotherms of native BR
(ABCDEFG), chymotrypsin-cleaved BR at the 71-72 pep-
tide bond within the loop between helices B and C
(AB‚CDEFG), NaBH4-cleaved BR at the 155-156 peptide
bond within the loop between helices E and F (ABCDE‚FG),
and double (chymotrypsin and NaBH4) cleaved BR
(AB‚CDE‚FG). All samples cleaved with chymotrypsin
were regenerated withall-trans-retinal after cleavage. The
results for native BR compare well with others already
published in the literature (Jackson & Sturtevant, 1978;
Brouillette et al., 1987; Cladera et al., 1992a; Galisteo &
Sanchez-Ruiz, 1993), i.e., a pre-transition at about 73 or 80
°C and the main denaturation transition, centered at about
81 or 95 °C, at pH 9.5 and 7.5, respectively. The
AB‚CDEFG sample shows a single transition endotherm at
about 88-89 °C, pH 7.5, and 72-76 °C, pH 9.5, depending
upon the scan rate, without any detectable pre-transition
(Table 1); here the cleavage of the 71-72 peptide bond is
practically 100%, so the single endotherm corresponds to
the denaturation of the cleaved bacteriorhodopsin. Since the
155-156 peptide bond is only partially cleaved by NaBH4,
the two main DSC transitions in the endotherms of this
modified BR should correspond to the denaturation of the
two populations, ABCDEFG and ABCDE‚FG present in the
sample. The transition with the higherTm corresponds in
all probability to the denaturation of the uncleaved, native
BR, whereas the lowerTm transition refers to the ABCDE‚FG
population. It is clear from Table 1 that theTm value for
this cleaved BR at pH 9.5, which falls within the range of
66-75 °C depending upon the scan rate, is also affected by
the relative populations of both the native and cleaved BR

in the sample (see also Figure 4). This is also true for the
Tm of the ABCDEFG fraction, which falls between 74 and
81 °C. The DSC pre-transition in these samples may well
be due to the remaining native BR population. As for the
AB‚CDE‚FG system, the sample has two BR-cleaved
populations, the doubly cleaved BR and the one cleaved at
the 71-72 bond alone. In fact the endotherms show two
transitions, the main one at lower temperatures, 59-74 °C
(Table 1), which would correspond to the AB‚CDE‚FG
population, and a second one, which becomes a right-hand
shoulder on the main transition at pH 9.5 (Figure 1),
corresponding to the AB‚CDEFG molecules. The smaller
size of this second transition is due to the high extent of
NaBH4 cleavage (86%) in our preparation.
As stated in Materials and Methods, the DSC transitions

were always irreversible on a second heating of the samples,
and we have also found that the denaturation temperature,
Tm, of the endotherms was always clearly scan-rate dependent
(Table 1). Galisteo and Sanchez-Ruiz (1993) have shown
that the irreversible thermal denaturation of intact bacterio-
rhodopsin follows the two-state kinetic model (Sanchez-Ruiz
et al., 1988) at pH 9.5, with an activation energy,E, of 361
( 15 kJ/mol. In our case, apart from native BR, the
AB‚CDEFG sample is the only one to show a single
denaturation peak, corresponding to a single population of
the cleaved protein. Therefore, we have used the DSC data
of this sample at different scan rates to check whether they

FIGURE1: Original calorimetric recordings at 2 K/min of (1) native
bacteriorhodopsin, pH 7.5; (2) chymotrypsin-cleaved bacterio-
rhodopsin, pH 7.5; (3) 52% NaBH4-cleaved bacteriorhodopsin, pH
7.5; (4) chymotrypsin-cleaved and 86% NaBH4-cleaved bacterio-
rhodopsin, pH 7.5; (5) chymotrypsin-cleaved and 86% NaBH4-
cleaved bacteriorhodopsin, pH 9.5.

Table 1: Temperatures of the DSC Transitions for Several
Bacteriorhodopsin Samples under Different Conditionsa

sample NaBH4 cleavage (%) pHV (K/min) T1 (°C) T2 (°C)
ABCDEFG 7.5 2.0 95.8

1.0 95.1
0.5 94.4

9.5 2.0 82.8
1.0 80.8
0.5 79.3

AB‚CDEFG 7.5 2.0 89.0
1.0 88.5
0.5 88.1

9.5 2.0 76.1
1.0 74.0
0.5 72.0

ABCDE‚FG 36 9.5 2.0 75.0 80.7
1.0 73.0 78.6
0.5 71.1 73.0

52 9.5 2.0 73.3 77.9
1.0 70.7 76.1

60 9.5 2.0 74.2 79.5
1.0 69.8 75.8
0.5 67.4 74.2

86 9.5 2.0 71.5
1.0 68.9
0.5 66.5

AB‚CDE‚FG 86 9.5 2.0 64.7
1.0 61.8
0.5 59.0

86 7.5 2.0 74.0 83.0
a The second column corresponds to the percentage of protein cleaved

by NaBH4. Cleavage by chymotrypsin was always about 100%.T1
andT2 are theTm values for the different samples;T1 refers to cleaved
bacteriorhodopsin, whereasT2 refers to the uncleaved protein, except
for the last value of theT2 column, where it corresponds to partially
cleaved protein (see text).
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conform to the simple two-state kinetic model. The devel-
opment of this model, NfD, where N stands for the native
state and D for the irreversible denatured state, leads to the
following equations (Sanchez-Ruiz et al., 1988; Conejero-
Lara et al., 1991):
(A) The first-order rate constant,k, at a given temperature,

T, is given by

whereV stands for the scan rate,∆H for the total enthalpy,
and∆H(T) andCp

ex for the enthalpy and excess heat capacity
at the given temperature, respectively. Obviouslyk values
obtained at different scan rates must lead to the same
Arrhenius plot, as is indeed the case for AB‚CDEFG at pH
9.5 (Figure 2A). TheE value obtained in the Arrhenius
fitting is 373( 34 kJ/mol.
(B) The temperature dependence of the enthalpy function

results in

where a plot of the first term of the equationVs 1/T should
give straight lines for each scan rate with a slope equal to

-E/R. This is shown in Figure 2B at pH 9.5 for the three
scan rates used and the fittings lead to an averageE value
of 392( 60 kJ/mol.
(C) TheTm value changes with the scan rate according to

The plot of ln(V/Tm2) Vs 1/Tm for the DSC data at pH 9.5 is
in fact linear (Figure 2C), and the slope of the fit leads to an
E value of 336( 13 kJ/mol.
(D) The activation energy can also be calculated from the

Cp
ex at the maximum of the DSC trace,Cp

m, according to

The averageE value at pH 9.5 obtained by this equation at
the three scan rates is 387( 49 kJ/mol.
(E) Finally, the shape of the DSC transitions that follow

the two-state kinetic model is given by (Conejero-Lara et
al., 1991)

where∆T ) T - Tm. The DSC transitions for AB‚CDEFG
at pH 9.5 are quantitatively described by this equation, as
shown in Figure 3. The averageE value obtained by a
nonlinear least-square fitting of eq 5 to the experimentalCp

ex

data at the three scan rates used is 382( 48 kJ/mol.
Thus we may conclude that the thermal denaturation of

the AB‚CDEFG sample follows the two-state kinetic model
with an overall average activation energy value of 374 kJ/
mol, which compares very well with theE value for native
BR at pH 9.5 (about 361 kJ/mol). On the other hand, the
DSC data at pH 7.5 did not conform to the predictions of
this simple kinetic model, as has also been shown to be the
case with native BR at this same pH (Galisteo & Sanchez-
Ruiz, 1993).
We have tried to analyze the two-peak endotherms of the

sample containing both ABCDEFG and ABCDE‚FG frac-

FIGURE 2: Two-state kinetic model plots for AB‚CDEFG at pH
9.5. (A) Arrhenius plot: (O) 2 K/min, (3)1 K/min, (0) 0.5 K/min.
(B) Plot of ln{Ln[Qt/(Qt - Q)]} Versus1/T, where the symbols
stand for the same as in (A). (C) Plot of ln(V/Tm2) Versus1/Tm,
where each data point refers to one of the three scan rates used.

k)
V Cp

ex

∆H - ∆H(T)
(1)

ln[ln ∆H(T)
∆H(T) - ∆H] ) E

R[ 1Tm - 1
T] (2)

FIGURE 3: Temperature dependence of theCp
ex for AB‚CDEFG at

pH 9.5 and three different scan rates (0.5, 1.0, and 2.0 K/min).
Data points correspond to the experimental data and solid lines
refer to the best nonlinear least-square fitting of eq 5.

ln( V
Tm

2) ) const- E
RTm
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eRCp

mTm
2

∆H
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tions (the NaBH4-cleaved sample) at pH 9.5 by assuming
that they conform to the sum of two two-state kinetic model
transitions. To this end we carried out DSC experiments
with samples containing different populations of both AB-
CDEFG and ABCDE‚FG at three scan rates (Figure 4). It is
obvious that the high-temperature transition decreases con-
comitantly with cleavage and that the opposite is true for
the low-temperature transition, both of which confirm that
the former transition corresponds to the denaturation of the
ABCDEFG population and the latter refers to that of the
ABCDE‚FG fraction. When we tried to analyze these DSC
traces by deconvolution according to two sequential two-
state transitions, however, we were unable to fit the overall
calorimetric endotherms to the corresponding equations and
obtain consistent values for the parameters involved at the
different scan rates. This clearly suggests that the denatur-
ation processes for both populations are not independent of
each other. In fact theTm of both transitions (Table 1 and
Figure 4) decreases concomitantly with cleavage (i.e., the
relative populations of both species), which can only be
understood by assuming some kind of intermolecular interac-
tion affecting the thermal stability of both ABCDEFG and
ABCDE‚FG.
As for the AB‚CDE‚FG sample (Figure 1 and Table 1), it

is evident that itsTm is lower under all conditions than the
Tm of both the AB‚CDEFG and ABCDE‚FG samples. Since
the fraction of the AB‚CDEFG molecules is quite low (14%)
in this sample we could not estimate theTm at pH 9.5, where
the small transition becomes a right-hand shoulder on the
main, low-temperature transition (Figure 1); at pH 7.5 and
2 K/min theTm of the high-temperature transition, 83°C, is
lower than that of the pure AB‚CDEFG sample under these
conditions, 89°C (Table 1). This comparison once again
supports the existence of intermolecular interactions affecting

the thermal stability of different BR molecules present in
the membrane.

The average∆H values for ABCDEFG obtained from the
experiments at the three scan rates used (Table 1) are 354
and 417 kJ/mol at pH 7.5 and 9.5, respectively. These values
compare well with those already published (Jackson &
Sturtevant, 1978; Brouillette et al., 1987; Cladera et al.,
1992a; Kahn et al., 1992; Galisteo & Sanchez-Ruiz, 1993).
The absence of retinal precludes the DSC transition at pH
6.5 in pure water (Cladera et al., 1992a). Nevertheless,
without retinal but in the presence of salts (buffer) at both
alkaline and at neutral pH a DSC transition appears for both
intact and cleaved BR, the enthalpy of which is 30%( 5%
of that of the corresponding reconstituted samples (Cladera
et al., 1992a; Khan et al., 1992). Assuming this 30%
enthalpy value for the non-regenerated BR, and bearing in
mind that retinal reconstitution for our AB‚CDEFG samples
was about 60%, the average∆H values obtained in our DSC
experiments would be about 290 and 87 kJ/mol for regener-
ated and retinal-free AB‚CDEFG, respectively, at pH 7.5,
whereas the corresponding∆H values would be about 259
and 78 kJ/mol at pH 9.5. The distribution of the DSC
enthalpy values for the ABCDE‚FG sample between the
cleaved and non-cleaved BR populations is complex since
it depends on the cleavage percentage, which affects both
Tm values (see above and Table 1) and very probably their
corresponding enthalpies. Assuming as an initial approxima-
tion that the molar enthalpies for both populations are
independent of their relative fractions, the set of DSC
conditions included in Table 1 leads to about 300 and 275
kJ/mol at pH 9.5 for the average∆H values of ABCDEFG
and ABCDE‚FG, respectively. Finally, we have both
AB‚CDE‚FG (86%) and AB‚CDEFG (14%) populations in
the BR sample cleaved within both the BC and the EF loops.
Without making any distinction between the different
populations the∆H value at pH 9.5, as an average estimation,
is about 130 kJ/mol.

The thermal denaturation processes of these BR samples
were also followed by FTIR. Figure 5 shows the deconvo-
luted infrared spectra at 20 and 95°C in D2O buffer, pD
9.5, for AB‚CDEFG (Figure 6A), 86% cleaved ABCDE‚FG
(Figure 6B) and AB‚CDE‚FG (Figure 6C). The spectra of
the AB‚CDEFG and ABCDE‚FG samples at 20°C are
similar to those of the native membrane, with the two main
R helix bands at 1665 and 1657 cm-1 (Cladera et al., 1992b).
The AB‚CDE‚EF spectrum at 20°C, however, resembles
those obtained for the other two cleaved samples at higher
temperatures (50-60 °C; results not shown), revealing a less
compact structure in the former sample. Upon heating the
sample to 95°C a new band gradually appears at 1623 cm-1

for the three forms, which indicates the formation of
intermolecularâ sheets (Cladera et al., 1992b; Cladera &
Padrós, 1992; Jackson & Mantsch, 1992), whereas the main
peaks at 1665 and 1657 cm-1 are replaced by a band at 1653
cm-1, most probably due to a slightly different type ofR
helix (Surewicz & Mantsch, 1988; Arrondo et al., 1993).

Figure 6 shows a deconvoluted spectrum in the amide I
region, together with the best fitted bands, of the AB‚CDE‚FG
sample, taken at 20°C after being heated up to 95°C. Great
similarities exist between these and the spectrum and fitted
bands of the heat denatured ABCDEFG at neutral pH
(Cladera & Padro´s, 1992). The relative area values found

FIGURE 4: ApparentCp profiles at pH 9.5 for: (A) different
cleavage percentage (%) of ABCDE‚FG at 2.0 K/min; (B) 36%-
cleaved ABCDE‚FG sample at three different scan rates (K/min).
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here are as follows: reverse turns, 13% (bands at 1694, 1676,
and 1664 cm-1); â sheets, 45% (bands at 1684, 1635, 1627,
and 1620 cm-1); R helices, 36% (bands at 1664, 1653, and
1641 cm-1), and unordered structures, 6% (band at 1645
cm-1). This secondary structure content after denaturation

is again similar to that of the denatured ABCDEFG at pH
6.5 (Cladera & Padro´s, 1992) and demonstrates the presence
of significant amounts ofR helices in the denatured material.

Figure 7 shows the plots of the ratio of intensities at 1623
cm-1 (indicative ofâ sheets) and 1665 cm-1 (indicative of
R helices) for the three cleaved samples at pD 9.5. It is
clear that the plots are compatible with theTm values found
by DSC, taking into account the different experimental
conditions, particularly the heating rate and concentration.
It is also evident in Figure 7 that AB‚CDE‚FG starts to
denature at lower temperatures than the two samples with
only one cleaved loop; for example, at about 60°C half of
the former sample population is already denatured, whereas
both AB‚CDEFG and ABCDE‚FG show only a small
denatured fraction at this temperature. Figure 8 shows the
ratio of the amide I/amide II areas, reflecting the percentage
of H/D exchange. These plots lead to the same conclusions
as those deriving from Figure 7. Thus, the conformational
changes appearing upon temperature increase, which are
responsible for the appearance of intermolecularâ sheets,
are paralleled by the increased accesibility of deuterons to
the backbone protons ofR helices. The sigmoidal shape of
the plots for the ABCDE‚FG and AB‚CDE‚FG samples in
both Figures 7 and 8 are slightly distorted at the right-hand
side, probably due to the presence of NaBH4-uncleaved BR
molecules with higherTm values (see DSC Results).

FIGURE 5: Deconvoluted Fourier-transform infrared spectra of
membrane suspensions in D2O, pD 9.5. In each panel, the upper
spectrum was taken at 20°C and the lower one was taken at 95
°C. (A) AB‚CDEFG sample; (B) ABCDE‚FG sample; (C)
AB‚CDE‚FG sample. Deconvolutions were done using a FWHH
of 14 cm-1 and ak factor of 2.5.

FIGURE 6: Deconvoluted Fourier-transform infrared spectrum of
the sample AB‚CDE‚FG in D2O, pD 9.5, obtained at 20°C after
being heated to 95°C, with the best-fit individual component bands.

FIGURE 7: Ratio of intensitiesI1623/I1665 measured from series of
spectra of membrane suspensions in D2O, pD 9.5, taken at
increasing temperatures. (b) AB‚CDEFG; (9) ABCDE‚FG; (2)
AB‚CDE‚FG.

FIGURE 8: Ratio of areas amideI/amideII measured from the same
spectra as in Figure 7, as a function of temperature. (b)
AB‚CDEFG; (9) ABCDE‚FG; (2) AB‚CDE‚FG.
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DISCUSSION

Some of the possible factors responsible for BR stabiliza-
tion are the interactions of bound retinal with the protein
and loops connecting the helices (Kahn et al., 1992).
Furthermore we have demonstrated the importance of bound
cations in the stability of BR in a previous study into the
deionized and different cation-regenerated membranes (Clad-
era et al., 1988). Retinal does seem to play a major role in
BR stability since the bleached or even the Schiff-base
reduced proteins do not undergo the main DSC denaturation
transition in water at pH 6.5 (Cladera et al., 1992a).
Nevertheless, in the presence of salts at pH 7.5 bleached
BR shows a small and wide DSC transition with aTm at
about 82°C and a∆H value of about 110 kJ/mol, similar to
that found for this sample at pH 7.0 (Tm ) 85 °C,∆H ) 96
kJ/mol) by Kahn et al. (1992).
Interhelical cooperativity in the denaturation process, as

shown by a single DSC transition for AB‚CDEFG (Figures
1 and 3), indicates that the cleaved helices unfold as a whole
entity, as has previously been reported for this sample by
Kahn et al. (1992). Our results for the two other cleaved
BR samples, ABCDE‚FG and AB‚CDE‚FG (see Results),
lead to the same conclusion. Previous work (Cladera &
Padrós, 1992; Cladera et al., 1992b; Taneva et al., 1995)
has shown that the thermal denaturation of BR under different
conditions leads to a compact denatured state, which retains
a large proportion of ordered structure. Comparing the FTIR
spectra of the denatured state of ABCDEFG (Cladera &
Padrós, 1992) with that of AB‚CDE‚FG (Figure 6) it appears
that both denatured states are similar in the overall content
of secondary structure. Therefore, it would seem that loops
do not contribute significantly to the final denatured BR state,
but only serve to increase the thermal stability of the protein
by holding the helices together.
The denaturation of the ABCDE‚FG sample shows two

DSC transitions (Figures 1 and 4), corresponding to the
cleaved BR and to the ABCDEFG fraction also present in
the sample (see Results). TheTm of both transitions depends,
for a given scan rate, on the percentage of the two
populations (Table 1), i.e., the thermal stability of each class
of molecule is affected by the relative amount of the other
class. Thus, the higher the ABCDEFG fraction the higher
theTm value for this molecule as well as for the ABCDE‚FG
molecule. This fact indicates that there must be intermo-
lecular interactions between the different BR molecules
leading to intermolecular cooperativity upon denaturation.
Direct evidence for such cooperative behavior has been
obtained here by studying mixtures with different populations
of cleaved and uncleaved BR. Intermolecular BR contacts
can be observed in the two-dimensional projections of purple
membrane (Baldwin et al., 1988). As for the known DSC
pre-transition observed in native BR, we show here that it
would also seem to appear in the ABCDE‚FG samples
(Figures 1 and 4), where a fraction of the uncleaved protein
is still present.
Under our experimental conditions the denaturation of all

BR samples was irreversible, a fact already reported in the
literature for some of these samples (Jackson & Sturtevant,
1978; Brouillette et al., 1987; Cladera et al., 1988, 1992a;
Kahn et al., 1992; Taneva et al., 1995). In particular,
uncleaved BR has been shown to undergo irreversible, scan-
rate-dependent thermal denaturation at both pH 9.5 and 7.5

(Taneva et al., 1995), following, in the former case, the two-
state kinetic model (Sanchez-Ruiz et al., 1988), with an
activation energy of 361( 15 kJ/mol (Galisteo & Sanchez-
Ruiz, 1993). Our results with the ABCDEFG sample agree
with those of Galisteo and Sanchez-Ruiz (1993) (results not
shown). We also found that the denaturation of the other
BR samples was highly scan-rate dependent (Table 1), i.e.,
that their thermal denaturation was a non-equilibrium, rate-
limited process, thus taking place under kinetic control. This
behavior is clear in our DSC results (Table 1 and Figures 3
and 4B) and therefore precludes any thermodynamic analysis
of the DSC data. Since ABCDEFG follows the two-state
kinetic model at pH 9.5, we have analyzed the data for the
AB‚CDEFG sample accordingly and have found that this
cleaved BR also follows quantitatively the predictions of the
model at pH 9.5 (Figures 2 and 3), with an average activation
energy of 374 kJ/mol. This value practically coincides with
that reported for intact BR, which means that the transition
state and the denaturation pathway for both samples appears
to be very similar. In addition, these activation energies are
similar to the denaturation enthalpy for the two samples,
which would seem to suggest that the conformation of the
transition state would be similar to that of the final denatured
state. On the other hand, and as expected from the DSC
data analysis of native BR at pH 7.5, the AB‚CDEFG sample
did not follow the two-state kinetic model at pH 7.5.
Our attempts to fit the two transitions of the ABCDE‚FG

sample to a sum of two two-state irreversible transitions were
unsuccessful, in the sense that the activation values for the
two populations present in the sample, ABCDEFG and
ABCDE‚FG, disagreed with each other as far as the different
percentages of cleaved BR are concerned. This result is in
accord with the intermolecular interaction found for the
denaturation of both species together, so their denaturation
kinetics is somehow interconnected. This would lead to a
much more complex kinetic behavior than the simple two-
state model.
BR has been regenerated from its 1-71 and 72-248

fragments, where the complex is stabilized by the presence
of retinal (Liao et al., 1983) and is functionally similar to
the cleaved BR in purple membranes (Popot et al., 1987).
Gilles-Gonzalez et al. (1991) have also shown that the loops
between helices B and C and helices E and F can be
shortened considerably without significant alteration to the
BR function. The present and previous results give some
indications as to the mechanism of BR thermal denaturation
and to the contribution of retinal and the loops to BR stability.
It is generally accepted that the presence of retinal bearing
a protonated Schiff base induces a network of ionic and
hydrogen bonding interactions which hold the helices
together. Under these conditions a temperature increase
gives rise to a cooperative transition at about 90°C in water
at pH 7. In the absence of retinal the network of interactions
is still partially restored by salts, giving rise to a small DSC
transition (Cladera et al., 1992a; Khan et al., 1992), whereas
no DSC transition is apparent in pure water (Cladera et al.,
1992a). It is as though the absence of retinal made the
bundle looser, as recently shown by measuring the H/D
exchange in the bleached sample compared to the native one
(Cladera et al., 1996). When one or more loops are cleaved
the network of interactions remains to some extent, although
less thermal energy is then needed to open it. This is
supported by the fact that when one or two loops are cleaved
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H/D exchange starts to increase at lower temperatures than
with native BR, especially in the case of the double-cleaved
protein. The concept of helix separation on denaturation
seems fully supported by the increase in H/D exchange, i.e.,
virtually the sameTm is seen by both DSC and FTIR (see
Results), since a separation of the helices is necessary for
deuterons to be able to enter into the interhelical space. This
process is clearly cooperative, as shown by the sigmoidal
shapes in Figure 8, where deuterons enter at lower temper-
atures when loops are cleaved.
The denaturation enthalpies for the AB‚CDEFG sample

fall within the range of 290-259 kJ/mol for the retinal-
regenerated molecules and 87-78 kJ/mol for the retinal-
free population, between pH 7.5 and 9.5 (see Results). These
∆H values compare, within experimental uncertainty, with
those reported for the individual bleached and reconstituted
samples at pH 7 and 9 (Kahn et al., 1992). It is interesting
to note that for this sample we obtain a single transition,
which follows the two-state kinetic model despite both the
bleached (40%) and reconstituted (60%) AB‚CDEFG popu-
lations being present. It is difficult to rationalize the∆H
estimations for the ABCDE‚FG (275 kJ/mol) and AB‚CDE‚FG
(130 kJ/mol) samples due to the assumptions made in
obtaining these values (see Results). Nevertheless, it would
seem that the cleavage within the B-C or E-F loops leads
to very little change in∆H, whereas the decrease in∆H for
the sample cleaved within both loops appears to be an
additive effect, as has already been suggested by Kahn et
al. (1992). This additive effect is also apparent in the thermal
stability since the decrease inTm observed for AB‚CDE‚FG
(about 18°C), is the sum of the about 7 and 11°C observed
for AB‚CDEFG and ABCDE‚FG, respectively, at pH 9.5
(Table 1).
Finally, according to both our present and earlier results

(Cladera & Padro´s, 1992; Cladera et al., 1992b), the low
∆H for BR seems to be due to its limited partial disorganiza-
tion, that is to say 20-30% of the secondary-structure
elements on denaturation, e.g., from 62% to 45% inR helices
and from 16% to 13% in reverse turns. The latter, moderate
decrease also shows, contrary to what could be expected,
that the extramembrane portions do not appear to undergo
extensive unfolding. The decrease in the above percentages
for the denatured material agrees with the lower denaturation
enthalpy of intrinsic membrane proteins, about 25-30%, as
compared to that of water-soluble, globular proteins (Sanchez-
Ruiz & Mateo, 1987).
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