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ABSTRACT: We have measured the temperature dependence of the FT-IR spectra of bacteriorhodopsin
(bR) as a function of the pH and of the divalent cation regeneration with Ca2+ and Mg2+. It has been
found that although the irreversible melting transition shows a strong dependence on the pH of the native
bR, the premelting reversible transition at 78-80 °C shows very little variation over the pH range studied.
It is further shown that the acid blue bR shows a red-shifted amide I spectrum at physiological temperature,
which shows a more typicalR-helical frequency component at 1652 cm-1 and could be the reason for the
observed reduction of its melting temperature and lack of an observed premelting transition. Furthermore,
the thermal transitions for Ca2+- and Mg2+-regenerated bR (Ca-bR and Mg-bR, respectively) each show
a premelting transition at the same 78-80°C temperature as the native purple membrane, but the irreversible
melting transition has a slight dependence on the cation identity. The pH dependence of the Ca2+-regenerated
bR is studied, and neither transition varies over the pH range studied. These results are discussed in terms
of the cation contribution to the secondary structural stability in bR.

The factors affecting the secondary and tertiary structures
of membrane proteins are much less understood than for
water-soluble proteins, due to the lipid environment com-
plicating the interpretation of experimental data (1, 2).
Bacteriorhodopsin (bR)1 is one of the most widely studied
of the dozen or so membrane proteins whose X-ray structures
have been recently determined (3-6) due to the fact that it
is an important biological pump (7-9) as well as because
of its potential applications in biomolecular electronic devices
(10, 11). This application comes from its ability to pump
protons unidirectionally from the cytoplasmic side of the
membrane to the extracellular side. Upon absorption of light,
the retinal chromophore, which is bound to the protein
through a protonated Schiff base (PSB) at the Lys-216
position, isomerizes from theall-trans to the 13-cis form.
The energy stored at this point drives a series of thermal
reactions that result in proton translocation through the
membrane by subsequent deprotonation-reprotonation of the
Schiff base (SB) linkage (for reviews see refs12-14). This
proton-transfer mechanism does not function if the native
bR is deionized by ion exchange or washing with strong acid
(15-17). Upon regeneration with certain cation salts, the

proton pumping function is re-formed, but the thermal sta-
bility of the purple membrane is only partially regenerated.
The extent of this property is dependent on the cation
(18-20).

Calorimetric and spectroscopic studies have shown that
there are two main transitions as the temperature of bR is
raised (21-23). There is a small, reversible premelting
transition at about 78-80 °C and a major transition at 96
°C, which is irreversible (24) and has been assigned to
denaturation where the secondary structure shows random
coil properties. This can be seen by the appearance of the
1623 cm-1 band in the FT-IR spectra (25, 26) as well as
other spectroscopic evidence such as X-ray, CD (27), and
visible absorption (24).

The origin of the reversible transition is still not yet
unambiguous. It was first measured by Jackson and Sturte-
vant using DSC and visible absorbance experiments (24). It
was suggested that the visible absorbance change may be
due to a conformational transition affecting the chromophore.
They also postulated that the premelting thermal transition
at 78°C might be due to a change in the crystalline packing
of the trimers in the lattice. This idea was further examined
by X-ray diffraction and CD spectroscopy by Hiraki et al.
(27). It was found that the diffraction pattern of the purple
membrane above 78°C shows a disordered structure from a
breaking of the hexagonal crystal lattice with some local
order from the trimer structure in the Bragg peaks and CD
spectrum. A similar effect on the X-ray pattern was seen
upon removing the cations from bR (28).

A number of spectroscopic measurements on the origin
of the premelting transition have been carried out. It was
found that the amide I peak in the FT-IR spectrum of
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bacteriorhodopsin is unusually high, with a value of 1665
cm-1 (29-32). This differs from the usualR-helix frequency
of 1652 cm-1 (33). Krimm and Dwivedi performed normal
mode calculations on polyalanine (34), which implies the
existence of someR2 helices in bR in which theΦ andΨ
angles are different, resulting in an increase in the H-bond
length from 2.86 to 3.00 Å and thus an increase in vibrational
frequency by∼10 cm-1. Various groups have reported data
from other techniques that support the existence ofR2 helices
such as Raman (35), CD (31), LD (32), and more recently
13C NMR (36-38).

It must be mentioned, however, that despite all of the
spectroscopic evidence, the existence ofR2 helices has not
been confirmed in X-ray or electron diffraction structures
that have been reported to date (5, 39).

Recently, a time-resolved study of the premelting trans-
formation of bR in D2O was reported to help to determine
the mechanism of melting (40). It was found that the amide
I band shifts from 1665 to 1652 cm-1 within 80 ns, followed
by exchange of the amide N-H protons with N-D in >300
ns. The amide I shift is on a fast time scale (<80 ns) and
was considered to be too fast to be controlled solely by the
solvent effect; however it was not dismissed that this shift
may be partially solvent originated. It was also found that
the amide I region recovers to the ground state within a few
milliseconds as the sample cooled below the pretransition
temperature, suggesting the amide I shift to be reversible in
this time scale. The amide II N-H and N-D bands did not
recover, since the deuteron concentration is greater that the
proton concentration in the solvent and the probability of
back-exchange is small (i.e., solvent effect is irreversible).
More recently, the effect of the protein conformation change
in this temperature region on the photocycle has been
determined (41). It was found that, at temperatures higher
than 78°C but below the main transition, the bR contains a
larger proportion of 13-cis-retinal and this lowers the
photocycle efficiency.

It is not fully known to what extent the cation that is
present in bR accounts for the stabilization of the secondary
structure. Studies of the thermal denaturation by DSC and
CD spectroscopy show strong pH dependence in the native
bR, falling to a 65°C minimum at about pH 2.5 (19). It has
not yet been investigated if the premelting reversible transi-
tion at about 80°C shows the same pH dependence. Here,
we follow the pH dependence of both the premelting
transition and the melting transition using FT-IR, which is
sensitive to small structural transitions. We also investigate
these transitions as a function of the divalent cations Ca2+

and Mg2+. Ca2+ and Mg2+ are known to be present in native
bR (42) and regenerate the purple color and the proton
pumping (for review see ref20). However, when these ions
are added in excess to deionized bR, the melting temperature
does not increase to that of the native bR (19, 22) and varies
depending on the cation. Here, we investigate if the protein
conformation change is similarly affected by regeneration.
We then discuss our findings to help to elucidate potential
ion binding sites in native and regenerated bR.

EXPERIMENTAL PROCEDURES

Bacteriorhodopsin (bR) was isolated fromHalobacterium
salinarum by a standard procedure (43). The bR was

suspended in H2O and the pH set by addition of HCl or
NaOH and measuring on a Beckman pH meter. The solution
was left to equilibrate at this pH for several hours and the
pH remeasured. By using only strong acid or base, we were
able to minimize any ionic strength effects from different
buffer solutions. The solutions were centrifuged down to a
pellet, and the supernatant was discarded. Resuspension of
the bR into D2O is necessary in order to resolve the amide
I and amide II regions of the IR spectrum due to the O-H
stretching frequency covering this region. To form a bR pellet
in D2O at each pH, about 5 mL of D2O (99.9%, Sigma
Aldrich) is added the bR‚H2O pellet (about 2 mL), and the
excess solvent is allowed to evaporate under argon until a
pellet of the same volume is formed. This process is repeated
about three to four times to ensure that H2O is gradually
replaced by D2O, but the concentration of acid or base
remains the same as in the original H2O pellet to ensure the
same pD as pH as measured before exchange. Since it is
difficult to measure this pD in the pellet, we will refer to
the pH as the initial pH before D2O exchange. During the
exchange, the sample is exposed to D2O for about 24 h,
during which time the amide N-H’s that are exposed to D2O
are replaced to N-D but the core amide N-H’s are not.
This pellet is then placed between CaF2 plates with a 50µm
Teflon spacer and placed in a temperature-controlled sample
holder. The FT-IR spectrum is measured on a Bruker IFS-
66/S or a Nicolet Magna 860 FT-IR spectrometer as the
temperature is increased from 20 to 98°C. The sample was
left to thermally equilibrate at each temperature for 5-10
min before the spectrum is measured. All experiments were
repeated three times in order to calculate experimental error
in the transition temperatures measured.

The regenerated bR is formed by passing of the native
bR through a cation-exchange column filled with ion-
exchange resin. CaCl2 (0.01 M) or MgCl2 (0.01 M) is added
until a 10:1 molar ratio of cation:bR is reached, where com-
plete regeneration has occurred. The D2O exchange and
spectra measurements are performed as for the native bR.

RESULTS

Figure 1a shows the spectra of native bR at pH 4.4. At
this pH, the amide I peak at 1663 cm-1 shifts to 1652 cm-1

during the reversible transition at about 78°C. A new band
at 1623 cm-1 begins to increase in the native bR, corre-
sponding to the melting of theR-helical structure in bR into
random conformations. There is a decrease in the amide II
N-H peak at 1545 cm-1 accompanied by an increase in the
peak at 1432 cm-1 corresponding to the stretch of the amide
II N-D bond. This is more clearly illustrated in Figure 1b,
which uses the spectrum at 20°C as a background, subtracted
from each of the higher temperature spectra.

As can be seen in Figure 2a, the FT-IR spectra at pH 2.6,
the shift in the amide I peak from 1665 to 1652 cm-1 does
not occur as it did for the pH 4.4 (and the higher pH samples;
data not shown). Instead, the peak at 1665 cm-1 just begins
to decrease as the peak at 1623 cm-1 starts to increase,
corresponding to losingR conformation into a random coil-
like structure. The decrease of the intensity of the band at
1545 cm-1 and the increase of that at 1432 cm-1 are observed
as the temperature increases. This occurs at a comparable
temperature to the melting at about 66°C. Again, this is
more clearly seen in the difference spectra in Figure 2b.
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To quantify these spectral transitions, the peak height of
each peak at the maximum is plotted as a function of
temperature for each pH measured. The pH 2.6 sample
corresponds to acid blue bR. The peak heights are shown in
Figure 3, with each inset corresponding to the first differential
of the curves. The first differential allows more sensitive
determination of the transition midpoint, which will be a peak
rather than just an intensity increase. The melting and
premelting transition temperatures are determined from the
derivatives of Figure 3b,c (the rise in the 1652 cm-1 peak
for the premelting transition and the rise in 1623 cm-1 for
the melting) and plotted as a function of pH. This is
illustrated in Figure 4.

From Figure 4, it can be seen that there is a strong pH
dependence of the irreversible melting temperature for native
bR. This is in agreement with previous calorimetric data,
where the melting transition is seen to decrease at lower pH
and at higher pH than pH 6.5 (19, 21). Visible absorption
and CD data have shown that this major transition is
accompanied by the formation of random coil conformation
(21). The premelting transition in native bR shows very little
pH dependence. This smaller thermal transition is not very
well quantified using calorimetry due to the lower experi-
mental sensitivity, and CD is not as useful in resolving the
small conformational difference that the FT-IR shows in
Figure 1. Figure 5 shows that the reversible conformational

change also shows very little dependence on the Ca2+ or
Mg2+ cation regeneration, even though the irreversible
melting transition temperature is reduced significantly from
that observed in native bR. The pH dependence on Ca-bR
is also shown in Figure 5, to compare to the native bR. The
Ca-bR shows no pH dependence for either transition over
the range of pH measured.

The exchange of the protein from H2O into D2O allows
the exposed, labile amide N-H bonds to be replaced by
N-D. The interior N-H amide bonds are not exchanged at
low temperature, in agreement with previously reports (44,
45). The peak height of the N-H and N-D bands allows
us to determine the extent of deuterium exchange due to
exposure of amide N-H to D2O. These should correspond
closely to thermal transitions in which the protein changes
conformation exposing new N-H bonds to the D2O. This
can be seen in Figure 3d,e (not all pHs shown for clarity).
There is only a slight change until the premelting transition
at 78°C; then the N-D curve begins to increase for all pH
values that signals the conformational transition. This
continues until the melting temperature is reached, when the
increase becomes more pronounced as the unexposed amide
bonds exchange the protons for deuterons. This is seen more
clearly in the derivative where there is a peak at about the
premelting temperature and another at the melting temper-
ature. This feature is more pronounced for some samples
than for others but is a reproducible observation. In the inset
of Figure 3d, it is possible to resolve two peaks for pH 10.4,

FIGURE 1: (a) FT-IR spectra over the temperature range 20-98
°C for native bR at pH 4.4. It is possible to see the shift in the
amide peak at 1665-1652 cm-1. This peak then decreases as the
peak at 1623 cm-1 increases. Note also the decrease in the peak at
1545 cm-1 and the corresponding increase in the peak at 1432 cm-1.
(b) Ddifference spectra for bR at pH 4.4 taking the spectra at 20
°C as the background. This allows one to quantify the changes more
easily. Positive peaks correspond to the new bands as the temper-
ature increases and negative bands to those that disappear. The peak
heights at the maximum are calculated using the Nicolet Omnic
software.

FIGURE 2: (a) FT-IR spectra over the temperature range 20-86
°C for native bR at pH 2.6. The amide peak at 1665 cm-1 no longer
shifts to 1652 cm-1 but just decreases in intensity as the peak at
1623 cm-1 increases. Note also the decrease in the peak at 1545
cm-1 and the corresponding increase in the peak at 1432 cm-1,
which is seen in the pH 4.4 spectra. (b) Difference spectra for bR
at pH 2.6 taking the spectra at 20°C as the background. Again
one can see the lack of a peak at 1652 cm-1 due to no a2 to a1
transition taking place.

FT-IR Study on Bacteriorhodopsin Biochemistry, Vol. 40, No. 39, 200111821



one at∼80 °C and another at∼93 °C, but for pH 2.6 (acid
blue bR, figure 2), there is only one transition at∼63 °C,
which corresponds to the lower protein irreversible melting
temperature when all the labile amide bonds are exposed to
the D2O. The observation that the slopes of the N-D increase
and the N-H decrease in Figure 3d,e are similar but not
identical is unexpected. One would expect the exchange to
affect the N-H decrease similarly to the N-D increase. This
discrepancy may lie in the fact that the peak heights at the
maximum were taken at each temperature. There is an
obvious difference in the widths of the two amide II bands
from Figures 1a and 2a. This indicates that there is some
convolution in the regions, possibly from heterogeneity of
the sample. However, if the integrals of the peaks were taken,
then this would likely cause more interpretation problems
than it would solve, since the limits chosen to integrate

between are ambiguous and open to controversy. Taking the
peak height at the maximum minimizes this ambiguity but
does not take account of the heterogeneity.

It was mentioned in the introduction that the solvent may
have an effect on the amide I band as well as the amide II
band and thus complicate the analysis of the amide I shift.
However, comparison of the peak heights of the rise of 1652
cm-1 and N-D with temperature (shown normalized to
maximum∆ absorbance in order to compare relative slopes
for each peak) for pH 4.4 and 10.4 in Figure 6 clearly shows
that even though the slopes are about the same at lower
temperature possibly due to solvent effect, as the premelting
transition temperature is reached, the rise of the 1652 cm-1

band is much greater than that of the N-D band. If solvent
were to play a large role, then the N-D change would be
much greater (since this is the part most affected by solvent)

FIGURE 3: Peak heights for the 1665, 1652, 1623, 1545, and 1435 cm-1 peaks at each of the temperatures for each pH. The insets for each
of these figures are the first derivative of these curves, which show the transition midpoints more clearly.
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than the 1652 cm-1 band or, at most, comparable in change.
Since this is clearly not the case, then the 1652 cm-1 peak
can be assigned to primarily a conformational transition and
not just a solvent effect.

To determine the pH effect on the amide I peak at
physiological temperature, the amide I band is examined for
each pH at 20°C in Figure 7 as well as for Ca-bR. It can be
seen that most of the peaks are very similar, except for the
pH 2.6 (i.e., for acid blue bR). At this pH the peak is shifted
slightly to the red side, which is the more usual frequency
for the R1 band. Also, the peak is broader, which indicates
more heterogeneity in the acid blue membrane. This extends
into the 1630 cm-1 region, which can be indicative ofâ-sheet
conformations (46). This heterogeneity is expected since ion
dissociation is not 100% efficient. Therefore, major confor-
mational changes occur upon the formation of the blue
membrane even at room temperatures.

To quantify these conformational changes, we have used
a peak fitting procedure similar to that of Cladera et al. (46).
Using the component peaks that they deconvoluted using a
number of methods, we have used the program Peakfit,
Version 4 (AISN software), to find the relative intensities
of the same component bands in our spectrum. This is shown
in Figure 8a for pH 8.4 and Figure 8b for pH 2.6,
respectively. The other pH values gave bands similar to the

one for pH 8.4 as did the Ca- and Mg-regenerated bR (not
shown), which is reasonable due to the similarity of the
original spectra (Figure 7). One can see that, upon forming
blue membrane at pH 2.6, the ratio of the 1667 to 1652 cm-1

bands changes considerably, supporting the fact that major
conformational changes occur upon deionization of bR. Even
though these fitting procedures are not wholly conclusive,
the important features seem to show a change in the
component bands to favor the more usual 1652 cm-1

frequency upon dissociation of the cation.
The results for the transitions at each pH of native bR, of

Ca-bR, and of Mg-bR (only at neutral pH) are summarized
in Table 1.

DISCUSSION

The thermally induced unfolding of bR in the native state
at physiological pH proceeds through a small reversible
conformational change at 80°C. This shifts the vibrational
frequency lower by about 10 cm-1 (23, 40). Following this
transition is the irreversible melting of the protein, in which
some of the helical conformations transform to a random

FIGURE 4: Plot of the secondary structure transition temperature
as a function of pH for native bR. The melting temperature varies
greatly with pH below and above physiological conditions.
However, the premelting transition temperature has very little
variation for those pH samples that show a premelting transition.

FIGURE 5: Plot of the secondary structure transition temperature
as a function of pH for calcium-regenerated bR (Ca-bR). Neither
the melting or premelting temperature varies much over the range
of pHs measured.

FIGURE 6: Comparison of the peak intensities of the amide I 1652
cm-1 and the amide II 1435 cm-1 corresponding to N-D for (a)
pH 4.4 and (b) pH 10.4. The solvent exchange causes the N-H to
become deuterated, but the relative effect on the 1652 cm-1 peak
is small at low temperatures. The rapid increase of the 1652 cm-1

peak compared to the N-D exchange shows that there is a true
comformational transition at the premelting transition temperature
and not just solvent exchange.
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conformation. This random form, in which the amide bonds
are no longer interacting, has been assigned to a frequency
of 1623 cm-1 (23, 25, 47). Understanding the forces that
hold together these structures is important to determine the
reason membrane proteins are naturally stable over a wide
range of conditions. Additionally, it is important to under-
stand the involvement of the cations in the thermal stability,
H+ translocation function, and chromophore absorption
energy in bR.

It has been observed that the irreversible melting temper-
ature has a strong dependence on pH, especially as the pH
is lowered below 6.5 (19). Protonation of some of the
negative carboxylic amino acids within the protein occurs
as the pH reaches their pKa values. This changes the
hydrophobicity of certain regions of the protein and alters
the strength of the cation binding, polar tertiary bonds, and
hydrophobic tertiary bonds in both intrahelical and interhe-
lical regions. This accounts for the lowering of the melting
temperature with decreasing pH. The dissociation of the
cation that causes the observed purple to blue color shift at
low pH occurs with an apparent pKa of about 3.2 (7, 48). It
has also been shown by X-ray diffraction and CD spectros-
copy (28) that the hexagonal crystal lattice is lost, but the
trimeric structure is retained upon deionization of the purple
membrane. This observation on loss of lattice was disputed
by Wakatsuki et al. (49). They repeated the experiment as a
function of hydration and found that at high hydration the
lattice structure is maintained but slightly different to the
native, but as the hydration decreases, the lattice structure
is lost. This suggests that in Hiraki et al. the sample may be
partially dehydrated (27). The FT-IR evidence also suggests
that deionization also gives rise to a conformational change
in the protein. The result is a decrease in the denaturation
temperature of the protein to 65°C. Both of these observa-
tions may explain that acid blue bR at pH 2.6 shows no
premelting transition (which occurs at 78-80 °C at higher
pH).

As was mentioned in the introduction, the X-ray diffraction
of native purple membrane above 78°C is similar to that of
the blue membrane studied by Hiraki et al. (27). The
hexagonal packing is lost but the trimeric structure is

retained. The later report (49) on maintaining the lattice
structure upon deionization has led to an open question on
the deionization and sample preparation method effect on
the lattice, but in any case, this thermal gel-liquid transition
is accompanied by a shift in the amide I peak from 1665 to
1652 cm-1. It is also known that the peak at 1665 cm-1 is
not present if the native bR is monomerized but is present if
the bR is in trimers but not hexagonally packed (32, 50). It
was argued by Torres et al. (32) that the important condition
for the 1665 cm-1 band is the interactions between monomers
to form of trimers, not on the hexagonal lattice formation,
and this stabilizes theR2 helix. However, we see from Figures
7 and 8 that the 1665 cm-1 band for acid blue bR is very
much reduced in relation to the band at 1652 cm-1 but is
present in the cation (Ca2+ and Mg2+) regenerated bR. This
indicates that the cation is also important for this band and
possibly theR2 helix. It could be that cation binding induces
a shift in theR1 to R2 equilibrium favoring theR2 form, which
increases the melting temperature and gives rise to a
premelting transition from theR2 to R1 in native and metal
cation regenerated bR at pH>2.6.

The multiple positive charges on the cation have been
suggested to bind to more than one carboxylate group within
the interior of the protein (18, 48). This has been determined
by the observation that several H+ are exchanged per M2+

ion upon binding (18). This would account for the increase
in interhelical interactions that result in the higher melting
temperature for native and regenerated bR. However, the fact
that the cation-regenerated bR only partially increases the
melting temperature suggests that the cation cannot com-
pletely bind the same number of carboxylate groups or, if
so, to a lesser binding strength. The fact that the native bR
was measured in the absence of any added Ca2+ raised the
question of ionic effects on the native compared to the
regenerated. To check this, the native bR was measured with
the addition of 10:1 Ca2+ at pH 7. We saw no difference
between it and the native bR with no additional Ca2+ added
(results not shown). The Ca2+-regenerated bR melting
temperature shows almost no pH dependence as the native
bR did. Therefore, the protonation of some of the carboxylate
groups within the protein does not alter the melting temper-
ature. This also suggests that the added cations do not bind
to as many carboxylate groups as in the native.

The premelting temperature is unaffected by metal cation
regeneration. The Ca-bR and Mg-bR each show a premelting
transition at about 78-80 °C, and the Ca-bR shows no pH
dependence on this transition. These observations suggest
that the amide intrahelical H-bond strengths and angles are
not determined by the identity of the cation. However, the
FT-IR amide I peak for acid blue native bR is broader and
shows more 1652 cm-1 character. Therefore, the cation could
be partially responsible for theR2 conformation equilibrium
shift, but the temperature at which the transition toR1 takes
place is not cation or pH dependent (above pH 2.6). This
suggests that the forces that stabilize theR2 form depend on
the presence of a divalent cation but not on its identity. The
reason for this is not completely understood. However, a
possible explanation may be that binding of the metal cation
to a carboxylate group rearranges part of the protein close
to this site into itsR2 form, which allows the trimers to pack
into the hexagonal lattice, and may only be reversed upon
the removal of the cation or upon heating to 80°C (i.e.,

FIGURE 7: Spectra of the amide I peak at 20°C in native bR at
each pH and the Ca-bR at pH 7.0. Each of these peaks shows very
similar shape and position with the exception of the acid blue bR,
which has a red-shifted and broader peak denoting secondary
structure changes in the protein (see text).
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remove the cation restraint forR2 or supply enough thermal
energy to overcome this restraint). Once the purple bR is
regenerated, any carboxylate groups which are titrated over
the pH range from about 4 to 10 have no effect on the
secondary structure packing and thus on either of the thermal
transitions. This is not true for the native bR. Titration of
carboxylate groups of native purple membrane does not affect
the reversible premelting transition, but does affect the irre-
versible melting. Since the interhelical forces are expected
to be the major contributions to the melting temperature, this
supports the model in which the cation is present inside the
protein, binding to more than one carboxylate group in the
native bR. The same cannot be concluded for regenerated
purple bR. In fact, it is possible that the regenerated purple
bR either contains a cation bound to only one carboxylate,
or not even inside the protein, but mediates the charge density
from the surface, as was proposed by Szundi et al. (51). This

may explain the large amount of controversy between the
specific internal binding model (18, 52-56) and the surface-
controlled binding model (51, 57-59). Most binding experi-
ments have used the assumption that the regenerated purple
membrane is color mediated in the same way as the native.
These results suggest that is not necessarily the case.

In conclusion, these results have shown that, upon removal
of a color-controlling cation by acidification, the protein
conformation is changed, which reduces the denaturation
temperature to 65°C. This is below the premelting transition
temperature, and therefore such a transition is not observed
in acid blue bR. Whether the transition is controlled by this
cation directly, or is an implicit thermal property of the
protein at 78-80 °C, and the protein melts before this can
occur, is not resolved. However, lowering the pH below 7,
but keeping it above the blue-purple transition pH has no
effect on theR-helical conformation or premelting transition

FIGURE 8: Deconvoluted amide I region of native bR at pH 8.4 (a) and pH 2.6 (acid blue) (b). The component bands are as described in
ref 46 with the relative intensities varied to fit our data (see text).
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temperature. This may be explained by the color-controlling
cation affecting theR-helical conformation which in turn
allows the lattice to be formed, and it is therefore necessary
to transform the helices intoR1 and the noncrystalline phase
prior to melting. Furthermore, regeneration with native
divalent cations affects theR-helical conformation in the
same way, and the transition at 78-80 °C is observed.
However, the denaturation temperature for Ca-bR has no pH
dependence over the range studied here. Thus, removal of
the added cations not in the color-controlling site has no
effect on the helical conformation. This observation is
consistent with the native bR. However, tertiary interactions
that were affected in the native bR upon removal of these
cations are not affected in the metal cation regenerated bR.
Since the melting temperature is not fully restored, it seems
natural to conclude that these tertiary interactions are not
fully restored upon cation regeneration.

Whether the existence ofR2 helices is confirmed or not,
it is clear that a cation, which is likely in the color-controlling
site, is necessary to stabilize the forces that allow packing
of the lattice, and this in turn affects the amide I frequency
and the helix. The electron diffraction model proposed by
Henderson et al. (60) and refined by Grigorieff et al. (39)
does not show theR2 helical angles. It must be considered
a possibility that, upon crystallization for ED or X-ray, one
may lose or move the cation (which also has not been seen),
and the helices may transform intoR1 as in the deionized
bR. Preparation of the crystals involves a lengthy procedure
in which lipids are removed and subsequently replaced under
nonphysiological conditions. This undoubtedly has an impact
on the protein secondary structure and possibly the cation
binding. The model proposed by Grigorieff et al. (39) also
shows the degree of order throughout the protein, of which
the highest order is in the retinal pocket, close to the Asp
groups that are thought of as the counterions for the cation,
and may suggest that this is where the forces that crystallize
the protein originate. Whether or not the cation is present in
their final crystal, using this model together with our results,
one may speculate that if the forces that stabilizeR2 and the
lattice packing are due to the cation, as proposed earlier,
this lends support to the specific internal binding of the cation
in the native bR.
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