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The chromophore retinal is hound to bacteriorhodopsin via a protonated Schiff base linkage. The retinal binding
site is reported to be buried in the transmembrane porfion of the protein, distant from the membrane surfaces.
‘When bound to bacteriorhodopsin, the absorption maximum of retinal is red-shifted from 366 nm to 568 nm
producing a purple color. This color persists across a wide pH range. However, when the pH is raised above 12.0,
the membranes become pink in color, while at pH values of 3.0 or below, a blue color is produced. The blue color
can also be obtained by removing the divalent cations bound to the surface of the protein. In this study,
bacteriorhodopsin was examined by circular dichroism and absorption spectroscopy to determine if protein
conformational changes were associated with the celor shifts. It was found that although the retinal chromophore
can be completely removed by bleaching witk hydroxylamine with no significant influence on the secondary
structure of the protein, a change in the surface charge of bacteriorhedopsin results in measurable conformational

change in the protein, which apparently affects the nature of the retinal binding site.

Introduction

Bacteriorhodopsin is the only protein found in the
purple membrane of Halobacterium halobium. Bac-
teriorhodopsin functions as a proton purmp to provide
for ATP synthesis under anaerobic conditions [1]. The
protein consists of 248 amino acids and a chre-
mophore, all-trans retinal, attached to lysine 216 via a
protonated Schiff base linkage [2~6]. The secondary
structure of the protein, as determined by electron
microscopy and X-ray diffraction, is mainly e-helical,
with seven transmembrane segments passing through
the lipid bilayer of the membrane [7-10]. Fluorescence
energy transfer and neutron diffraction experiments
had indicated that the retinal is buried in the mem-
brane-spanning portion of bacteriorhodopsin isolated
from both the cytoplasmic and extracellular surfaces
[11-17], and this has been confirmed recently when the
three-dimensional structure of the molecule was deter-
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mined by electron microscopy iinage reconstruction
[10].

Although bacteriorhodopsin is functional as a
monomer, in the purple mnicmbrane the protein
molecules are packed as trimers un a two-dimensional
hexagonal lattice [8,18,41]. The close packing and re-
stricted mobility of the protein molecules within the
membrane provide the necessary conditions for exciton
coupling effects between the retinal chromophores of
neighboring bacteriorhodopsin molecules [19,20,42}.

The retinat chromophore is central to the proton
pumping activity of the protein. Light-induced isomer-
ization of the retinal from an all-trans to a 13-cis
configuration drives the translocation of protons across
the bacterial cell membrane. The photocycle events
occur without cieavage of the Schiff base bond between
retinal and the apoprotein. Several photocycle interme-
diates have been identified, each having a character-
istic absorption maximum [21,22]. Prowein structural
changes may also occur during the photocycle [23]. The
potential of tiie arca of the protein surrounding the
chromophore is also altered during the photocycle as
evidenced by the protonation state changes of nearby
tyrosine and aspartic acid residues [24-31].



314

Shifts in the absorption maximum of bacterio-
rhodopsin can likewise be seen when the pH of the
external medium is altered. In alkaline pH, the mem-
brane becomes pink in color and absorbs light at 563
nm [32]. In an acidic medium, the membrane becomes
blue in color and absorbs light at 605 nm [56]). The
same blue color change can be produced by removing
divalent cations which are bound to the surface of
bacteriorhodopsin [33]. Bacteriorhodopsin has a large
negative surface potential and binds up to ten divalent
cations per protein molecule {34,37]. The two blue
forms, acid blue and deionized blue, are not fully
functional. They are capable of forming the first two
photocycle intermediates, but the 13-cis transition state
is not seen [38]. The pink form of the membrane also
does not undergo the complete photocycle. The 13-cis
transition state is formed, but reprotonation and pro-
ton pumping do not occur [40). Although bacterio-
rhodopsin is nonfunctional in the blue and pink forms,
it is not irreversibly denatured. By neutralizing the pH
of the external medium or by the re-addition of diva-
lent cations in the case of the deionized blue protein,
the purple color of the protein can be fully restored
[34-40).

The purple-to-blue transition is due to protonation
of exposed side chains in an acidic medium [35-40).
The presence of cations modulates the pK, of the
transition. Deionized membrane becomes blue at pH
5.4, while native membranes become blue at pH 3.0
[35~-40,43]. In alkaline media, the protonation states of
surface residues would also be altered, leading to the
purple-to-pink transition. These results indicate that
the retinal, which is buried deep in the membrane and
does not come into contact with either surface, is
affected by changes in the external medium. One possi-
ble mechanism for such an effect, is a pH-induced
conformational change in the protein which proauces
an alteration in the retinal binding pocket. In this
study, circular dichroism was used to determine if such
a change was occurring, and if the conformational
change involved the secondary structure of the protein.

The retinal chromophore can be removed from the
protein without altering the secondary structure of the
protein. The tertiary and quaternary structures, how-
ever, may be affected [44]. By comparing these confor-
mational changes to those that may accompany the
purple-to-blue and purple-to-pink color changes, in-
sight can be gained into the nature of the retinal
binding site and how the conformation of the protein
can govern chromophore spectral characteristics and
regulate the functioning of the photocycle.

Material and Methods

Materials
Halobacterium halobium was grown and purple

membranes were isolated according io the procedure
of Oesterhelt and Stoeckenius [45].

The relative protein concentrations of all samples
were determined by Lowry assay in the presence of
0.1% SDS [46]). The Lowry assay was calibrated on an
absolute scale by comparison with the molar ab-
sorbance at 568 nm of native purple membrane.

PH effects

A series of 0.02 M sodium phosphate buffers were
made to span the pH range between 2.0 and 12.5.
Light-adapted purple membranes were pelleted at
70000 X g for 20 min and resuspended in the buffers
and incubated for at lcast 30 min before spectral
analysis. Reversibility of the pH-induced changes was
examined by regenerating purple membranes from blue
and pink membranes. 1 mg of protein was suspended
in I ml of pH 2.4 medium and incubated for 30 min.
The sample was washed at 70000 X g for 20 min and
resuspended in 1 ml of pH 7.0 buffer. pH 12.1 pink
membranes (1 mg/ml) were also prepared and incu-
bated for 30 min. After centrifuging, the membranes
were resuspended in 1 ml of pH 7.0 buffer. The sam-
ples were incubated in the pH 7.0 buffcr overnight
before spectral data were collected.

Deionized samples

Light-adapted purple membranes were chromato-
graphed on a Dowex-50 cation exchange column {100-
200 mesh). They were then pelleted and resuspended
in double-distilled water. Reversibiliiy of the deioniza-
tion procedure was examined by titrating 1 mg of
deionized blue protein with a saturated solution of
calcium chloride. After an incubation of 20 minutes,
the membranes were washed at 70006 X g and resus-
pended in pH 7.0 buffer at a concentration of 1 mg/ml.
The samplg’ was incubated overnight before spectral

is. «

analysn's)f
Bleacied membranes

Isolated purple membranes were suspended at a
concentration of 0.1 mg/ml in a 4.0 M solution of
hydroxylamine (pH 7.0). The suspension was main-
tained at 10°C and bleached with yellow light (> 500
nm). When the 568 nm absorption band of the purple
complex had been reduced to 0.1% of the original
value, bleaching was considered to be complete. Hy-
droxylamine was removed from the sample by centrif-
ugation at 70000 X g for 20 min and resuspension in
doubly distilled water. Washing was repeated three
times. The protein was then resuspended in doubly
distilled water at a concentration of 1 mg/ml. Five
independent samples of apomembrane were prepared
from native membrane. Five separate controls were
also run in which purple membranes were exposed to
hydroxylamine but not to light, to examine any effects



of hydroxylamine on the protein in the absence of
bleaching.

Half of the apomembrane sample was removed and
regenerated by titration with a 1.0 mM solution of
all-trans retinal in ethanol. Full regeneration was evi-
denced by the reappearance of at least 98% of the
original 568 nm absorption band after an incubation
period of 1 h. The retinal was in molar excess by a
factor of ten. Excess retinal was removed by repeatedly
washing the regenerated sample with doubly distilled
water, centrifuging at 70000 X g for 20 min.

Spectroscopy

Absorption spectra were recorded on a Cary 2200
spectrophotometer over the wavelength range from 700
to 190 nm with a scan rate of 10 nm/s. The spectra
were stored digitally for difference calculations. The
second derivatives of the spectra were overlaid on the
original spectra for peak maxima identification. For
absorption spectroscopy, a protein concentration of 1.0
mg/ml was used for all samples.

Circular dichroism spectra were recorded on an
Aviv 60DS spectrophotometer in the range from 300 to
190 nm at 0.2 nm intervals. The spectra were obtained
with the variable position photcmultiplier tube placed
directly adjacent to the sample cell resulting in an
average acceptance angle of 90°. The instrument was
calibrated with d-10-camphorsulfonic acid. The calibra-
tion was checked for optical rotation using spcrm whale
myoglobin and for wavelength using benzene vapor. A
protein concentration of 1 mg/ml and a 0.002 cm
pathlength quartz cell were used for native, apo, regen-
erated and control membrane samples. These parame-
ters were also used for the alkal’:'e pink membrane
samples. The low pH blue membrane samples were
suspended at 0.5 mg/ml and spectra were recorded
with a 0.01 ¢cm pathlength cell. The acidic blue mem-
branes had a strong tendency to aggregate and the
protein concentration was kept low in order to prevent
the protein from precipitating. However, the low and
high pH buffers absorb strongly and the protein con-
centrations in these buffers need to be fairiy high to
obtain a spectrum in the shorter pathlength cells. Sev-
eral different protein concentrations, from 0.25 to 1
mg/ml, were analyzed at low pH to allow maximiza-
tion of the protein signal while minimizing and estab-
lishing the extent of aggregation. The alkaline pink
membranes could be prepared at a higher protein
concentration since aggregation does not occur at high
pH. The pH 7.0 membrane and the deionized blue
membrane samples contained 0.25 mg protein/ml in
0.02 cm pathlength cells.

At least twenty-five circular dichroism scans were
collected for each sample. The data points were ana-
lyzed at 0.2 nm intervals between 190 and 240 nm using
a normalized, unconstrained fitting procedure {47]. The
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reference data set of Chang et al. [48] was used for the
analysis. The average helix length used in the analyses
was 26 residues. Statistical analyses were also per-
formed on the collected data. The deviations between
averaged data sets from a minimum of five different
preparations were calculated to estimate the variation
between samples. For each sample type, the standard
deviation was computed at all measuied wavelengths to
determine whether significant differcnces existed be-
tween the various spectra.

In analyses of the secondary structure contents of
membrane proteins, two optical artifacts must be con-
sidered: differential scattering and differential absorp-
tion flattening [60). The apparent differential light scat-
tering depends on the size of the particies and can be
decreased by iicreasing the acceptance angle of the
photodetecior to include the scattered light. The ef-
fects of absorption flattening, however, car not be elim-
inated mechanically. These are a consequence of the
non-random distribution of chromophores in the mem-
brane sample and are a function of the reiative pretein
concentration within each membrane paich aud the
size of the patches. As these parameters sre constant
in all of the purple membrane samples uwsed in this
study, diffe.ential scattering and absorption f.attening
will not vary between samples and thus will no: be the
source of any differences seen between the tpectra at
the different pH values. However, it will mean that the
secondary structures calculated for all of the mem-
brane samples will be distorted from their correct
values. If absorption flattening is present, the magni-
tude of the low wavelength peaks will be depressed
relative to the higher wavelength peaks and conse-
quently tend to produce a calculated structure with an
increased beta and random coil content at the expense
of a-helix. Therefore, the secondary structures re-
ported in Table 1 are meant to be illustrative of the
trends in secondary structural changes, rather than as
absolute measures of the secondary structures present.

Visible region (700 to 400 nm) circular dichroism
spectra were obtained at ! nm intervals using a 1 cm
pathlength quartz cell and a protein concentration of 1
mg/ml. The scans were smoothed and averaged and
the standard deviations for individual samples were
calculated.

Results

pH-dependent changes

Absorption spectra (Fig. 1) of native purple mem-
branes at pH 7.0, and of blue and pink membranes,
show the shifts in the absorption maximum correspond-
ing to the color changes. The acidic and deionized blue
membrane samples have an absorption maximum at
605 nm while the alkaline pink membrane absorbs light
maximally at 563 nm. Native purple membranes have
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TABLE 1

Secondary structure calculations for purple membrane samples at vari-
ous pH values

Note that the absolute values of each secondary structural type may
not be accurate because of the optical effects discussed in the text,
but the trends of the changes are illustrative.

Sample Ama, (nm)  Percent secondary structure
a-helix  B-sheet  B-turn  coil

pH24 604 37 0 34 29
pH 2.6 597 39 0 33 28
pH 3.0 592 45 0 30 25
pH 7.0 568 7 0 29 0
pH 118 563 74 0 26 0
pH 12,0 563 75 0 24 1
pH 12.1 563 77 0 21 2
Deionized 605 n 0 29 0
121=70 568 69 0 3 0
24 =70 568 67 0 33 0
Deionized

+Ca?* 568 70 0 30 0

an absorption maximum centered at 568 nm. The ab-
sorption maximum of the retinal-protein complex is
dependent on the pH of the external medium and
varies throughout the pH range examined (Table I).

Changes associated with the protein color were ex-
amined in the far-ultraviolet circular dichroism spectra.
This region (250-190 nm) of the spectra provides a
view of the n to #* and 7 to w* transitions of the
amide bonds of the protein. Because the arrangement
of the peptide bonds’ transition dipole moments with
respect to each other can lead to coupled transitions if
the dipoles are close enough to each other and in an
ordered array, the magnitude of the interactions will
differ depending on the secondary structural conforma-
tion of the protein [49]. Thus, the secondary structure
of the protein can be monitored in this region.

Above pH 11.0, the peaks near 195 nm and 210 nm
are decreased in magnitude and shifted to lower wave-

Absorbance

Wavelength (nm)

Fig. 1. Absorption spectra of bacteriorhodopsin at pH 7.0 (
PH24(---+), pH 120 (--) and apo (- —) membrane samples.
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Fig. 2. Circular dichroism spectra of purple membranc samples at
pH 7.0 ( ) and pH 12.1 (----). The error bars indicate the
reproducibility of the data.

lengths relative to those at neutral pH (Fig. 2). Three
different pink membrane samples were prepared at
high pH: pH 11.8, 12.0 and 12.1. The spectra of these
samples were nearly identical, with any variation being
within the error limits of approx. 2%. However, the
differences between the high pH pink samples and the
pH 7.0 purple sample are significantly greater than the
error levels of the measurements, and correspond to a
small increase in helical content (Table I).

At pH 3.0 where blue membranes are produced, the
spectrum of bacteriorhodopsin also undergoes signifi-
cant change relative to purple membrane at pH 7.0
(Fig. 3). There is a large decrease in ellipticity at 195
nm and a smaller decrease at 215 nm relative to the
pH 7.0 sample which corresponds to a change in sec-
ondary structure. Two other low pH values were also
examined: pH 2.4 and pH 2.6. The pH 2.4 and pH 2.6
spectra are nearly identical to each other, with any
variations being within the error levels, but consider-
ably different than the pH 3.0 spectra (Fig. 3). The
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Fig. 3. Circular dichroism spectra of pH 7.0 ( ) and deionized
membranes (----), pH 3.0 (---), pH 2.6 (- —) and pH 2.4 (----)
membranes. The error bars indicate the reproducibility of the data.



lowest pH samples exhibit a larger decrease in elliptic-
ity at 195 nm and at 215 nm relative to the pH 7.9
sample. Some of the spectral differences at these pH
values are undoubtedly due to the substantial aggrega-
tion of the membrane sheets, which occurs below pH
3.0 because of the loss of the negative surface potential
which normally causes the sheets to repel each other.
Such aggregation would lead to absorption flattening
effects [60], which would tend to suppress the magni-
tude of the peaks and could account for the differences
between the pH 3.0 and 2.4 spectra. These in turn,
could produce lower apparent calculated helix contents
with concomitantly increased random coil contents.
However, the very low pH spectra should not be seen
as reliable indicators of either secondary structure or
conformational change (Table I).

In contrast to the changes seen at pH 3.0, the
changes secn in the deionized blue membrane relative
to purple membrane at pH 7.0 are small. There is a
slight increase in ellipticity at 195 nm which leads to a
small difference in calculated secondary structure (Fig.
3, Table I). Hence, deionized blue membranes are
more similar to purple membranes than they are to low
pH blue membranes.

The reversibility of the structural changes seen at
low and high pH and due to cation removal was also
examined. A blue membrane sample prepared at pH
2.4 and pink membranes at pH 12.1 were titrated to
pH 7.0 and cations were restored to a sample of
deionized blue membranes. All three samples regained
the characteristic purple color of the native purple
membranes at pH 7.0. The circular dichroism spectra
of the restored samples were compared to that of a pH
7.0 purple membrane sample which had been prepared
and maintained at pH 7.0. Although the spectra of the
restored deionized and the restored alkaline mem-
branes were nearly identical to that of the native pH
7.0 spectrum, the spectrum of the restored acidic mem-
branes still retained some of the differences previously
noted (Fig. 4). The peak maximum of the restored
acidic membranes is shifted to 197 nm relative to the
maximum centered at 195 nm seen for native purple
membranes and the other restored samples. Also, there
is still a marked decrease in the ellipticity of the
restored acidic spectrum at 197 nm relative to the
native spectrum although it is not as large as that seen
in the spectrum of the low pH samples, again suggest-
ing some of the changes at the very low pH values may
be the result of irreversible aggregation.

The visible region circular dichroism spectra of the
native purple, deionized blue and alkaline pink mem-
branes were compared (Fig. 5). The spectrum of the
low pH blue membranes could not be examined be-
cause of rapid aggregation of the membranes at the
high protein concentrations necessary for these mea-
surements. There are significant shifts in both the
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Fig. 4. Circular dichroism spectra of pH 7.0 purple membranes

( ), pH 2.4 (+--+) ard pH 12.1 (- - -) membranes shifted to

neutral pH and deionized blue membranes (- —) with Ca®* cations.
The error bars indicate the reproducibility of the data.

negative and positive peak maxima in the blue and
pink membranes relative to the native purple mem-
branes. In the pink membranes, the positive peak was
centered at 550 nm and the negative peak was centered
at 620 nm. In the blue membrane sample, the positive
peak was located at 570 nm and the negative peak at
660 nm. The positive peak in the native purple mem-
brane was centered at 540 nm and the negative peak at
610 nm. The intensities of the negative peaks in the
blue and pink membranes were also significantly re-
duced relative to the intensity of the negative peak in
the purple membrane spectrum.

Chromophore-dependent changes

The results obtained when the surface potential of
the purple membrane was varied can be compared to
those seen when the chromophore is entirely removed.
To examine the effects of chromophore removal, sev-
eral membrane samples were bleached. The apomem-

n
c
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Fig. 5. Visible rcgion of the circular dichroism spectra of native

purple membranes ( ), deionized blue membranes (- - -+) and

pH 12.1 pink membranes (- - -). The error bars indicate the repro-
' ducibility of the data.
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Fig. 6. Circular dichroism spectra of native ( ) apo (--),

control (= = =) and regenerated (- —) membrane samples. The error
bars indicate the reproducibility of the data.

branes were determined to be > 99% bleached by
measuring the decrease in the 568 nm absorption band
(Fig. 1). The apomembranes could be regenerated to at
least 98% of their original state by the addition of
all-trans retinal. The control sample, which was ex-
posed to hydroxylamine but not to light, showed no
bleaching: no decrease was seen in the 568 nm absorp-
tion band. The circular dichroism spectrum (Fig. 6) of
bacteriorhodopsin is unchanged, within the error limits
(approx. 1%) of the measurements, upon bleaching.
Unless there are secondary structural changes which
are exactly compensated for by other changes leading
to no observable net change in secondary structure, it
is likely that the secondary structure is not involved in
the changes seen during the bleaching phenomenon.
The circular dichroism spectra of the control and re-
generated samples (Fig. 6) are also unchanged from
the spectrum of native bacteriorhodopsin. These exper-
iments then establish the level of reproducibility of the
measurements and set a standard for interpretation of
the magnitude of pH-induced changes.

Discussion

Circular dichroism spectroscopy provides a sensitive
indication of changes in secondary structures of protein
molecules, particularly in largely a-helical proteins such
as bacteriorhodopsin.

In this study, we have shown thai alihough the
retinal chromophore can be removed without changing
the secondary structure of bacteriorhodopsin, upon
varying the external pH, the conformation of the pro-
tein, as measured by circular dichroism spectroscopy, is
significantly altered.

Although no changes in secondary structure are
seen during the bleaching process, quaternary struc-
tural changes may occur as evidenced by the loss of
crystallinity seen in the diffraction patterns [14,51).

Furthermore, previous absorption and circular dichro-
ism studies [44] suggested such changes might also
involve the tertiary structure, and studies on oriented
purple membrane films [52] have indicated that the
differences between native and apomembranes might
be due to the tilting of helix axes.

The bleaching experiments not only serve as a con-
trol for the absence of change in the spectra, but also
demonstrate the error levels for detection of the mea-
surements. They suggest that any changes involving
more than 19 amino acids could be detected by this
method. In the pH experiments, secondary structural
differences are detected which are considerably larger
than the error levels. Because of the associated change
in the retinal absorption spectra, this implies that the
secondary structural changes produce some alteration
in the retinal binding site, located in the transmem-
brane portion of the protein [10-17).

The conformational effects observed in this study
using both a wide range of pH values and deionization
can be compared with other observations on color
changes in bacteriorhodopsin. The X-ray diffraction
pattern of deionized blue membrane shows a different
lattice than the native purple membrane hexagonal
lattice [53), indicating quaternary and possibly tertiary
structural changes may occur when the divalent cations
are removed from native bacteriorhodopsin. Raman
spectroscopic studies [54] also indicate that secondary
structural changes occur at pH 3.0 and in deionized
blue samples, although those studies suggest that the
conformational changes which take place at low pH are
smaller than those seen in the present circular dichro-
ism studies of pH 3.0 membranes. Muccio and Cassim
[59], using absorption, and linear and circular dichro-
ism state that they detected tertiary structural changes
at low pH values (down to pH 2.4), but no sccondary
structural changes. As no far UV CD spectra were
shown in that work, it may be that the difference
between that and this study was the sensitivity of the
measurements. Those authors did, however, detect both
secondary and tertiary structural changes at high pH
values (> 11.8), similar to the results seen here. Kimura
et al. [33] reported detecting similar changes in the
near UV spectra of low pH and deionized blue mem-
branes relative to those at neutral pH, which they
attribute to changes in the interactions between the
retinal and tryptophan residues. At the level of sensi-
tivity and resolution of their spectra, however, they
could detect little difference in the far UV region, in
contrast to this study, and conclude that any conforma-
tional differences between native and either of the
types of blue membranes is small. Studies of low pH
blue membranes incorporated into 7.5% polyacryl-
amide gels to prevent aggregation, have shown that the
visible circular dichroism spectrum is significantly dif-
ferent than that of the native purple membrane [55],



and far ultra-violet circular dichroism studies [56] have
suggested that small local rearrangements in protein
structure may occur, which may result in reduced sta-
bility of the protein. Finally, flash photolysis experi-
ments [57] have also indicated that conformational
changes may take place at low pH.

The effects produced by the alteration of the sur-
face charge, either by suspending the protein in alka-
line medium or removing the divalent cations, are
entirely reversible as evidenced by the regeneration of
a native type circular dichroism spectrum from ihe
restored samples. Edgerton et al. [57] have shown that
when exposed only to pH values as low as 3.2, the
native spectrum is fully recoverable. In this study, we
found there is a residual difference in the spectrum of
the sample that was exposed to very low pH (2.4) after
returning it to pH 7.0; this is attributable to some
irreversible aggregation at pH 2.4.

Bacteriorhodopsin exists in two forms, light- and
dark-adapted. In the absence of light, the retinal chro-
mophores are found in both the 13-cis and all-trans
configurations. The dark-adapted form has an absorp-
tion maximum at 560 nm [58]. When the protein is
exposed to light, or light-adapted, all of the retinals are
present as the all-trans isomer and proton pumping
occurs. Although the absorption maxima of the alka-
line pink form and the dark-adapted protein are simi-
lar, dark-adapted membranes exhibit significant exci-
ton splitting in the visible circular dichroism spectrum
[58], while the alkaline pink membrane does not as
evidenced by the reduction in the intensity of the
negative peak. The changes seen in alkaline media axre
therefore not due to dark-adaptation and represent
another phenomenon.

The conformational changes in the buried section of
the protein around the retinal must be the conse-
quence of changes which take place far away, at the
surface of the membrane and at the periphery of the
protein molecule where protein—-protcin interactions
occur. Changes in the surface potential due to high or
low pH, or removal of the bound divalent cations result
in changes in the helical portion of the protein, which
might result in changes in the retinal binding site.
Thus, changes in the surface potential result in long
range effects and alter protein—chromophore interac-
tions.
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