
5954 Biochemistry 1990, 29, 5954-5960 

Vibrational Spectroscopy of Bacteriorhodopsin Mutants: Evidence for the 
Interaction of Proline- 1 86 with the Retinylidene Chromophore+ 

Kenneth J. Rothschild,*,t Yi-Wu He,* Tatsushi Mogi,§J Thomas Marti,§ Lawrence J. and 
H. Gobind Khoranae 

Physics Department and Program in Cellular Biophysics, Boston University, Boston, Massachusetts 0221 5, and Departments of 
Chemistry and Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Received November 21, 1989; Revised Manuscript Received March 12, I990 

ABSTRACT: Fourier-transform infrared difference spectroscopy has been used to study the role of the three 
membrane-embedded proline residues, Pro-50, Pro-9 1, and Pro-186, in the structure and function of bac- 
teriorhodopsin. All three prolines were replaced by alanine and glycine; in addition, Pro-186 was changed 
to valine. Difference spectra were recorded for the bR - K and bR - M photoreactions of each of these 
mutants and compared to those of wild-type bacteriorhodopsin. Only substitutions of Pro- 186 caused 
significant perturbations in the frequency of the C=C and C-C stretching modes of the retinylidene 
chromophore. In addition, these substitutions reduced bands in the amide I and I1 region associated with 
secondary structural changes and altered signals assigned to the adjacent Tyr-185. Pro-186 - Val caused 
the largest alterations, producing a second species similar to bR548 and nearly blocking chromophore 
isomerization a t  78 K but not a t  250 K. These results are consistent with a model of the retinal binding 
site in which Pro-186 and Tyr-185 are located in direct proximity to the chromophore and may be involved 
in linking chromophore isomerization to protein structural changes. Evidence is also found that Pro-50 may 
be structurally active during the bR - K transition and that substitution of this residue by glycine preserves 
the normal protein structural changes during the photocycle. 

Prolines are often found in the hydrophobic transmembrane 
regions of integral membrane proteins involved in ion transport 
and receptor functions (Brand1 & Deber, 1986). In the case 
of bacteriorhodopsin (bR),' the light-driven proton pump from 
Halobacterium halobium (Stoeckenius & Bogomolni, 1982), 
three buried prolines, Pro-50, Pro-91, and Pro-186, are mem- 
brane embedded and located in the putative helices B, C, and 
F, respectively (Engelman et al., 1981) (cf. Figure 1). Recent 
studies using site-directed mutagenesis have shown that none 
of these residues are essential for proton transport (Hackett 
et al., 1987; Mogi et al., 1989). However, the substitution of 
Pro- 186 by valine or leucine can significantly lower proton 
pumping activity (Mogi et al., 1989), cause a large blue shift 
in the A,,, of the visible absorption (Ah1 et al., 1988; Mogi 
et al., 1989), and alter the rate of M decay (Ah1 et al., 1989). 
Substitutions of Pro-50 and Pro-91 caused significant altera- 
tions in the chromophore regeneration rate (Mogi et al., 1989). 
Thus, while it is unlikely that buried prolines in bR are directly 
involved in proton-transfer reactions, they may still be essential 
in stabilizing the native structure of bR as well as being in- 
volved in conformational changes associated with the bR 
photocycle. 

In  this study, we have combined FTIR difference spec- 
troscopy (Braiman & Rothschild, 1988) with site-directed 

Supported by grants from the NSF (PCM-8110992), NIH 
(GM28289-06), and ONR ("14-82-K-0668) to H.G.K. and from the 
NSF (DMB-8806007) and NIH (EY0.5499) to K.J.R. Th.M. is the 
recipient of a fellowship from the Swiss National Science Foundation. 
This is paper IV in a series entitled Vibrational Spectroscopy of Bac- 
teriorhodopsin Mutants. The first three papers in this series are by 
Braiman et al. (1988a, 1988b) and Rothschild et al. (1989b). 

* Address correspondence to this author. 
*Boston University. 
8 MIT. 

Current address: Department of Biology, Faculty of Science, 

Current address: Department of Biochemistry and Molecular Bi- 
University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan. 

ology, Harvard University, Cambridge, MA 01 238. 

0006-2960/90/0429-5954$02.50/0 

mutagenesis to further investigate the role of prolines in bR. 
This work complements our previous FTIR based investigation 
of tyrosine, aspartic acid, and tryptophan residues in bR 
(Braiman et al., 1988a,b; Rothschild et al., 1989b). Those 
studies led to the identification of specific residues in bR that 
undergo protonation changes or structural rearrangements 
during the bR - K and bR - M photoreactions. One residue, 
Tyr-185, located adjacent to Pro-186, appears to undergo 
protonation changes during the primary phototransition to K 
and again upon M formation (Braiman et al., 1988b). Three 
other residues, Trp-86, Trp-182, and Trp-189, are believed to 
help limit the possible conformations of the retinal chromo- 
phore (Rothschild et al., 1989b). A sequence of protonation 
changes and a possible proton pathway involving Asp-85, 
Asp96, and Asp-212 have been proposed on the basis of FTIR 
difference measurements of site-directed mutants of the 
membrane-embedded Asp residues (Braiman et al., 1988a). 
Asp-85 is predicted to serve as the proton acceptor group of 
the Schiff base during M formation, whereas Asp-96 is be- 
lieved to be part of the Schiff base reprotonation pathway 
(Braiman et al., 1988a; Gerwert et al., 1989). Recent spec- 
troscopic studies support several aspects of this model [cf., for 
example, Butt et al. (1989), Otto et al. (1989), Holz et al. 
(1989), and Otto et al. (1990)l. 

The present work is based on a recent FTIR study of bac- 
teriorhodopsin containing isotopically labeled prolines 
(Rothschild et al., 1989~) .  Specific bands in the 1420- 
1440-cm-' region of the bR - K and bR - M photoreactions 
were assigned to proline residues. This indicates that one or 
more prolines are structurally active during the bR photocycle 
and that chromophore isomerization is closely coupled to these 
changes. 

' Abbreviations: PM, purple membrape; bR, bacteriorhodopsin; 
FTIR, Fourier-transform infrared; au, absorbance units: DMPC, di- 
myristoylphosphatidylcholine; CHAPS, 3-[(3-~holamidopropyI)di- 
methylammonio] - 1 -propanesulfonate. 
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Table I: Freauencv (Peak Position) of Selected ChromoDhore and Protein Vibrations of bRz70 Identified in the bR - K Difference SDectrum . I .  <,- 

mutant C=N c=c T ~ r - 1 8 5 ~  c-c c-c c-c c-c T r ~ - 8 6 ~  
WT 
P50A 
P50G 
P91A 
P91G 
P186A 
PI 86G 
P186V 

1640.6 1529.7 
1640.1 1529.2 
1641.1 1530.2 
1639.2 1529.2 
1641.1 1530.2 
1639.2 1528.3 
1641.1 1530.2 
c 1528.3 

1277.1 
1276.6 
1276.6 
1276.6 
1276.6 

1272.8 
c 

c 

1254.1 1216.8 
1254.4 1215.9 
1255.4 1216.8 
1254.4 1216.8 
1254.4 1215.9 
1255.4 1217.8 
1255.4 1216.8 
1254.4 c 

1202.4 1169.1 
1202.4 1168.6 
1202.4 1168.6 
1202.4 1168.6 
1202.4 1168.6 
1202.4 1170.5 
1202.3 1168.6 
c 1165.7 

741.9 
742.5 
742.5 
741.5 
741.5 
739.6 
742.5 
c 

"C-0 stretching mode of tyrosinate-185. *In-phase HOOP mode of Trp-86. CBand not detected. 

s D\'p v .-D 

S 
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FIGURE 1 : Amino acid sequence and two-dimensional folding model 
of bacteriorhodopsin showing the location of membrane-embedded 
proline residues (continuous circles) and those prolines in loop regions 
(dashed circles). Lys-216, which forms the Schiff base with retinal, 
is shown in a box. 

Our results establish that none of the three buried prolines 
are essential for maintaining the normal bR chromophore 
structure or for the all-trans to 13-cis isomerization. However, 
the effect of substitutions at Pro-186 on the vibrational spectra 
of the retinylidene chromophore and on the overall photo- 
conversion during the bR - K and bR - M transitions 
strongly suggests that this residue is located close to the 
chromophore and along with Tyr-185, Trp-86, Trp-182, and 
Trp-189 helps form a retinal binding pocket. In addition, 
alterations in Tyr-185 and structural changes involving the 
protein backbone appear to be affected by substitutions of 
Pro-186. Evidence is also presented that Pro-50 may undergo 
a structural change during the bR - K photoreaction. 

EXPERIMENTAL PROCEDURES 
Preparation of bR Mutant Samples. The construction, 

expression, and purification of bR mutants have been reported 
(Karnik et al., 1987; Mogi et al., 1988). Mutant bR was 
regenerated with retinal and reconstituted in vesicles (Popot 
et al., 1987) with polar lipids from H .  halobium using a 1:l 
weight ratio. This procedure resulted in a species with a 
bR-like chromophore, except in the case of P186V,* which 
exhibited a blue-shifted A,,,. 

Designations for bR mutants make use of the standard one-letter 
abbreviations for amino acids. Thus "P186V" signifies the mutant in 
which the proline at position 186 has been replaced by valine, while 
"PI 86G" signifies replacement of the same residue by glycine. 

BR ->K 78 K 
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FIGURE 2: FTIR difference spectra of the bR - K photoreaction at  
78 K for wild-type bR and mutants of proline residues Pro-SO, Pro-91, 
and Pro-186. All spectra were recorded by using procedures previously 
reported (Roepe et al., 1987a; Braiman et al., 1988b). Spectral 
resolution was 2 cm-], and each spectrum represents the average from 
a t  least 15 pairs of 20-min scans. 

FTIR Difference Spectroscopy. Difference spectra were 
recorded for the bR - K and M photoreactions at 78 and 250 
K, respectively, by using methods previously reported 
(Rothschild et al., 1984; Roepe et al., 1987a; Braiman et al., 
1988b). Samples were prepared by air-drying approximately 
100-200 pg cm-* of sample on a AgCl window and then 
rehydrating prior to insertion into a sealed transmittance cell 
that was mounted in a Helitran cryostat (Air Products, Al- 
lentown, PA). Water content of the sample was checked by 
monitoring the 3400-cm-' peak. All samples were light- 
adapted prior to cooling. Spectra were recorded at 2-cm-' 
resolution by using a Nicolet Analytical Instruments (Madison, 
WI) 60SX spectrometer. 

RESULTS 
FTIR difference spectra of the bR - K and bR - M 

photoreactions for wild-type bR and the membrane-embedded 
proline mutants of bR are shown in Figures 2 and 3, respec- 
tively. With the exception of P186V these mutants produced 
difference spectra that were similar to, although not identical 
with, those of wild-type bR. The results are discussed in detail 
below. 

Substitutions of Pro-50 and Pro-91 
Effects on Chromophore. Chromophore vibrational modes 

in bR, K, and M appear at similar frequencies in the difference 
spectra of the Pro-50 and Pro-91 mutants and wild-type bR 
(Figures 2 and 3 and Table I). This includes the ethylenic 
C=C stretching mode ( u ~ = ~ )  at 1530 cm-' and the C-C 
stretching modes (uc<) near 1169, 1202, 1216, and 1254 cm-' 
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FIGURE 3: FTIR difference spectra of bR - M photoreaction at  250 
K for wild-type bR and mutants of proline residues Pro-50, Pro-91, 
and Pro-186. All spectra were recorded by using the same procedures 
as those of Figure 2. 
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FIGURE 4: Expanded view of Figure 2 in the 150O-l700-~m-~ region. 

(Figures 4 and 5). Since a close correlation exists between 
uc=c and the wavelength of the visible absorption (Amax) 
(Doukas et al., 1978), we conclude that the species which 
photocycles in these mutants absorbs near 570 nm. 

However, the hydrogen out-of-plane (HOOP) modes of the 
chromophore in the K intermediate of P50A, P91A, and P91G 
are altered relative to those of wild-type bR. The 956-cm-I 
band is reduced in intensity and an increase in intensity occurs 
at  962 cm-I and near 974 cm-' (Figure 6). In contrast, no 
significant change was found in the HOOP mode region for 
P50G. This indicates that Gly allows a more normal chro- 
mophore structure to exist in the K intermediate than the Ala 
subs tit u tion. 

Effects on Protein. Most of the bands assigned previously 
to specific bR residues in the bR - K difference spectrum 
are still present in the difference spectra of P50A, P5OG, P91A, 
and P9 1 G as seen in Table I. This includes bands at 1277 cm-I 
(Tyr-185) (Braiman et a]., 1988b) and 742 cm-l (Trp-86) 
(Rothschild et a]., 1989b) (data not shown). However, small 
features in the amide I (1660-1680 cm-') and amide I1 region 
(1545-1560 cm-l) (Figure 4) are altered in the spectra of all 
of these mutants except P5OG. For example, the negative/ 
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FIGURE 5 :  Expanded view of Figure 2 in the 115O-l300-~m-~ region. 
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FIGURE 6 :  Expanded view of Figure 2 in the 900-1000-~m-~ region. 

positive feature at 1550/ 1560 cm-I is reduced in intensity 
except in the case of the P50G bR - K difference spectrum. 
In  addition, the small negative band in wild-type bR at 1651 
cm-I is reduced in P91G, P91A, and P50A mutants but not 
in P50G. Thus, we again conclude that the most normal 
photocycle behavior at 78 K occurs for P50G. 

In contrast, P50G exhibited the most perturbed bR - K 
difference spectrum in the 1420-1440-cm-' region, which has 
previously been assigned to a mode involving the X-Pro C-N 
band (Rothschild et al., 1989~) .  As seen in Figure 7, the 
1428-cm-' positive shoulder is almost completely absent while 
P50A, P91A, and P91G exhibited only a partial reduction in 
intensity in this band. The band shape and intensity in the 
amide I region near 1618 cm-' is also altered in P50G, similar 
to the effect of isotope labeling of proline in this region (K.  
J. Rothschild and Y.-W. He, unpublished results). Thus, while 
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FIGURE 7: Expanded view of Figure 2 in the 1400-1480-cm-* region. 
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FIGURE 8: Expanded view of Figure 3 in the 1500-1800-cm-' region. 
Insets below each spectrum in the 1720-1780-~m-~ region are included 
with expansion of the y scale. 

the P50G bR - K difference spectrum is very similar to the 
wild-type spectrum in most regions, bands assigned to proline 
vibrations are absent or altered in P50G. As discussed later, 
this may indicate that Pro-50 is structurally active during the 
bR - K transition in normal bacteriorhodopsin. 

In the case of the bR - M difference spectra, we observe 
changes in protein bands relative to wild-type bands for all 
of the mutants including P5OG. For example, peaks are altered 
in the aspartic acid carbonyl stretch region (1700-1760 cm-'), 
assigned on the basis of site-directed mutagenesis to Asp-85, 
Asp-96, Asp1 15, and Asp-212 (Braiman et al., 1988a) (Figure 
8). In the case of P91G and P91A, the bands at 1742 cm-' 
(negative) and 1748 cm-' (positive) that are associated with 
changes in Asp-96 (Braiman et al., 1988a; Gerwert et al., 
1989) appear reduced or absent. In addition, the 1760-cm-' 
band assigned to Asp-85 protonation (Braiman et al., 1988a) 
is shifted to higher frequency in P50G. However, in no case 
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FIGURE 9: Expanded view of Figure 3 in the 1150-1 500-cm-' region. 

is the 1760-cm-' band absent. 

Substitutions of Pro-186 
Effects on Chromophore. The Pro-186 - Val substitution 

and to a lesser extent the Ala and Gly substitutions produced 
changes in bands assigned to chromophore vibrations in both 
the bR - K and bR - M difference spectra. For example, 
two negative bands at  1530 and 1542 cm-' and two positive 
bands at  15 10 and 15 15 cm-' (Figure 4) are observed in the 
bR - K difference spectrum of P186V. This indicates the 
presence of two different species, one that has a normal A,,, 
and one that is blue-shifted relative to the normal species. The 
appearance of a positive band near 1184 cm-l in the C-C 
stretch region of the bR - K difference spectra of P186V and 
to a lesser extent in P186A and P186G (Figure 5) also in- 
dicates the presence of an altered K photoproduct. Similar 
bands are also observed in the bR - K photoreaction of the 
dark-adapted purple membrane (bR,,,) (Roepe et al., 1988), 
which contains a chromophore in the 13&, C=N anti con- 
figuration (Harbison et al., 1984). 

The 956-cm-' HOOP band (Figure 6) is still present in 
P186V, although it is reduced in intensity relative to the 962- 
and 974-cm-' bands. In the case of P186G and P186A, smaller 
changes are observed with a possible loss of intensity at  962 
cm-I. This indicates that substitutions of Pro-186 affect the 
K intermediate retinal structure but in a qualitatively different 
way than the Pro-50 and Pro-91 mutants. 

The yield of the bR - K photoreaction was drastically 
reduced for the P186V mutant and to a lesser extent for the 
P186A mutant. In the case of P186V, the reaction was almost 
10% of that of the wild type and required extensive averaging 
in order to obtain the difference spectrum shown in Figure 2. 
In contrast, the yield of the bR - M transition of P186V was 
reduced by only 25%. 

Effects on the Protein Structure. The negative band at 1277 
cm-I, previously associated with the protonation of Tyr- 185 
during the bR - K photoreaction (Rothschild et al., 1986; 
Braiman et al., 1988b) is absent in the bR - K difference 
spectrum for all of the Pro-186 substitutions (Figure 5 and 
Table I) .  This might be due to an upshift of this band to near 
1280 cm-', since a positive band at this frequency (Roepe et 
al., 1987a) is also not present. The band near 833 cm-I, 
assigned to a Fermi resonance of tyrosine (Rothschild et al., 

WAVENUMBERS ( cm-1) 
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1986), appears to also be upshifted in P186V (data not shown). 
In the case of P186G and P186A, this region has insufficient 
signal/noise to make a reliable identification of the bands. In 
the bR - M difference spectrum (Figure 9), the region be- 
tween 1270 and 1280 cm-' assigned to tyrosine-l 85 is again 
altered, with an apparent upshift of the negative band from 
1277 to 1280 cm-I. In the Fermi resonance region, the neg- 
ative band appears to again be upshifted to near 835 cm-' in 
the case of all three mutants. On this basis, we conclude that 
changes that occur in Tyr-185 and possibly a second tyrosine 
residue (Roepe et al., 1987b) are influenced by substitution 
of the proline in the neighboring 186 position. 

A second common effect of the Pro-186 substitutions is the 
reduction of bands in the amide I and I1 region (Figure 8). 
This is most evident in the bR - M difference spectrum, 
where a reduction occurs in the negative 1660-cm-' and 
positive 1652-cm-' amide I bands. In addition, the nega- 
tive/positive pair at 1540/1554 cm-' assigned tentatively to 
the amide I1 vibration (Braiman et al., 1987) is also altered. 
In the case of P186A and P186V, these alterations cannot be 
attributed to incomplete formation of M or rapid M decay, 
since the bands at 1568 and 1760 cm-' associated with M 
formation are clearly present. However, in the case of P186G, 
a reduction in these bands is apparent as well as an increase 
near 1191 cm-' associated with the L intermediate (Roepe et 
al., 1987a), indicating that at 250 K, M formation is partially 
blocked. 

DISCUSSION 
Proline residues that are embedded in the transmembrane 

a-helical regions of bR are potential sites for structural activity. 
In particular, it has been found that one or more prolines 
undergo structural alteration as early as the bR - K photo- 
transition (Rothschild et al., 1989~).  An interesting possibility 
is that strains in the retinal binding pocket due to retinal 
isomerization might be relieved to some extent by movements 
around the X-Pro C-N bonds. In other proteins, it has been 
demonstrated that cis-trans isomerization of X-Pro bonds 
occurs during protein renaturation (Brandts et al., 1975; Lin 
& Brandts, 1978). In the case of RNase A, this process 
involves a Tyr-Pro C-N bond (Lin & Brandts, 1983). 

In a previous study that examined the effects of mutations 
of the membrane-embedded proline-50, -91, and -186 (Mogi 
et al., 1989),3 it was established that none of these residues 
are obligatory for proton pumping. However, the mutant 
Pro-1 86 - Val had a significantly lower proton pumping rate 
(1 0-20% of normal) and a chromophore blue-shifted to near 
470 nm in DMPC/CHAPS mixed micelles. Pro-50 - Ala, 
Pro-91 - Ala, and Pro-91 - Gly had approximately 30-fold 
slower regeneration rates with all-trans retinal, whereas Pro-50 - Gly regenerated the chromophore 10 times faster than wild 
type. 

In this study, we have utilized FTIR difference spectroscopy 
to examine the structural changes that proline mutants undergo 
during the photocycle relative to wild-type bR. We find that 
none of the three buried proline residues are essential for the 
normal all-trans to 13-cis isomerization of the chromophore 
that occurs during the BR - K phototransition. In addition, 
all of the mutants appear capable of forming a light-adapted 
pigment that absorbs near 570 nm. This includes P186V and 
P186G, which also exhibit a blue-shifted form of the light- 
adapted protein. These mutants were reported to have a A,, 
near 470 nm in DMPC/CHAPS mixed micelles (Mogi et al., 
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These studies were made on bR mutants incorporated into lipid- 
detergent micelles. 

F-helix 

ASP-212 

FIGURE 10: Proposed structural model of the retinal binding pocket 
in bR showing the relative position of Pro-186 [from Rothschild et 
at. (1989b)l. The proposed orientation is in agreement with polarized 
visible (Heyn et al., 1977; Clark et al., 1980), FTIR (Earnest et at., 
1986), and neutron diffraction measurements (Heyn et al., 1988) and 
second Harmonic interference (Huang & Lewis, 1989). Recent 
evidence indicates that the plane of the polyene chain is oriented so 
that the C9- and CI2-methyl groups of retinal are pointed toward the 
cytoplasmic side of the membrane and the NH bond is toward the 
extracellular medium (Lin & Mathies, 1989; Hauss et al., 1990). 

1989). However, in native lipids the ethylenic stretching 
frequency near 1530 cm-' indicates the existence of a normal 
A,,, closer to 570 nm. Thus, membrane-embedded prolines 
are not essential for the normal chromophorelprotein inter- 
actions that give rise to the bathochromic absorption shgt in 
bacteriorhodopsin. 

Despite the above conclusions, on a finer level FTIR dif- 
ference spectroscopy reveals that the proline mutants exhibit 
several defects in the protein and chromophore structural 
alterations that normally occur during the bR photocycle. For 
example, changes in the HOOP vibrations indicate that the 
configuration of the chromophore in the K intermediate is 
altered in all of the proline mutants except P50G. Structural 
changes involving specific residues as well as peptide groups 
in the protein backbone are also altered in many of these 
mutants. As discussed below, this information provides clues 
to the overall mechanism of proton transport in bR and the 
role of prolines in this mechanism. 

Pro-186 Is Located in the Retinal Binding Pocket and May 
Be Structurally Active during the bR Photocycle. In contrast 
to substitutions of Pro-50 and Pro-91, the Pro-186 - Val 
mutation and to a lesser extent the Pro- 186 - Gly and Pro- 
186 - Ala mutations produced nonnative chromophore 
structures in light-adapted bR and its K and M photoproducts. 
Such changes are likely to reflect alterations in the pro- 
tein/chromophore interaction inside the retinal binding pocket. 
For example, when bR is regenerated with 13-demethylretinal, 
the 13-cis isomer dominates, even in the light-adapted state 
(Gartner et al., 1983). Our result is also consistent with a 
recently proposed model for the retinal binding pocket which 
envisions that Pro-186, along with the residues Tyr- 185, 
Trp-182, and Trp-189 from the helix F, Asp-85 and Trp-86 
from the helix C, and Asp-212 from the helix G, is located 
close to the chromophore (Braiman et al., 1988a; Rothschild 
et al., 1989a,b) (cf. Figure 10). Since Pro-186 is located in 
this model directly adjacent to the polyene chain of the 
chromophore, replacement with compact residues such as Ala 
and Gly is expected to have much less effect on the chromo- 
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phore structure and isomerization, as compared to a bulkier 
residue like valine. 

However, even in the case of the Pro-186 - Val substitu- 
tion, we found that a subpopulation of this mutant has a 
normal chromophore structure in the bR, K, and M states. 
This might occur if the valine side chain could exist in different 
conformations, some of which did not interfere with the normal 
structure of retinal in the protein. The fact that the level of 
bR - K photoalteration for P186V was much lower at 78 K 
than 250 K might reflect a greater flexibility of the valine side 
chain at the higher temperature, thereby allowing the chro- 
mophore more opportunity to find the proper configuration 
necessary for photoisomerization. This explanation is also 
supported by recent low-temperature and flash kinetic ab- 
sorption measurements of Pro-186 mutants (Ah1 et al., 1988, 
1989). 

Substitutions at Pro- 186 also produced distinct effects on 
the normal protein structural changes that occur during the 
photocycle. First, the extent of secondary structural changes, 
as reflected by the amide I and I1 bands, is reduced for all three 
mutants. These bands have also been shown by time-resolved 
FTIR to be sensitive to temperature and relative humidity 
(Braiman et al., 1987). This may indicate that Pro-186 is 
important for linking chromophore isomerization to rear- 
rangement of protein structure. The Pro-186 substitutions also 
appear to block or alter tyrosine changes previously attributed 
to Tyr-185 (Braiman et al., 1988b) during the bR - K 
transition and possibly alter the deprotonation of this group 
during M formation. Bands in the carboxyl C=O stretching 
region associated with a change in the environment of Asp-96 
between bR and M (Braiman et al., 1988a; Gerwert et al., 
1989) are also absent in P186V and P186A. Thus, while we 
are unable to determine if Pro-186 is itself undergoing a 
structural alteration during the photocycle, it is clear that its 
presence is required for other protein structural changes that 
occur as early as the formation of the K intermediate. 

Are Pro-50 and Pro-91 Structurally Active during the bR 
Photocycle? The substitution Pro-50 - Gly produced sub- 
stantial changes in the bR -K difference spectrum only in 
the regions assigned to proline vibrations. This indicates that 
Pro-50 may be structurally active during this step of the 
photocycle. However, in this case we would expect similar 
changes to occur in this region for the Pro-50 - Ala sub- 
stitution. In fact, changes do occur, although not to the same 
extent as in P50G. In addition, changes are observed in this 
region for the other proline mutants. Thus, an unambiguous 
determination could not be made if Pro-50 is structurally active 
or if the changes observed are due to indirect effects of this 
substitution on the behavior of another proline group (see 
below). However, the minimal changes that the Pro-50 - Gly 
substitution produced in other regions of the bR - K dif- 
ference spectrum indicate that Pro-50 is not absolutely nec- 
essary for normal functioning of bR. This finding is also in 
agreement with the near normal proton pumping and increased 
regeneration rate observed for this mutant (Mogi et al., 1989). 

In contrast to P50G, both P91A and P91G produced 
changes in chromophore and protein bands including those in 
the proline vibrational region 1420-1440 cm-'. However, it 
is again not possible on the basis of these data to determine 
if the changes we observe in the proline vibrational region are 
due to a direct contribution from Pro-91 or due to more in- 
direct effects on other proline groups. 

Do Buried Prolines Function Cooperatively in Response to 
Chromophore Isomerization? The present study indicates that 
all three membrane-embedded prolines play a role in the 
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functioning of bR, although they are not essential for proton 
pumping. In particular, all of the mutants, except Pro-50 - 
Gly, produced chromophore and protein structural alterations 
that occur during the bR photocycle. However, we were 
unable to assign specific peaks in the difference spectrum to 
individual proline residues in contrast to earlier studies, which 
focused on Tyr, Asp, and Trp residues (Braiman et al., 
1988a,b; Rothschild et al., 1989b). This may indicate that 
the proline-assigned bands in the difference spectrum arise 
from one of the eight prolines located in the loop regions of 
the protein as shown in Figure 1. 

Alternatively, our results could be explained without pos- 
tulating structural activity of the loop prolines if the three 
membrane-embedded prolines acted cooperatively. In par- 
ticular, then substitution of one proline might induce a second 
proline to alter its normal behavior during the photocycle. 
Such an effect could explain why the P50A bR - K difference 
spectrum does not show a complete loss of proline-assigned 
bands, even in the case where Pro-50 is normally the only 
proline that is structurally active during the bR - K transition. 

Cooperative behavior of prolines during the bR photocycle 
would be understandable if protein structural changes are 
driven by a change in shape of the chromophore in the binding 
pocket upon light-driven isomerization. This strain that 
chromophore isomerization imposes on the protein could be 
relieved gradually during the photocycle by the rotation of the 
different X-Pro C-N bonds of buried prolines. If any one of 
these prolines is replaced, then the response of the buried 
prolines to the chromophore isomerization could be altered. 
Models that show how protein structural changes can be driven 
by shape changes of the isomerized chromophore have been 
previously presented (Braiman et al., 1988a; Fodor et al., 
1988). 

CONCLUSIONS 
FTIR difference spectroscopy and site-directed mutagenesis 

have been used to examine the role of specific prolines in the 
functioning of bR. Our results indicate that of the three 
membrane-embedded prolines, only Pro- 186 appears to in- 
fluence the structure of the chromophore and its ability to 
undergo a normal all-trans to 1 3 4 s  isomerization. This result 
is consistent with previous evidence presented that indicates 
Pro-186 is located in the retinal binding pocket, which also 
includes Tyr-185, Trp-86, Trp-182, and Trp-189 (Braiman et 
al., 1988a; Rothschild et al., 1989a,b). A similar model has 
recently been derived on the basis of high-resolution electron 
cryomicroscopy (Henderson et al., 1990). However, this model 
shows that the flat ring of Pro-186 is located closer to the 
p-ionone ring of retinal than shown in Figure 10. 

While we have not yet been able to identify which buried 
prolines are structurally active, our evidence points to the 
involvement of Pro-50 in helix B along with Pro-186, which 
appears to be linked to conformational changes of the protein. 
This later result would be consistent with the Tyr-185, Pro-186 
region of the F helix acting as a hinge that links chromophore 
isomerization with protein structural changes. It is also 
possible that all three buried prolines are structurally active 
and act cooperatively. FTIR studies on site-directed mutants 
of prolines in the loop regions of bR along with more selective 
incorporation of isotope labels in the prolines of bR will be 
necessary to further explore these possibilities. 
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