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FT-IR difference spectroscopy can provide detailed informa
tion about structure and conformational changes in proteins.1 

This approach is greatly enhanced by site-directed isotope 
labeling (SDIL).2-4 In contrast to earlier methods employing 
site-directed mutagenesis, SDIL allows vibrational band assign
ments to be made in an essentially unaltered system through 
the replacement of single amino acid residues with their isotopic 
analogs. 

In this work, we have used FT-IR/SDIL to probe protein 
conformational changes which occur during the primary pho
tochemical reaction of bacteriorhodopsin (bR), a light-driven 
proton pump from Halobacterium salinarium. While it is 
known that this initial step involves an all-trans to 13-ds 
isomerization of the retinylidene chromophore,5 little is known 
about the interactions which occur between the retinal and 
protein during this step or how these interactions eventually 
facilitate proton transport.6 We have probed the response to 
chromophore isomerization of three specific tyrosine amide 
carbonyl groups residing in the retinal binding pocket (Tyr 57, 
83, and 185),7 as well as Tyr 147 outside of this pocket. Our 
results show that out of the 11 tyrosine residues in bR, only the 
amide carbonyl group of Tyr 185 is perturbed by chromophore 
isomerization. 

Four SDIL analogs of bR containing L-[l-13C]Tyr at positions 
57, 83,147, and 185 were constructed using methods described 
previously.2,38 This was accomplished by introduction of amber 
codons into the synthetic bacterioopsin gene, enzymatic amino 
acylation of Escherichia coli tyrosine suppressor tRNA with 
L-[I-13C]Tyr, cell-free synthesis of bacterioopsin in wheat germ 
extract in the presence of the amino acylated E. coli suppressor 
tRNA, and finally regeneration of functional bR in native lipids. 
Earlier studies have established that bR and SDEL bR analogs 
expressed in cell-free systems exhibit properties almost identical 
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Figure 1. Comparison of FT-IR difference spectra for bR—K transition 
of bR and SDIL analogs of bR. Each spectrum was recorded at 2 cm"1 

resolution and at 80 K under conditions described earlier.24 Each 
spectrum consists of 30 averages of 2000 scans each. The scale bar (1 
x 10~3 au) corresponds to the FT-IR difference spectrum of WT. 
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Figure 2. Expansion in selected regions of the data shown in Figure 
1. Three independently recorded spectra of L-[l-13C]Tyr 185 are shown 
and compared to (- - -) (a) [l-13C]Tyr 57, (b) [l-13C]Tyr 83, and (c) 
[l-13C]Tyr 147. 

to those of the native system.2,3 bR containing [l-13C]Tyr at 
all of the tyrosines was produced as previously described.3 

Figure 1 shows the low-temperature (80 K) bR—K FT-IR 
difference spectra of cell-free expressed bR (wild-type, WT) 
along with the four SDIL bR analogs [l-13C]Tyr 57,9 [1-13C]-
Tyr 83, [l-13C]Tyr 147, [l-13C]Tyr 185, and bR containing 
[1-13C] at all of the tyrosines, [l-13C]-all-Tyr. All of these 
spectra are similar and reflect mainly the all-trans to 13-cw 
isomerization of the retinal chromophore. For example, negative 
bands previously assigned to the all-trans chromophore of light-
adapted bR (bR57o)5 appear at 1530 cm-1 (ethylenic C=C 
stretch), 1202 and 1166 cm-1 (C-C stretch), and 1009 cm-1 

(CH3 bend). Positive bands characteristic of the K chromophore 
with a 13-Cw configuration are also found at 1515 cm-1 

(ethylenic C=C stretch) and 1195 cm-1 (C-C stretch). 
The 1600—1700 cm-1 amide I region (Figure 2) should reflect 

any changes in the C=O stretching mode of peptide backbone 
groups that occur during the bR—K transition. While the 
[l-13C]Tyr 57, [l-13C]Tyr 83, and [l-13C]Tyr 147 spectra are 
similar to those of WT, a distinct drop in the intensity of the 

(9) [l-13C]Tyr XX defines the SDIL analog of bR, wherein out of 11 
tyrosines in bR, only the tyrosine at position XX is replaced with a tyrosine 
'5C labeled at the carbonyl carbon. [l-'3C]-all-Tyr represents bR labeled 
by 13C at the Cl position at all 11 tyrosine positions. 
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Figure 3. Expansion in selected regions of the data shown in Figure 
1. (see Figure 2 caption). 

bands near 1622 (+) and 1618 (—) cm-1 is seen in only the 
[l-13C]Tyr 185 and [l-l3C]-all-Tyr samples.10 In addition, a 
positive band appears near 1586 (+) cm-1, and there is a drop 
in intensity at 1581 cm-1 in these samples." These changes 
are consistent with a downshift of a set of (+/—) bands from 
1622 and 1618 cm"1 to 1586 and 1581 cm-1. This frequency 
shift is in accord with studies on synthetic polypeptides12,13 and 
the membrane protein phospholamban14 which show that the 
amide I band shifts ~30—40 cm-1 due to 13C labeling of the 
carbonyl group.15 Since this shift occurs only in [l-13C]Tyr 
185 and [l-13C]-all-Tyr samples, we can assign the tyrosine 
carbonyl group that is changing during the bR—-K transition to 
Tyr 185. In addition, the similarity of bR—-K difference spectra 
of [l-13C]Tyr 185 and [l-13C]-all-Tyr samples indicates that no 
other tyrosine carbonyl groups contribute to the bR—-K differ
ence spectrum of WT bR. Thus, we conclude that out of 11 
tyrosines, only the peptide carbonyl group of Tyr 185 is 
significantly perturbed by chromophore isomerization during 
the primary phototransition of bR. 

We also observe isotope effects for the [l-13C]Tyr 185 and 
[l-13C]-all-Tyr samples (but not for the other SDIL bR analogs) 
in the region between 1420 and 1440 cm-1 (Figure 3). The 
1434 cm-1 positive band is downshifted by 1 cm-1 with a lower 
intensity, and the negative band near 1410 cm-1 has a lower 
intensity in three independent sets of spectra shown.11 It was 
previously found that this region of the bR—-K difference 
spectrum is sensitive to uniform proline labeling with both 
L-[15N]PrO and L-[2H7]Pro.16 On this basis and studies of proline 
model compounds,17 it was concluded that the stretch mode of 
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are shown and compared with those of other SDIL analogs to demonstrate 
the reproducibility of these shifts. The signal/noise ratio is estimated to be 
3:1 near the 1586 cm"1 band. The absence of water vapor bands at 1717, 
1696, and 1684 cm"' indicates that the 1586 cm"1 band in the [l-13C]Tyr 
185 spectra is not due to water vapor. 
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the Xaa-Pro C-N bond of one or more proline residues was 
structurally active during this transition. Our current results 
indicate that at least one of these proline residues is Pro 186, 
since a 13C label placed in the carbonyl group of Tyr 185 should 
cause an isotope effect for the C-N stretch mode of the Tyr 
185/Pro'186 peptide bond but not for other Xaa-Pro C-N bonds 
in bR. As expected, uniform L-[15N]PrO labeling also causes a 
drop in intensity and a small frequency shift of the 1622 cm-1 

band assigned to an amide I mode of an Xaa-Pro peptide 
group.18,19 These results, however, do not exclude other prolines 
such as Pro 51 and Pro 91 from participating in a structural 
change during the bR—-K transition. 

The finding that the Tyr 185/Pro 186 peptide bond is 
perturbed during the bR—*K transition suggests that its environ
ment or structure is altered due to retinal isomerization during 
the primary phototransition. Since Pro 186 is close to the 
/Monone ring of the retinal (3—4 A),7 chromophore isomeriza
tion might exert forces on this group which are relieved by 
movement around the Tyr 185/Pro 186 region of the backbone. 
This model would help explain why the substitution of Pro 186 
with residues GIy, Ala, and VaI results in alterations of the 
structure, conformational changes, and function of bR.20 Al
ternatively, the perturbation we observe may reflect a vibrational 
Stark effect21 due to a change in the local electric field near the 
Tyr 185/Pro 186 peptide bond. 

The peptide carbonyl group of Tyr 185 appears to undergo a 
change not only during the bR—-K transition but also during 
subsequent steps in the photocycle (X. M. Liu, S. Sonar, and 
K. J. Rothschild, unpublished data), including the M—*N 
transition.3 This last step has been found to involve structural 
perturbations of membrane-embedded a-helical structure22 

consistent with a net reorientation of the cytoplasmic portion 
of the F and C helices.23 Thus, these results suggest that the 
Tyr 185/Pro 186 region may function as a type of "hinge" which 
responds to the initial chromophore isomerization by undergoing 
gradually increasing structural changes that culminate during 
the M—-N transition. 
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