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We have used new Kinetic fitting procedures to obtain infrared (IR) absolute spectra
for intermediates of the main bacteriorhodopsin (bR) photocycle(s). The linear-
algebra-based procedures of Hendler et al. (J. Phys. Chem. B, 105, 3319-3228
(2001)) for obtaining clean absolute visible spectra of bR photocycle intermediates

were adapted for use with IR data. This led to isolation, for the first time, of



corresponding clean absolute IR spectra, including the separation of the M
intermediate into its My and Mg components from parallel photocycles. This in turn
permitted the computation of clean IR difference spectra between pairs of
successive intermediates, allowing for the most rigorous analysis to date of changes
occurring at each step of the photocycle. The statistical accuracy of the spectral
calculation methods allows us to identify, with great confidence, new spectral
features. One of these is a very strong differential IR band at 1650 cm™" for the L
intermediate at room temperature that is not present in analogous L spectra
measured at cryogenic temperatures. This band, in one of the noisiest spectral
regions, has not been identified in any previous time-resolved IR papers, although
retrospectively it is apparent as one of the strongest L. absorbance changes in their
raw data, considered collectively. Additionally, our results are most consistent with
Arg82 as the primary proton-release group (PRG), rather than a protonated water
cluster or H-bonded grouping of carboxylic residues. Notably, the Arg82
deprotonation occurs exclusively in the My pathway of the parallel cycles model of

the photocycle.

Index Headings: Kinetic analysis; Reversible homogeneous model; Parallel cycles;
Arginine 82 deprotonation; Proton release group; PRG; Flash photolysis; Purple

membrane; Infrared spectroscopy.

In addition to ground-state difference spectra, this supplement contains other
important information. All of the difference spectra in the main paper's figures are
between sequential intermediates (i.e., transitional difference spectra, TDS), whereas
difference spectra in the published literature have been presented relative to the
unphotolyzed or ground state BR (ground-state difference spectra, GDS). This
Supplement provides a basis for more direct comparison to the latter (Figs. 1S, 2S, 3S,
4S). Figures 58S, 6S, and 7S display additional supporting information for the main paper.

Figure 1S below shows the GDS for intermediates M, N, and O, as M-(BR*), N-
(BR*), and O-(BR*) in panels A, B, and C, respectively. Note that the GDS for L-(BR*)

is shown in Fig. 4A of the main paper. Our GDS spectra are all similar to at least some of



the previously published TR-FTIR spectra of these intermediates. In comparing our GDS
with those previously published, some differences are to be expected since our spectra
were obtained with isolated intermediates, while those in the literature contained some
degree of contamination from other species. The numbered references below correspond
to the reference list in the main paper.

For example, the L-(BR*) transition from Fig. 4A of the main paper shows a
particularly close resemblance to the fitted (13= 40 ps) spectrum of Fig. 3A in Rodig et
al. 1999.% It also shows great resemblance to Fig. 4 of Dioumaev and Braiman, J. Phys.
Chem. B 101, 1655-1662 (1997), and in Fig. 3 of Xiao et al., 2004.”7 A notable difference
is the larger size of the positive band at 1651 cm™' and the negative bands at 1661/1674
cm ' in Ref. 27 of the main paper, relative to either Fig. 4A of the main paper here or Fig.
4 of Dioumaev and Braiman, 1997. This is likely due to more complete elimination in
Ref. 27 of an “absorbance flattening” artifact that can result from the use of bR sample
films of nonuniform thickness. The more complete avoidance of this artifact in Ref. 27
was made possible by the use of somewhat thinner samples overall, that have overall
lower background absorbance near 1665 cm .

The M-(BR*) spectrum in panel A of Fig. 1S, derived from the “combined” Mg
and Mg spectra, shows particularly close resemblance to the fitted (15 = 544 ps) spectrum
of Fig. 3A in Rodig et al. 1999.* It also closely resembles the single-time-slice 280-pis
spectrum of wild-type bR in Fig. 3 of Rédig and Siebert, 1999;> as well as the M-bR
fitted spectrum in Figs. 2 and 3 in Ref. 27. Once again, the 1661 cm™" feature in the M-
BR spectra in Ref. 27 is larger than in the other examples; and once again, this is most
likely due to a reduction of the absorbance flattening artifact by use of thinner samples in
Ref. 27.

The N-(BR*) spectrum in panel B of Fig. 1S is the most different, among our GDS, from
any previously published TR-FTIR spectrum based on pH 7 data. It has been especially
difficult for past workers to calculate an accurate N-(BR*) difference spectrum from data
near pH 7, because the concentration of this intermediate never rises very high at neutral
pH values (see Fig. 5 of the main paper). Nevertheless, the N-(BR*) difference spectrum
in panel B below resembles, in its overall appearance, the N-BR difference spectrum in

Fig. 2 of Ref. 29, which was obtained at pH 8.4. There are some intriguing differences in



the details, such as significantly shifted positions for some of the strongest vibrations
(1558 and 1190 cm ™ in panel B below; 1553 and 1185 cm™' in Ref. 29). These shifts
could reflect an authentic structural difference between the N intermediates formed at pH
7 and 8.4. Alternatively they could represent a somewhat different mix of
photointermediates that are present under the different conditions of the experiments. As
discussed in the main text, we assert that the result in panel B in Fig. 1S below is the best
representation of the GDS of an isolated N photoproduct state. The absence of the peak at
1763 cm ' for Asp85, shows that N was free of contamination by M. No previously
published GDS of N, calculated from IR data obtained at neutral pH, has been this free of
M contamination.

The O-(BR*) spectrum in panel C of Fig. 1S resembles, in most of its prominent
bands, the fitted (18 = 9.6 ms) spectrum of Fig. 3A in Rédig et al. 1999, and to the pH 4
spectrum obtained in Fig. 2 of Ref. 29. As with the N-(BR) spectrum, the differences
with respect to the published literature are authentic results of different pH values for the
measurements, and/or a different (and, we assert, more complete) separation of the
kinetically overlapping late photoproducts whose time courses are shown in Fig. 5 of the
main paper.

As explained in the main paper, we use the term (BR*) to denote the spectral
features of the last state that we can temporally resolve, under our measurement
conditions, prior to formation of L. With our time resolution, this consists essentially of
the unphotolyzed state.

In the main paper, BR (without the asterisk) indicates the structure of the
asymptotically approached final product, many milliseconds after photolysis. That is, we
have not temporally resolved the excited state of bR, which is what BR* traditionally
designates. In Fig. 3 of the main paper, we show that the spectra we have obtained for
(BR*) and BR are essentially the same.

An important aspect of comparing TDS to GDS is that the appearance and
wavenumber values for peaks and troughs in the two types of spectra are likely to be
significantly different. A prime example of this is seen in the most prominent features for
O in the GDS at 1556 cm ™' and 1524.5 cm™' of panel C in Fig. 1S in contrast to O in the

TDS in panel D in Fig. 4 of the main paper. This is a simple consequence of using



different reference states for the subtraction. Intermediate O is more different from (BR*)
at these two frequencies than it is from N. The marked differences in O and (BR*) are

readily apparent in the absolute spectra shown in Fig. 2S.
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Fig. 1S. GDS for intermediates M, N, and O. Panel A should be compared with Fig. 4B
in the main paper. Panel B should be compared with Figs. 4C and 10C in the main paper.
Panel C should be compared with Figs. 4D and 10D in the main paper.
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Fig. 2S. Absolute spectra for O (blue) and (BR*) in Amide II region.
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Fig. 3S. GDS for intermediates M (panel A) and Mg (panel B).
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Fig. 4S. My — (BR*) and Mg — (BR*) spectra, are redrawn to emphasize the positions at

1660 cm ™' (black vertical line) and at 1560 cm™ ' (red vertical line).

Comparison of kinetics measured by IR and visible spectroscopies
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Fig. 5S. Time courses for BR changes in the photocycle measured at 1526 cm ™' in the IR

and at 568 nm in the visible range. The IR data were obtained from an average of 800

repeats. The visible data were averaged from 200 repeats.



Figures 6S and 7S show other IR marker bands generally identified with BR and

M follow the same kinetics as the known visible marker bands.
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Fig. 6S. IR markers for BR. Scaled time courses for specific troughs prominent in the L-
(BR*) difference spectrum in Fig. 4A of the main paper compared to the visible time
course at 568 nm which is characteristic for BR (black line). The feature at 1526 cm ',

for example, represents the C=C stretching vibration of the all-trans retinylidene

chromophore of BR.
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Fig. 7S. IR markers for M. Scaled time courses for example frequencies in M minus L

difference spectra in Fig. 5B, compared to the visible time course at 412 nm which is

characteristic for M (black line) and to the model-specific fitted time course for M (red

line). The feature at 1763 cm ™', for example, is from protonated Asp85.



