Supporting Materials and Methods
To examine the effects of the Cys mutations and multimerization on the photoactive yellow protein (PYP) photocycle, polyPYP samples were characterized by UV/visual light absorbance spectroscopy using a Hewlett–Packard 8453 photodiode array spectrophotometer. The formation of the activated pB state upon exposure of the sample to blue light was detected as a decrease in the pG absorbance band at 446 nm and a concomitant increase in the pB absorbance band at 355 nm, resulting in a characteristic pG–pB absorbance difference spectrum. Both the pG absorbance spectra and the pG–pB difference spectra are identical for wild-type PYP and for 36/128 and 48/85 polyPYP (Fig. 7a), indicating that neither the mutations nor multimerization affects the spectral properties of the pG and pB states. The pB to pG recovery kinetics were detected by interrupting the blue light illumination of the sample and recording the recovery of the pG absorbance signal at 446 nm (Fig. 7b). Both wild-type PYP and polyPYP exhibit a biexponential behavior with two time scales: a fast ≈450-ms rise time, followed by a slow ≈5-s rise time. These results agree well with the previously reported ground-state recovery rate of wild-type pB (1, 2). Both 48/85 and 36/128 polyPYP exhibit the same kinetics as wild-type PYP in this time range. This analysis indicates that neither mutations nor multimerization significantly affects the pB recovery kinetics. Samples often contain a fraction of PYP with a slower recovery kinetics, as illustrated by the 36/128 mutant as the dotted curve in Fig. 7b. This fraction is variable and has been previously reported (1, 2), and its origin is unknown.

The steady-state percentage of PYP that is photoconverted to the activated pB state was quantitatively assessed under the experimental conditions used in the atomic force microscopy (AFM) measurements. To this end, a 48/85 polyPYP sample was placed in a Hewlett–Packard 8453 spectrophotometer and illuminated with the blue laser used in the AFM experiments. The percentage of PYP molecules converted to the pB state was determined spectrophotometrically as a function of laser light intensity (Fig. 8). The data show that »50% of PYP is converted to pB at 35 mW/cm2, indicating that the AFM experiments conducted in the light, where the sample is excited at 1,000 mW/cm2, involve near 100% photoconversion to pB.

The photoreversibility of the changes in unfolding length and force were tested by performing three consecutive AFM experiments on the same polyPYP sample (Fig. 9). After collecting a set of pulling curves on the sample in the dark, the measurements were repeated with continuous photoexcitation of the sample. Subsequently, the sample was returned to the dark, and the third data set is recorded. Fitting of the resulting three data sets to Gaussian distributions yielded the following results: the unfolding length ± SD before illumination was 12.7 ± 3.3 nm (99 events), during illumination was 9.3 ± 3.1 nm (103 events), and after turning off illumination was 13.4 ± 2.9 nm (37 events). The corresponding numbers for the unfolding force ± SD were 77 ± 30 pN before illumination, 47 ± 14 pN during illumination, and 105 ± 32 pN after turning off illumination. The unfolding lengths and forces before illumination and after turning off illumination are both greater than those during illumination. This analysis shows that formation of the pB state upon illumination affects the unfolding lengths and forces, and that the initial pG state is recovered upon returning the sample to the dark.

The random physical attachment of PYP to the AFM tip and the glass substrate surface may affect the unfolding lengths and force distributions, because the terminal PYP modules could potentially give rise to a spurious unfolding length or force. To examine this effect, we repeated the data analysis that was performed on all selected force–distance traces for a subset of the data with at least five rupture peaks. This subset constitutes ≈50% of all selected data. Fig. 10 shows that neither the unfolding length nor the force distributions are affected by this more stringent criterion in the 48/85 polyPYP sample. Analysis of these data by fitting with Gaussian distributions yielded the following results in the dark: unfolding length ± SD is 12.1 ± 3.6 nm, and unfolding force ± SD is 66 ± 21 pN for all data (188 events) and 11.9 ± 4.1 nm and 69 ± 22 pN for the data with at least five rupture events (108 events). Similarly, we obtained the following results under illumination: unfolding length ± SD is 9.2 ± 2.3 nm and unfolding force ± SD is 45 ± 13pN for all data (184 events) and 8.9 ± 2.4 nm and 42 ± 13 pN for the data with at least five rupture events (75 events). Therefore, the random attachment of the terminal PYP unit of the polyprotein on surfaces has negligible effect on outcome of the measurement.

In the steered molecular dynamics (SMD) simulations performed, all atoms, including water and hydrogen, were modeled explicitly, with each simulation (cell) containing ≈25,000 atoms. The simulations were performed with a time step of 1 fs, a uniform dielectric constant of 1 (because of the explicit treatment of all water molecules), and a cut-off of Coulomb forces with a switching function at a distance of 10 Å and reaching zero at 13 Å. Periodic boundary conditions were used. Configurations from the equilibration run were the initial configurations for all-atom SMD simulations. The rms displacement of the backbone Ca atoms of the pG structure during the initial 1 ns SMD simulation equilibrated at 2.5 Å relative to the initial crystal structure, confirming the validity of the simulations (Fig. 11).

The SMD simulations also were performed on reconstructed PYP photocycle intermediates prepared by isomerizing and protonating the PYP chromophore and deprotonating the side chain of Glu-46. The resulting simulations yielded results very similar to those obtained for the pG state (data not shown). Our interpretation is that because the pB state is formed on a computationally prohibitively slow (millisecond) time scale, it is not accessed during the simulations.
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Figure S7. Analysis of the pB to pG photocycle transition in poly(photoactive yellow protein) (polyPYP). (a) Ground-state absorption spectra in the dark (black) and the normalized light-induced pB–pG difference spectra (red) of wild-type PYP (solid line), 48/85 polyPYP (dashed line), and 36/128 polyPYP (dotted line). (b) Kinetics of recovery of the ground-state absorption peak at 446 nm upon blocking the illumination at time t = 0: wild-type PYP (black solid line), 36/128 polyPYP (black dotted line), and 48/85 polyPYP illuminated with a 457-nm laser (black dashed–dotted line) and with blue bandpass-filtered white light (black dashed line). The wild-type PYP recovery kinetics are fit with a single exponential (red solid line) with time constant of 450 m
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Figure S8. Dependence of the steady-state fraction of photoactive yellow protein (PYP) molecules in the photoexcited pB state on the blue laser intensity.
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Figure S9. Reversibility of the light-induced structural changes in photoactive yellow protein (PYP). The distribution of unfolding lengths (Left) and forces (Right) were determined for the same 48/85 polyPYP sample in the following sequence: in the dark (black, first row), during continuous illumination (blue, second row), and back in the dark (black, third row). The abscissas are in units of events; the dotted red lines help guide the eye.
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Figure S10. Analysis of the subset of force–distance curves for 48/85 poly(photoactive yellow protein) (polyPYP) containing at least five rupture events. Their distributions (red bars) are fit with Gaussians and superposed on the distributions of unfolding lengths (a) and unfolding forces (b) in the dark (black bars) and under illumination (blue bars) for the entire data set.

Figure S11. rms displacement of the backbone Ca atoms of the pG state of photoactive yellow protein (PYP) relative to the initial crystal structure as a function of time for the equilibration phase of the molecular dynamics (MD) simulation.
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