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Ligand-induced conformational changes are critical to the function of many membrane
proteins and arise from numerous intramolecular interactions. In the photocycle of the
model membrane protein bacteriorhodopsin (bR), absorption of a photon by retinal trig-
gers a conformational cascade that results in pumping a proton across the cell membrane.
While decades of spectroscopy and structural studies have probed this photocycle in
intricate detail, changes in intramolecular energetics that underlie protein motions have
remained elusive to experimental quantification. Here, we measured these energetics on
the millisecond time scale using atomic-force-microscopy-based single-molecule force
spectroscopy. Precisely, timed light pulses triggered the bR photocycle while we measured
the equilibrium unfolding and refolding of the terminal 8-amino- ac1d region of bR’s
G-helix. These dynamics changed when the EF-helix pair moved ~9 A away from this
end of the G helix during the “open” portion of bR’s photocycle. In ~60% of the data,
we observed abrupt light-induced destabilization of 3.4 + 0.3 kcal/mol, lasting 38 + 3
ms. The kinetics and pH-dependence of this destabilization were consistent with prior
measurements of bR’s open phase. The frequency of light-induced destabilization
increased with the duration of illumination and was dramatically reduced in the triple
mutant (D96G/F171C/F219L) thought to trap bR in its open phase. In the other ~40%
of the data, photoexcitation unexpectedly stabilized a longer-lived putative misfolded
state. Through this work, we establish a general single-molecule force spectroscopy
approach for measuring ligand-induced energetics and lifetimes in membrane proteins.

membrane proteins | atomic force microscopy | photochemistry |
single-molecule force spectroscopy | protein folding

Conformational changes due to ligand—protein interactions are central to the function of
many membrane proteins, including the pharmaceutically important G-protein-coupled
receptors (1-3). An excellent model system for studying such ligand-induced conforma-
tional changes is the photocycle of bacteriorhodopsin (bR) from Halobacterium salinarum
(4). Extensive spectroscopic and structural studies have revealed that bR’s retinal ligand
isomerizes upon light absorption, leading the protein to execute an intricate cycle of
conformational changes that result in pumping a proton across the cell membrane
(Fig. 14). Notwithstanding atomically resolved structures of these photocycle phases (5-7),
precise quantification of the energetic interactions that drive these conformation changes
remain elusive (3). Yet, such quantification is critical for a more complete biophysical
understanding of how ligand—protein interactions trigger complex changes in membrane
protein structure and how these dynamics are disrupted by mutations.

At the center of bR’s photocycle is the retlnal hgand nestled within bR’s seven trans-
membrane helices and covalently bound to Lys*'® of the G helix via a Schiff base. Upon
light absorption, the retinal isomerizes from the all-t7ans to 13-¢is,15-anti configuration,
which in turn leads to a concerted series of conformational changes in the surrounding
protein. These changes modify the chemical environment of key amino acids, resulting in
a proton being released from the Schiff base to the extracellular environment. Next, the
Schiff base is reprotonated by opening up a channel from the retinal to the cytoplasm via

a~9 A rotatlon of the F and E helices away from the G helix (7) (Fig. IB) a phase referred
to as “open” in the literature (8) and dominated by the spectroscopic “N7” state (9).

'The detailed conformational and kinetic course of the photocycle has been a subject of
intense interest since Racker and Stoeckenius first reported bR’s proton-pumping activity
in 1974 (10). Methods employed have included spectroscopy (11-14), biochemical anal-
ysis (15, 16), electron and neutron diffraction (17-19), electron paramagnetic resonance
(20-22), and x-ray crystallography (23-26). Recently, time-resolved crystallography exper-
iments have allowed for direct visualization of each step of the photocycle (5-7, 27). In
parallel, high-speed atomic-force microscopy (AFM) has imaged the motion of bR’s inter-
helical loops under non-crystalline, biologically relevant conditions, confirming key con-
clusions about structure and kinetics (9, 28-30). Importantly, both structural and AFM
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Helix G

Fig. 1. The photocycle of bR probed by single-molecule force spectroscopy.
(A) A diagram illustrating the series of spectroscopically resolvable states (I
through O) that exist on increasingly long timescales upon light absorption
by bR. The final states occur on the ms timescale accessible to advanced
AFM methods. (B) Structural rendering derived from time-resolved x-ray
crystal structures of Weinert et al. (7) shows the rotation of the F helix when
bR transitions from its closed phase (transparent) to the ms-timescale,
open N phase (solid), leading to a significant gap between helix F (red) and
the 8-amino-acid portion of helix G (cyan) probed in this study [PDB 6RQP
(closed) and 6RPH (open)]. (C) lllustration of the force spectroscopy assay in
which an AFM cantilever exerts force on the C-terminal tail of bR, causing an
8-amino-acid region (cyan) to reversibly unfold and refold between the fully
folded conformation (Ig) and two partially unfolded intermediates (I1G, lé). This
behavior is seen in a plot of force vs. time (Right), which can be analyzed to
give the unfolding free energy of the region.

imaging studies confirm the rotation of the F and E helices away
from the C-terminal portion of the G helix in the open phase.
However, none of these techniques quantify the energetic strengths
of interactions formed and broken during the photocycle.

Recently, we developed AFM-based single-molecule force spec-
troscopy methods to measure membrane-protein energetics (31-34).
These force spectroscopy studies overcome several key limitations
of traditional chemical-denaturation assays; for example, our stud-
ies were performed in the native bilayer and were thus sensitive
to specific protein-lipid interactions (34). In these studies, we
site-specifically attached the C-terminal tail of bR to an AFM
cantilever (35) and then used this cantilever to exert a force (F)
that locally unfolded and refolded an 8-amino-acid (aa) region of
the G-helix. In this region, three well-defined states were detected,
starting from bR’s fully folded state (Fig. 1C, cyan region of helix)
(33, 35). Resolving these short lived, transiently occupied states—
some with dwell times as short as ~10 ps and separated by ~1
nm—required focused-ion-beam (FIB) modified cantilevers that
achieve a ~1-ps time resolution coupled with sub-pN stability over
~105s (31, 35-37). We went on to demonstrate agreement between
three distinct thermodynamic analyses that measured the unfold-
ing free energy AG (33) of this 8-aa region, including an equilib-
rium analysis based on the inverse Boltzmann method (38). In
subsequent work (34), we determined the change in unfolding
free energy due to a single-amino-acid point mutation (AAG, . )
and thus quantified the energetic contribution of that amino acid’s
side chain to overall protein stability.

https://doi.org/10.1073/pnas.2313818121

Here, we measured a functionally important change in bR’s inter-
nal energetics as it undergoes its photocycle. Specifically, we quan-
tified the net change in the strength of all interactions between the
C-terminal 8-aa region of the G helix—the same region discussed
above—and the rest of the protein as the F and E helices rotate
away from this terminal segment of the G helix during the open
phase. We hypothesized that this energetic change would be dest-
abilizing due to broken tertiary interactions between helices G and
F (Fig. 1B). We triggered bR’s photocycle with a brief light pulse
(100 or 200 ps) while recording the equilibrium unfolding and
refolding of this terminal 8-aa segment. A small percentage of indi-
vidual records showed pronounced changes in this equilibrium due
to photoactivation. Approximately 60% of these activated records
showed the expected destabilization. In the other 40%, we observed
alight-triggered, longer-lived putative “misfolded” state. For records
that could be unambiguously assigned as exhibiting the expected
destabilization, the photoexcitation durations were exponentially
distributed with a lifetime of 38 + 3 ms (fit + uncertainty) in quan-
titative agreement with prior kinetic analysis from high-speed AFM
imaging [33 ms (9)] and in concurrence with both the spectroscopic
lifetime of state N (39) and time-resolved crystallography (7). The
lifetime of this open phase increased with pH, as expected, and the
frequency of activation dramatically decreased for the triple mutant
D96G/F171C/F219L, which is thought to trap bR in its open
phase (8, 40). Finally, equilibrium analysis based on the inverse
Boltzmann method yielded a AAG, . of 3.4 + 0.3 kcal/mol (mean +
SEM). Thus, we demonstrated a force-spectroscopy approach for
quantifying ligand-induced energetics and lifetimes of distinct func-
tional states in a membrane protein by measuring modulations in

local unfolding and refolding.

Results and Discussion

Detecting a Light-Induced Conformation Change in bR by Force
Spectroscopy. To measure an energetic change in bR undergoing
its photocycle, we started with an established AFM-based single-
molecule force spectroscopy assay (33) and added a means to deliver
precisely timed light pulses. In this established assay, bR embedded
in its native lipid bilayer was sparsely labeled at its C terminus
with dibenzocyclooctyne (DBCO), a copper-free click chemistry
reagent (41), and deposited onto freshly cleaved mica. Next, an
azide-functionalized, PEG-coated, FIB-modified cantilever was
gently pressed into the sample to form a covalent linkage. At
certain constant cantilever heights (£), bR underwent rapid folding
and unfolding between three states, its fully folded state and the
first two unfolded intermediates, respectively, denoted ]g, I é’ and
7 é (Fig. 10). [é represents unfolding of the terminal 8 amino acids
of the G helix up to Lys*'®, where the retinal is attached. This state
is very mechanically robust, lasting over 60 s at 150 pN (35). The
transition rates between the three states depend on F, and thus Z,
as characterized in prior bR studies without photoactivation (33).
Specifically, unfolding transition rates increase exponentially with
F, while refolding transition rates decrease exponentially with £,
as expected from the Bell model (42).

We achieved photoactivation by incorporating an ultra-thin
540-nm green light-emitting diode (LED) under the mica sub-
strate (Fig. 2A4). This LED was connected to the AFM controller
using a home-made circuit that provides for precise delivery of
short light pulses synchronized with AFM data acquisition. We
primarily used 200-s light pulses, which resulted in an estimated
force error of 1 pN due to heating of the mica (S Appendix,
Fig. S1). A pH 7.8 buffer was used in our initial studies to compare
with our prior AFM results (33, 34). Data at higher pH are

presented ina subsequent section.
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Fig. 2. Photoactivation of a single molecule of bR (A) Diagram of the
experimental setup (not to scale). After formation of a linkage between bR
embedded in its native lipid bilayer and the AFM cantilever, the cantilever is
retracted to a height Z above the sample. Thermal motion drives transitions
between folded and partially unfolded states in helix G (e.g., Fig. 1C), each
characterized by a different contour length of unfolded polypeptide chain
(Lo). A thin LED beneath the mica illuminates the bR with a 200-ps light pulse
(vertical green line, not to scale) during each dwell at constant Z. (B and C)
Three Ly-vs-time traces from different molecules at varying Z (and therefore F)
illustrating the expected destabilizing behavior (B) and previously undescribed
misfolding behavior (C). The duration of this photoexcitation is denoted ¢, or
tisfold: FESpectively. Dashed horizontal lines denote the three states expected
from Fig. 1C; the solid black line denotes /M. Note, the vertical order of /2, /%,
and Ié are reversed in a plot of L, relative to a plot of force (Fig. 1C). Also, the
misfolded phase in the two bottom traces last longer than the portion of the
record shown. Data collected at 5 MHz and downsampled to 200 kHz.

To efficiently detect multiple light-induced conformational
changes per bR molecule, we used a more sophisticated data-
acquisition procedure than the typical constant-velocity pulling
assay used in AFM studies (S/ Appendix, Fig. S2). To initiate the

assay, we gently touched the azide-functionalized cantilever to the
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DBCO-labeled bR, then retracted the cantilever at 300-nm/s
velocity until reaching 150 pN of tension. This elevated force indi-
cated that a bond had formed between the tip and sample, trig-
gering the rest of the acquisition procedure. The cantilever was
then slowly moved back into soft contact with the surface. This
slow approach allowed us to estimate the Z value at which
three-state folding/unfolding behavior occurred (Fig. 1C) by ana-
lyzing the variance in £ since this variance increased during
near-equilibrium folding between 7/, 0, ]Gl’ and [(2} (SI Appendix,
Fig. S2C). We then moved the cantilever through a series of
constant-Z positions centered around this value, dwelling at each
Z for 200 ms. We digitized the cantilever deflection, and therefore
F, at 5 MHz. We recorded data without illumination for the first
50 ms of each dwell to establish baseline three-state folding/
unfolding behavior. We then pulsed the green LED for 200 ps and
observed the effect for a further 150 ms before moving to the next
Z position. bR was photoactivated ~10% of the time following
200-s illumination, as evidenced by an altered occupancy in the
three states. For each bR molecule, we performed a total of 60
200-ms cycles over 20 different cantilever heights bracketing the
three-state transition force. Importantly, photoactivation efficiency
increased with pulse duration [5.7 + 1.2% at 100 ps (V = 420
pulses) and 9.9 + 0.7% at 200 ps (N = 2,280)], consistent with
these events arising specifically from photoexcitation. Moreover,

photoactivation occurred from all three states (12, [Gl’ and ]é)

We observed behavior consistent with the expected open-phase
destabilization of the G helix by loss of contacts with the F helix
in ~60% of photoactivation events (Fig. 2B). In these events, there
was an abrupt change in the occupancy between Ig, bj (1;, and / é

after a short lag time following illumination [4,, = 5 + 2 ms (mean +
SEM)]. This destabilization led to increased occupancy of the
more extended unfolded states, / é and / é This perturbed phase

persisted with an exponential lifetime of 7, = 38 + 3 ms (fic +
uncertainty) before abruptly returning to the original population
distribution (see below for details of kinetic analysis).

In the other ~40% of the photoactivated events, we observed
an unexpected phenomenon illustrated in Fig. 2C. These events
had a shorter average 7,, < 1 ms and remained in the perturbed
phase much longer (T, q = 139 + 2 ms). In these events, the
light-induced change in the probability distribution was not uni-
formly destabilizing, and the transitions were no longer exclusively
between the three well-defined states [g, / é, and / é Rather, these
examples of photoexcitation promoted occupancy of a putative
misfolded state ]g[F between ]g and [é, even when ]é was pri-

marily occupied before illumination.

These two behaviors, which we refer to as G-helix destabiliza-
tion and misfolding, respectively, can be distinguished by two
metrics. The first metric is based on differing effects on the under-
lying energy landscape governing transitions in this 8-amino-acid
region. Destabilization promotes occupancy of more-unfolded
conformations, whereas the misfolding behavior promotes a new
minimum at / gﬂ:. Using this metric, we could distinguish G-helix

destabilization from misfolding in 57% of records, but the other
43% were ambiguous. This metric was biased, in that it was more
successful in identifying misfolding than destabilization. The sec-
ond metric is based on the differing characteristic exponential time
constants of the two behaviors (38 vs. 139 ms; see below). Because
the transition from the open to the closed phase was stochastic,
these time constants could not be used to uniquely assign indi-
vidual records to one behavior or the other. But, importantly, they
could be used to make an unbiased determination of the relative

https://doi.org/10.1073/pnas.2313818121
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frequencies of the two behaviors in the entire dataset. Moreover,
these two behaviors appear to be distinct as we have no records
where we saw interconversion of a photoactivated molecule
between them. And, the same individual molecule can exhibit
both behaviors during separate photoactivations. In the following
sections, we explore the energetic consequences of both the dest-
abilizing and misfolded behaviors, then discuss the pH-dependent
kinetics of each, and conclude by studying a triple mutant that
traps bR in its open phase.

Measuring a AAG between Open and Closed Phases of the
Photocycle. The loss of contacts between the G and F helices
due to the rotation of the F and E helices destabilizes the
terminal 8 amino acids of the G helix during the open phase. We
quantified the total open-phase destabilization of this region
relative to the closed phase (AAG, . ) by analyzing traces
similar to Fig. 2B.

We first plotted the constant-Z data in terms of contour length
(L,) (Fig. 3A) so that each folding state corresponded to a particu-
lar L, regardless of F. Here, L, is the contour length of unstruc-
tured amino acids under tension, which can be related to the
number of amino acids unfolded via the contour length of each
amino acid [0.366 nm/aa (31)] and the helix geometry from bR’s
known structure (24). Each 200-ms constant-Z segment was then
divided into two phases: the photoexcited, open phase (purple),
which followed the light pulse, and the unexcited, closed phase
(¢gray), which constituted the rest of the trace (Fig. 34). In each
phase, we histogrammed the amount of time the protein spent at
each value of L. Analysis of this probability distribution yielded
a I-dimensional (1D) energy landscape for the three states, recon-
structed using the inverse Boltzmann method where the natural
logarithm of that phase’s probability distribution is multiplied

open

by —kgT". To compare landscapes, we aligned them at [(2;, used

here as the standard reference state in which all stabilizing inter-

actions of the 8-aa region are disrupted by applied force.
Comparison of the aligned landscapes shows the energetic differ-
ences between the open and closed phases (Fig. 3B). Itis important
to note that features on these experimentally derived landscapes
are broadened by the compliance of the AFM cantilever and the
taut, unstructured polypeptide (38); however, this analysis only
requires the energy differences between the states (AAG, ) and
is not compromised by such broadening in our assay.

In some cases, AAG, . can be obtained directly from these
reconstructed free-energy landscapes as the difference of AG values
in the two phases (open phase denoted with *):

open

AAG,,., = AG-AG",
=[G (g) =G ) ~l6* (Ig) =G (1))
=G(12)-G*(12). (1]

The final line is true because G([z) =G* (12) =0 by use of
12 o as the standard reference state. We note that AAG

open SHOWD
in Fig. 3B was determined when the bR was under tension.
Recovery of zero-force A G values requires subtraction of the works
done to bend the cantilever, to stretch the linker, and to stretch
the amino acids liberated by unfolding (33). Importantly, however,
all of these corrections are common between the open and closed
phases, since the locations of [0 and [é did not change upon

photoexcitation. Thus, AAG

O cn

ence between the open- and closed -phase energy landscapes at / 0,
the fully folded state (Fig. 3B). The ability to arrive at this value
without the introduction of any potential systematic error from
calculation of the large correction factors mentioned above

can be determined as the differ-
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Fig. 3.

Determining AAG,., using the inverse Boltzmann method. (A) A plot of L, vs. time at a particular cantilever Z value divided into the closed phase (gray)

and photoexcited open phase (purple) following the light pulse (vertical green line above arrow). Histograms (Right) show the relative occupancy of each L,
value in each phase. (B) A reconstructed 1D free-energy landscape of the 8-amino-acid region of interest calculated by multiplying the logarithm of the relevant

population by —kgT. The free energy was set to 0 at /2, used here as the standard reference state. The overall AAG,

open fOr the 8-amino-acid region is then given

by the difference in free energy at lg (dashed green lines). Note, the relative spacing between intermediates remains constant but the absolute value of L, varies

between molecules due to polydispersity in PEG length.
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Table 1. Photoisomerization-induced destabilizing
free-energy changes

AAG,pe, (kcal/mol)

Transition Total Per amino acid N
0 1 -
Qe 2.7+0.2 0.5 9
/é o /é -0.7+0.2 0.2 10
/g o /é -3.4+0.3 0.4 Note*

*Values reported are the sums of the values for the two constituent transitions.

motivated our use of the inverse Boltzmann analysis in this
work. We stress, however, that our prior study of the energetics
of this region of bR in the absence of light pulses established
agreement between this inverse Boltzmann approach, a
kinetics-based analysis, and an application of the Crooks fluc-
tuation theorem (33). For the data shown in Fig. 3, analysis
according to Eq. 1 yielded AAG, ., = -3.1 kcal/mol (-5.3 4 7)
and visually highlights how the primary difference between the
open and closed phases was the decreased stability of ]g, with

a smaller change in [é.

In practice, we computed AAG, _ treating the [2 - [(1; and

pen

7 é o/ é transitions separately since most events did not exhibit

transitions between all three states in both the closed and open
phases. To do so, we first fit the probability distribution for each
phase to a set of Gaussians to determine the probability P, of
occupying state 7 and then used the inverse Boltzmann expression

given by

g
Z& (;27 = — éﬂg Yﬁlll (:i;T :)

z

(2]

where AG;; is the difference in free-energy between two states
7and j. Eq. 1 was sequentially applied to each two-state transition
separately (Materials and Methods and SI Appendix, Fig. S3). Free

energy results for each transition (i.e., AAG®L ~AAG!2 ) are
Op Open

given in Table 1 with the scatter between individual measurements
plotted in S7 Appendix, Fig. S4. Combining these results between
events yielded an overall average AAG,,,, of -3.4 + 0.3 kcal/mol

(mean + SEM). In combining AAG,,.,, values obtained from
records at different Z (and thus £), we assume that AAG,

Opeﬂ 1s
not force dependent or, in other words, that the effect of force is
to perturb the equilibrium between conformational states but not
to alter the energy landscape beyond what is predicted by the Bell
model (42). This assumption is consistent with multiple observa-
tions about the 8-amino-acid, three-state region under study in
the closed phase. First, our previous measurement of the expo-
nential dependence of transition rates on F between the these
states implies an energetic dependence on F fully explained by the
Bell model (42). Additionally, the observed unfolding
contour-length changes between states are consistent with expec-
tations from the unperturbed structure (35). Furthermore, we see
no discernable force dependence in the individual AAG, ., values

Open
of the present study (SI Appendix, Fig. S4).

Interpreting AAGy,e, in the Context of Prior Studies. The
known bR crystal structures (7) suggest that secondary structure
is undisturbed in the open phase of the photocycle, but that
tertiary interactions are disrupted by the rotation of helices
E and E Disrupted interactions will decrease the unfolding free
energy of the residues that had previously participated in them. In
particular, when the F helix undergoes its light-induced rotation

PNAS 2024 Vol.121 No.7 2313818121

(7), the C-terminal 8 amino acids of the G helix lose multifle
contacts with the F helix, particularly G-helix residues Phe 9
Tle**, and Leu®®. This results in the lower unfolding free energy of
the photoexcited, open phase and therefore the measured negative
AAG,..

The magnitude of AA Gypeq—a quantity not accessible in prior
measurements—is consistent with a ~1 to 2 kcal/mol energetic
cost to break side-chain:side-chain tertiary interactions in the lipid
bilayer. Prior chemical-denaturation (43-48) and AFM-based
force spectroscopy (34) studies have typically found AAG, ...
values of 0.5 to 2.5 kcal/mol when an amino acid is replaced with
alanine in bR. These AAG, ... values are interpreted as the ener-
getic contribution of the mutated side chain to the overall stability
of the protein.

We can make a simplistic estimate of AAG, . based on the
known crystal structures of the open and closed phases of bR. The
closed-phase structure shows that Leu” in the G helix contacts
Thr'”® and Leu'”* of the F helix; 1le*?? in the G helix contacts
Thr'”%, Val'”?, Leu'”*, and Val'”’ of the F helix; and Phe*” in the
G helix contacts Leu'’4, Val'”7, and Thr'”® of the F helix (as well
as a structured water) (49). The open-phase structure shows that
the light-driven rotation of the F helix breaks the two Leu??
contacts, three of the four Ile??? contacts, and one of the three
Phe?"? contacts (7) (illustrated in S7 Appendix, Fig. S5). If all inter-
helical contacts of a given residue were broken, we can estimate
the effecton AAG, . to be equal to the single-amino-acid alanine

open
mutation AAG, . value. The value of AAG, for Leu®® has

been measured by both chemical denaturatiogl‘ETIZ.l + 0.1 kcal/
mol (47)] and by us using AFM-based force spectroscopy [-2.3

+ 0.6 keal/mol (34)]. The value of AAG,.,,. for Ile*** has been
measured by chemical denaturation as -0.9 + 0.2 kcal/mol.
Combining the values for these two residues and scaling the Ile**?
value by % (to account for its one surviving F-helix contact) gives
our estimate of —2.8 kcal/mol for the /% < /! transition.

This rough estimate of -2.8 kcal/mol is very close to our meas-
ured AA Gglen value of -2.7 + 0.2 kcal/mol for the transition in

which these residues unfold (Table 1). The contribution of Phe*”?,
which is the only F-helix-contacting residue that unfolds during
the / é -/ é transition, is harder to estimate from prior studies,
since multiple attempts to mutate that residue have resulted in
uninterpretable chemical-denaturation results (47, 48). Here, we
measured AAG Ollfen =-0.7 + 0.2 kcal/mol. Given that this value
arises from breaking just one of the three interhelical contacts of
Phe®™, it is reasonable to expect that breaking all three of them—as
occurs in a mutation study—might have a sufficiently large and
non-local energetic effectto explain the failure of chemical-denaturation
measurements. The greater number of broken tertiary contacts in
7 g -7 é versus in / é -7 (2;, which occurs because of the rotation of
the F helix (Fig. 1B), explains why |AA Gg ;en < |AAG Olgen |0n both

absolute and per-amino-acid bases.

Characterizing Misfolding Behavior. In addition to the G-helix
destabilizing behavior discussed above, we also observed light-
induced misfolding that stabilized a distinct state between / g and
1(1;, denoted [g[F (Fig. 4A4), and that persisted with an exponential
lifetime of 139 + 2 ms at pH 7.8. The exact location of ]gﬂz
is trimodally distributed with peaks at contour lengths equal
to 40, 60, and 80% of the separation between states ]g and ]é

(Fig. 4B). Under the assumption that misfolding does not lead to a
significant structural rearrangement, these contour length changes

https://doi.org/10.1073/pnas.2313818121
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correspond to unfolding up to residues Ile”, Leu™", or Gly™,

respectively. The energy landscape of the misfolded phase (Fig. 4C)
differs qualitatively from both the closed and open phases of G-
helix destabilization (Fig. 3B) as / g“: is strongly stabilized with

respect to all other states. The stabilization of / g[F with respect to
the closed-phase [é is 2.7 £ 0.2 kcal/mol (SEM, N = 24); although,
the very high occupancy of / g“: in the misfolded phase relative
to [ é as the reference state likely introduces systematic artifacts
into this value (scatter of values and details of calculation given in

SI Appendix, Fig. S6). This distinctive energy landscape provided

criteria for rigorously identifying misfolding, cither by noting a
e ME . 9 . ..
stabilization of 77" with respect to /7 or by noting a significant

shift in the location of 7MY compared to that of 7 é

This misfolding behavior was unexpected in two ways. First,
the observation that a more-folded state would be stabilized with
respect to the standard state [é ,as in Fig. 4C, is inconsistent with
the picture of interhelical interactions being disrupted by the
light-induced rotation of the F helix seen in time-resolved crys-
tallography experiments (7) (Fig. 1B). Second, the 139-ms lifetime
of this phase is dramatically longer than the ~10- to 30-ms life-
times reported by spectroscopy, time-resolved crystallography, and
high-speed AFM imaging (7, 9, 39). In particular, the open-phase
dwell times reported in the high-speed AFM imaging study of
Perrino et al. (9), in which no pulling forces were applied, were
well fit by a single exponential (7 = 33 ms) without an appreciable
tail extending above 100 ms.

Interestingly, we have previously seen misfolding but at a
much rarer frequency in similar non-photoactivated studies of

bR. Reviewing the raw data of Yu et al. (33), in which bR was

treated with a protocol of constant-Z dwells similar to the pres-
ent work but without light pulses, we found a total of five
instances of misfolding spread across 58 200-ms dwells exhib-
iting Ig < [é transitions (examples shown in S7 Appendix,
Fig. S7). This constitutes a misfolding probability of 0.2% in
any 5-ms window, compared with a 6% probability of misfold-
ing under the same [g <—>[é conditions in the 5 ms after a
200-ps light pulse of the present study. Hence, misfolding com-
petes with our three well-defined states ([2, ]é, and [CZ;) but
becomes 30-fold more likely to occur immediately after illumi-
nation. A kinetic rate diagram encoding this idea by making
certain transition rates light-pulse-timing dependent is sketched
in SI Appendix, Fig. S8.

Misfolding persisted under several variations in the experimental
procedure. We hypothesized that either mechanical force applied

to the G helix and/or partial unfolding up to / é or [ é during

photoactivation might promote misfolding. To test these hypoth-
eses, we performed a modified assay in which we dropped the
tension to zero for 5 ms before triggering the light pulse and then
restored the cantilever to its original Z position at 5 ms after illu-
mination (S/ Appendix, Fig. S9). This 5-ms delay after the light
pulse precluded measuring 7, but still allowed us to observe pho-
toexcitation behavior for all but the shortest open- or misfolded-
phase durations. We observed misfolding events in 42 + 13% of
these force-drop records, as determined using the energy-landscape
criteria above, vs. 39 + 9% in the standard assay using the same

criteria (uncertainties are \/ﬁ error of counting statistics). Thus,
we concluded that tension in the G helix and/or partial unfolding
at the moment of photoexcitation do not explain the misfolding
behavior. We also hypothesized that misfolding might arise due to
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Fig. 4. Characterization of misfolding behavior. (A) A plot of L, vs. time showing bR entering a single long-livid, photoexcited, misfolded phase (orange) after a
200-ps photoexcitation (green arrow). Histograms of each phase show the peak location (I{‘;’IF ) of the misfolded state does not align with the three well-established
states (dashed cyan) seen in the closed phase (gray). (B) Histogram of I:‘;"F location (peak of single-molecule histogram) across 63 analyzed records, expressed as
a percentage of the total contour-length difference between established states Ig and I1G . The peaks of the trimodal distribution correspond to unfolding up to
three different amino acids in helix G (below). (C) Reconstructed free-energy landscapes derived from inverse Boltzmann method (Eq. 2) of both closed- (gray)
and open-phase (orange) data of panel A, highlighting the energetic stability of misfolded state Ig"F relative to I(Z;, even though I(Z; was the most populated state

prior to illumination.
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the interaction of two photoexcited bR molecules in the
purple-membrane trimer lattice. To test this, we reduced our light
pulse duration by a factor of two, which was expected to reduce
the chance of a pair of molecules both being photoexcited by a
factor of four. At a reduced 100-ps pulse duration, we saw 57 +
16% misfolding events, roughly consistent with the results at 200
ps despite the larger error due to the lower efficiency in photoac-
tivation (V= 13 unambiguous misfolding events, out of 23 total).
Finally, the misfolding fraction did not depend on pH: 39 + 9%
misfolding at pH 7.8 versus 34 + 5% at pH 9.5.

Absent the obvious hypothesis that misfolding arises from our
application of force, which we rejected based on the force-drop
assay discussed immediately above, we are left with the possibilities
that 7) misfolding may be a more-subtle consequence of the
force-spectroscopy assay or i), speculatively, misfolding may rep-
resent a process off of the canonical photocycle pathway that is
detectable in our assay but not in prior studies. Even though force
or partial unfolding of the G helix is not required for misfolding,
it may be that the photocycle conformational changes of the rest
of the protein sufficiently alter the environment of the G helix that
it can sometimes adopt this alternate configuration. The misfolded
configuration, however, involves stabilization of the majority of the
8 amino acids at the C terminus of the G helix; it is not obvious
how such stabilization would arise if the F helix had rotated away,
breaking tertiary contacts. This motivates an alternative explanation
that the canonical rotation of the F and E helices may not have
occurred during misfolding despite photoactivation. It is conceiv-
able that such a situation, even if it routinely occurred during the
photocycle, would be invisible to other assays that are not directly
sensitive to the energetics of the contacts between helices G and E
For example, the high-speed AFM imaging studies of Perrino et al.
(9) monitor the movement of the E-F loop, which would not occur
if helices E and F do not rotate. Likewise, the time-resolved crys-
tallography studies require the deconvolution of multiple coexisting
subspecies and may not have the power to resolve three additional,

sparsely populated misfolded states (Fig. 4B).

Destabilization and Misfolding Kinetics and their pH Depend-
ence. During the open phase of the photocycle, a proton is
transferred from Asp’® to the Schiff base connecting Lys™
to the retinal via a chain of three crystallographically resolved
water molecules (Fig. 54, light-green arrows) (7). The open
phase ends when Asp96 is reprotonated by a bulk proton from
the cytoplasm (Fig. 54, dark-green arrow). In the spectroscopic
nomenclature, these proton transfers correspond to the M—N
and N—O transitions, respectively (50). The kinetics of this latter
step is dependent on the bulk concentration [H'] and is therefore
expected to become slower with increasing pH. This pH-dependent
kinetics is seen in multiple prior studies (14, 51). Hence, we sought
to quantify the kinetics of photoexcited bR as function of pH to
compare with prior results and confirm a pH-dependent lifetime
of the open phase.

Our photoactivated events were characterized by two timescales:
a short lag time between the light pulse and the start of perturbed
behavior (4,,) and the longer-duration photoexcitation (7, or
toisford)- The start and end points of the photoexcitation were iden-
tified by eye using the abrupt change in dynamics upon excitation
(e.g., Fig. 2 Band C). Our approximate resolution in determining
these times was ~1 ms and was set by the lifetimes of / g, I Gl’ and [ é

(i.e., the timescale over which the protein samples its energy land-
scape). The transition rates between / CO;’ I Gl’ and [é are on the scale

of 5x 10°s7' (33), corresponding to state lifetimes on the ms times-
cale. Thus, our assay is better suited to characterizing photoexcited
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Fig. 5. Kinetics of destabilization and misfolding events are modulated by
pH. (A) Rendering of the crystal structure of the open phase [(7), PDB: 6RPH]
with arrows illustrating the proton-transfer path. First, a proton is transferred
from Asp®® to the Schiff base connecting Lys”'® to the retinal (green arrows)
via three waters (blue). Then, Asp®® is reprotonated by a bulk proton from the
cytoplasm at a rate that depends on pH (dark green arrow). (B) Plots of the
survival probability distribution of observing a molecule that remains in the
photoexcited phase longer than a specified time, at two pH values. Energy
landscape criteria were used to separate destabilizing and misfolding behavior
with only unambiguous traces plotted. Single-exponential fits yielded the time
constants shown. Also plotted is the decay expected from the 33-ms time
constant found in the AFM imaging experiments of Perrino et al. (9) at pH 8
(dashed black). (C) Survival probability distribution plot of all pH-7.8 data (N =
121) was well described by a double exponential with the two time constants
and two amplitudes of each decay path shown.

phase lifetimes, which occur on ~10- to 100-ms timescales, rather
than the much-shorter 7.

The energy-landscape sorting criteria, as described above, can
rigorously classify some of the photoexcited events into destabiliza-
tion (#,,.,) or misfolding (%,¢14) phenomena. From this subset of
data, we separately computed the complementary cumulative
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(survival) probability distribution for observing a phase duration
longer than a specified time for the destabilized and misfolded
molecules (Fig. 5B). The resulting plots are approximately linear
on semi-log axes, showing destabilization and misfolding events
were exponentially distributed. We analyzed the data using
exp(-#/7), where 7 is the time constant. Fits were weighted by the
number of molecules represented by each data point and uncer-
tainties were taken as the one-sigma confidence intervals of these
fits. At pH 7.8, these fits yielded 7., = 38 £ 3 ms for the destabi-
lizing behavior and 7,4 = 139 = 2 ms for the misfolding
behavior.

Our value for 7, is in quantitative agreement with the 33-ms
value from high-speed AFM imaging experiments at pH 8
(Fig. 5B, dashed line) (9). This agreement with a study based on
surface topography provides increased confidence in our assign-
ment of G-helix destabilization to the open phase, our method of
distinguishing destabilization from misfolding, and that applica-
tion of substantial mechanical force to the G-helix did not signif-
icantly alter bR’s photocycle properties.

We next quantified bR photoactivation at elevated pH (9.5),
using the same energy-landscape criteria to assign a fraction of
events as exhibiting cither the destabilization or misfolding phe-
nomenon. For these unambiguous cases, we again plotted the
survival probability distribution for each phenomenon as a func-
tion of duration (Fig. 5B). For the destabilizing behavior, we saw
a twofold increase in 7., from 38 £ 3 msactpH 7.8 t0 75 £ 5 ms
at pH 9.5, consistent with the structural insight that reduced bulk
proton concentration would slow the reprotonation of Asp%. We
note that bR does not have cysteine or histidine in its structure
that would experience differing protonation at this elevated pH.
This twofold change in 7, is smaller than that seen in the prior
spectroscopic studies but larger than in the high-speed AFM imag-
ing study. Specifically, absorption spectroscopy work reported a
sevenfold increase in 7 from pH 8 to 9 (14) and Raman spectros-
copy work reported a fivefold increase in 7 from pH 8 to 8.6 (51).
However, the high-speed AFM imaging study showed minimal
change in kinetics from pH 8 to 9. We note that this imaging
study did observe an increased lifetime when pH was increased
from 7 to 8 (7 = 14 vs. 33 ms, respectively) (9).

Interestingly, misfolding kinetics were also pH dependent, with
Tpiord increasing 1.7-fold from pH 7.8 to 9.5. Quantitatively,
Tpistola inCreased from 139 + 2 ms to 243 + 2 ms (Fig. 5B). This
pH dependence suggests that reprotonation is also involved in the
transition from the misfolded photoexcited phase back to the
unexcited phase of bR and that misfolded molecules could still
possibly pump protons.

When the lifetimes of @/ the photoexcited events for each pH
were analyzed (i.c., not just those that could be distinguished by
their energy landscapes), the two distinct time scales associated
with G-helix destabilization and misfolding were also observed.
To quantify the data, we again plotted the normalized survival
lifetime distributions (Fig. 5C). These data were well modeled by
the sum of two exponentials: A, exp(-#/7,,.) + A
exp (=117, 4010)» Where A represents the amplitude. At pH 7.8, the
resulting values were 7., = 31 + 1 ms and 7,5, = 229 + 15 ms,
which exhibit an order-of-magnitude separation similar to the
values of 38 ms and 139 ms scen in the sorted data, respectively.
‘The amplitudes yielded an unbiased measure of the frequency of
the two behaviors: 4., = 58 £ 2% and A,,4,q = 42 + 2%. We
also performed this analysis for all pH-9.5 data (57 Appendix,
Fig. §10), which showed a 2.1-fold increase in 7,,,., and a 1.7-fold
increase in 7, both results consistent with the sorted data.
Thus, the observation of distinct destabilization and misfolding
phenomena with different photoexcited lifetimes was not an

https://doi.org/10.1073/pnas.2313818121

artifact of the energy-landscape criteria used to select for unam-
biguous cases of open and misfolded events.

Triple Mutant (D96G/F171C/F219L) Significantly Reduces
Photoactivation Efficiency. The bR triple mutant D96G/F171C/
F219L is thought to trap bR in its photoexcited “open” phase, even
in the absence of illumination (8, 40). We hypothesized that this
triple mutant would not show photoactivation in our assay, since
the G helix would already be destabilized due to the decreased
tertiary interactions between helices G and E

To test this hypothesis, we tried to photoactivate the triple
mutant at pH 7.8 with 200 ps light pulses. Over six molecules,
each subject to 60 light pulses, we observed six photoactivation
events of any kind (i.e., destabilizing, misfolding, or ambiguous);
the mutant otherwise exhibited dynamics between states 7 0r (1;,
and / é similar to the wild type, but without any light-dependent

effect (S8 Appendix, Fig. S11). This represents a photoactivation
efficiency of 1.7 + 0.7% per light pulse (uncertainty from counting
statistics) versus a rate of 9.9 + 0.7% in wild-type bR studied. This
5.8-fold reduction was statistically significant (P < 1 x 10”7 ina
two-tailed Z test). Thus, the triple mutant is much less likely to
exhibit photoactivation, as expected from its structure where the
F and E helices are already in the open conformation regardless
of photoexcitation (40).

That the triple mutant remains in an “open-like” configuration
isseenbycalculatingthedifferenceinunfoldingfreeenergyofthe8-amino-
acid region between the triple mutant and the wild-type results pre-
viously reported (33): AAGry = AGuTM - AGSWT =-69 +
1.3 kecal /mol. Here AGEM was calculated using the inverse
Boltzmann method with appropriate corrections, as in prior work
(33). That the value is less than 0 confirms that the triple mutant is
destabilized with respect to the wild type. That the value is signifi-
cantly larger than the AAG, ., = 3.4 £ 0.3 kcal / mol dis-

open
cussed above, and also that there is apparent heterogeneity in the
relative contributions of the [2 o/ é and 7 é o] é transitions,

suggests a more-complicated triple-mutant behavior, the character-
ization of which is beyond the scope of the present work.

The decreased rate of photoactivation and the occupancy of an
open-like state (based on AAGry) in the triple mutant both add
further evidence to our interpretation of photoactivation events
in wild-type bR as arising from photocycle conformational
changes, since they are suppressed in a mutant that does not
exhibit the changes. We note, though, that photoactivation was
not entirely suppressed in the triple mutant, which could be due
to some degree of residual conformational change [as in the elec-
tron difference maps of Subramaniam et al. (8)] or a perturbation
of the triple-mutant conformation under applied force. Further
study of these possibilities awaits technical advances that enable
assays with much larger data sets needed to compensate for the
rarity of triple-mutant photoactivation.

Conclusions

In this work, we developed an assay to measure the energetics
associated with a ligand-induced conformational change of a
membrane protein in its native lipid bilayer using AFM-based
single-molecule force spectroscopy. Photoactivation of bR’s ligand
retinal using sub-ms pulses of light occurred stochastically and at
a relatively low frequency that increased with light-pulse duration
but was greatly reduced in a conformationally trapped triple
mutant. Hence, the observed photoactivation was not a simple
heat-induced artifact. Moreover, bR entered the open phase in
~60% of these photoactivation events, as evidenced by G-helix

pnas.org



destabilization, kinetics consistent with prior work, and the
expected increased lifetime at higher pH. Such concurrence with
expected open-phase physiological properties is perhaps surprising
given the AFM applied ~100 pN force to the C-terminal tail and,
at times, unfolded up to Ly3216, where the retinal is bound. Yet,
bR could nonetheless complete its photocycle. Our success thus
provides support for the general strategy of these measurements:
using the equilibrium unfolding and refoiding of a small portion
(8 aa) of the G helix to report on the strength and lifetime of
tertiary interactions with other parts of the protein that are under-
going ligand-induced conformational changes without globally
unfolding the protein. Future studies could use loop scission
between pairs of transmembrane helices (52, 53) coupled with
attachment at non-terminal peptide locations to map out the per-
turbed energetics of the rotated EF helix pair with other parts of
bR. This work also establishes a more general approach for meas-
uring ligand-induced energetic changes in other membrane pro-
teins, either due to ligand isomerization (as in this case, modulated

by light) or ligand binding (modulated by bulk concentration).

Materials and Methods

Sample Preparation. We prepared DBCO-labeled bR starting from the S248C
bR mutant as in prior work (35). Briefly, the bR was expressed using a plasmid-
based platform in H. salinarum (45), purple membrane was extracted using
an established protocol (54), and the bR in the membrane was sparsely (~1%)
labeled at the engineered cysteine residue by reaction with DBCO-maleimide
(Click Chemistry Tools).

Force Spectroscopy with Coincident lllumination. Our group has previously
demonstrated high-stability and high-spatiotemporal-resolution methods for
probing membrane-protein unfolding free energies by AFM (31, 33, 34). As in
these prior studies, we used a commercial AFM (Cypher ES, Asylum Research)
modified to have a detection laser spot size of 3 um (37) and ultrashort AFM
cantilevers (L = 9 um) modified with a focused ion beam to have ~15 to 30 pN/
nm spring constant, ~1to 2 pus response time, a quality factor (Q) of ~0.5, and ~1
pN force stability over a 10-s averaging window as measured by Allen deviation
(55). Cantilever stiffness was measured in air prior to chemical functionaliza-
tion. An example of cantilever geometry and mechanical properties is shown in
Sl Appendix, Fig. S12.These cantilevers were chemically functionalized with azido-
PEGs-triethoxysilane (BroadPharm)(56). Asin the prior work, we deposited purple
membrane on freshly cleaved mica after dilution in absorption buffer[10 mMTris
HCI (pH 7.8), 300 mM KCl] and sonication for 3 min with an alternating protocol of
2 son, 2 s off (Vibra-cell VCX, Sonics and Materials). To facilitate photoactivation,
the mica was mounted atop a glass coverslip, which was in turn mounted to a
metal sample disc with a hole bored in the center, and then to another sample disc
with a cavity to accommodate an ultrathin 540-nm green LED (DURIS S5, 0SRAM
AG) (apparatus sketched in Fig. 2A). Wires leading to the LED were passed out of
the closed AFM sample chamber using the magnetic pass-through terminals of
the Cypher ES. We found that powering the LED directly from the AFM controller
resulted in voltage drops in the AFM stage position sensors, so we instead used
a 5-V gate signal from the AFM controller to trigger brief light pulses via the
circuitshown in S/ Appendix, Fig. S13.The key component was a precision-timing
integrated circuit (NES55P, Texas Instruments). The intensity, duration, and period
of the light pulses were set by varying potentiometers in the circuit.

After incubating the bR sample on the mica for 1 h, we rinsed with imaging
buffer[10 mM Tris HCI (pH 7.8), 150 mM KCl] or, for the pH-9.5 measurements,
an alternate buffer: 10 mM CHES (pH 9.5), 150 mM KCI. We used AFM imaging to
locate membrane patches. On a given patch, we specified a grid of points spaced
5to 10 nm apartand, at each point, attempted to probe bR by bringing the tip of
the AFM cantilever into gentle contact with the surface (150 pN contact force, 3 s)
and then retracting it. Observation of 150 pN force exerted on the cantilever dur-
ing retraction indicated probable bR binding and triggered the data-acquisition
protocol described in the main textand illustrated in S/ Appendix, Fig. S2. Overall,
a total of 2,940 dwells were examined with a total of 267 photoactivations across
all assay conditions.

PNAS 2024 Vol.121 No.7 2313818121

Classifying Photoexcited Behaviors. Individual 200-ms segments showing
alight-induced perturbation in three-state unfolding/refolding equilibrium ata
constantZvalue were assigned as exhibiting destabilization or misfolding behav-
ior based on energy-landscape criteria; although, only ~60% of all such events
could be rigorously assigned by this method. We identified destabilizing behavior
by one of two metrics. In the first, we looked for increased occupancy of states at
higher L, with respect to those at lower L, (i.e., stabilization of /2 with respect to

G

I1:and of /! with respectto /2). In the second metric, used if all three states were

notvisible in the trace, we looked for /) energy-landscape minima of states /2 and
1% separated by a visible barrier and ii) the location of I} not shifted significantly
to a different L, value. Likewise, misfolding was unambiguously determined by
one of two metrics. In the first one, a state (Ig’") was stabilized with respect to all
others. In the second, akin to the second destabilization metricabove, we looked
forasignificant shift of /¥ away from I} in free-energy landscapes where a barrier
was visible between /2 and I} in the unexcited phase. Only those destabilizing
and misfolded events that were unambiguously assigned by these metrics were
used to generate the valuesin Table 1, the histogram of Fig. 4B, and the lifetime
curves of Fig. 5B.

Energetic Analysis. Energy landscapes like those in Figs. 3Band 4Cwere gener-
ated from raw 5-MHz data by the following steps. First, data were down-sampled
to 200 kHz resolution by smoothing with a 25-point second-order Savitzky-Golay
filter(57)and retaining only every 12th point. Second, the force-extension curve
of the full unfolding of bR (SI Appendix, Fig. S2, region 6) was fit by a wormlike
chain (WLC) elastic model incorporating the PEG linker elasticity (58, 59); we
used 0.4 nm as the persistence length of the unfolded amino-acid chain (60).
Each pointin force-extension space lies along a WLC curve having the parameters
of this fit and a particular L,. We thus converted our raw data into an Ly-vs-time
trace. We observed some variation in overall L values between molecules, which
we attribute to variation in PEG linker length. Third, for a given 200-ms dwell at a
particular Z, we constructed histograms of L, in both the closed and photoexcited
phases. Finally, these probability distributions in L, [P(L)] were used to calcu-
late energy landscapes using —kgT In[P(L,)]. Subsequent deconvolution was not
essential to determine energetics between states because each minimum had
approximately the same degree of curvature.

Determination of AAG,,, for the majority of records that did not exhibit
three-state equilibrium in both the open and closed phases required separate
analyses ofthe 1 « Jland/} « [2transitions, which were then added (Table 1).
To perform this analysis, we first fit the histograms of Ly in each phase to multiple
Gaussian functions as illustrated in S Appendix, Fig. S3. Specifically, for a given
constant-Z record, we fit the closed-phase histogram with the fewest number of
Gaussian curves needed to reproduce the shape of the data using a common
width, but allowed separate amplitudes (4) and centers for each Gaussian. We
then fixed this same width when performing a similar fit of the open-phase
histogram. The Gaussian amplitudes were used directly to calculate AAG,,,
between states j and j according to:

i A A
AAGypey = — kgT - < In 7" In o , [3]
i j

where asterisks denote values in the open phase. In cases where state Ié was
found to be best fit as a composite of two sub-states, the magnitudes of these
were combined in this analysis.

Kinetic Analysis. Kinetic lifetime plots were generated using the complementary
cumulative probability distribution of observing a phase duration longer than a
specified time. Exponential fits were weighted by the number of surviving records
represented by each pointin the lifetime data.

Forsome misfolded data, the lifetime exceeded the 200-ms dwell length ata par-
ticularZ.Forthese cases, we took ¢, as the full duration until return to the closed
phase, even though the force changed in subsequent dwells and additional light
pulse(s) were applied. This could introduce some bias for lifetimes beyond 150 ms.
But, we note that we still observed exponentially distributed lifetimes for the mis-
folded states (Fig. 5B). We also assumed that lifetimes do not depend on the force
applied to helix G, which was not the same throughout our data-acquisition protocol
(SI Appendix, Fig. S2). This assumption is reasonable to the extent that it is helices
E and F, and not the tensioned helix G, that rotate during transitions into and out
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of the open phase (7). The observation of single-exponential kinetics characterized
by a single force-independent z ..., in Fig. 58 further justifies this assumption.
Structural renderings were made using VMD (61).

Data, Materials, and Software Availability. The data presented in this paper,
including supplementary figures, are available via Dryad (62).
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