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ABSTRACT: Understanding rapid, nonequilibrium dynamics of single proteins in lipid membranes is crucial but challenging. This
study advances fluorescence lifetime analysis by developing a computationally efficient variational Bayesian framework for photon-
by-photon hidden Markov modeling. It enables robust and accurate model selection, facilitating real-time tracking of state evolution
of a molecule within a brief time frame. We applied the method to investigate nonequilibrium membrane insertion of a model
peptide, revealing that unsaturated bonds in acyl chains not only merely modulate the fluidity of lipid membranes but also directly
interact with transmembrane proteins, answering a long-standing question about unsaturated bonds’ roles in membrane—protein

interactions.

N onequilibrium multistate dynamics of proteins in
phospholipid membranes are crucial for understanding
fundamental biological processes.' > These in-membrane
processes often occur on extremely short time scales, making
them difficult to track in real time. A key feature of lipid
membranes is the presence of unsaturated bonds in the acyl
chains; however, how their distribution influences membrane
property remains poorly understood.” We recently developed
single dye-based fluorescence imaging techniques to study
protein position changes in lipid membranes.””” However, the
time resolution was limited to tens of milliseconds, preventing
capture of transient events. Confocal-based methods offer
superior temporal resolution by utilizing photon-sensitive
detectors.'”'" In these measurements, photon bursts are
detected as the molecules traverse the confocal volume, during
which the molecules may undergo multistate transitions.'”"”
The photon-by-photon hidden Markov modeling
(HMM)'*™' is well-suited for extracting the transitions
occurring within the bursts, enabling characterization of fast,
nonaccumulating processes.

The purpose of the photon-by-photon HMM is to estimate
the most probable system parameters and assign each photon
to a specific state. Unfortunately, existing methods such as
those based on the maximum likelihood (ML) estimation'*™'°
are inappropriate for determining the number of the hidden
states M. To overcome the limitation, postprocessing
techniques such as the Bayesian information criterion
(BIC)'” and/or the integrated complete likelihood
(ICL)">'*'®' are often employed. However, quantifying M
and the kinetic parameters remains challenging if the lifetime
differences between the states are small and/or the transitions
are rapid. The variational Bayesian (VB) framework provides a
theoretically rigorous and practically feasible method for
reliable state number determination and accurate parameter
estimation.”’”**
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Here, we built a specific form of the functional term in VB to
develop a computationally effective framework for photon-by-
photon HMM of the fluorescence lifetime data. This
methodology enables robust and accurate parameter estima-
tion, requiring only a few tens of photons to identify a state.
Consequently, it allows for the tracking of multistate
transitions within a photon burst, which typically lasts for
tens of milliseconds. To assess the efficacy of our framework in
resolving such “within-burst” dynamics, we investigated the
very subtle effects of acyl chain unsaturation of phospholipids
on membrane—protein interactions. By tracking the non-
equilibrium membrane insertion of a model peptide, we
identified 3 distinct positions of the peptide in the outer leaflet,
providing the first direct evidence that acyl chain unsaturation
modulates transmembrane dynamics.

B CONSTRUCTION OF A SPECIFIC FUNCTIONAL
FORM FOR THE VB PHOTON-BY-PHOTON HMM

The photon data are given as £ = {t}, t,, .., ty} and T = {T}, T},
.., T}, where t, denotes the photon arrival time relative to the
immediately preceding excitation pulse (micro time), T, is the
absolute arrival time relative to the start of the measurement
(macro time), and N is the total number of detected photons
(Figure 1). One wants to estimate the most likely number of
the hidden states M along with the model parameters @ and to
assign each photon to a specific hidden state z = {z), z,, ..., 2y},
where z; denotes the lifetime state the system was in when the
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Figure 1. VB analysis of photon streams. (a) A photon may be
emitted at macro time T, with a micro time t,. (b) Micro time
distributions at different lifetimes. The dot in each curve represents a
detected photon with a characteristic micro and macro time. (c) A
photon stream presented in the form of micro time versus macro time.
(d) The expectation-maximization iteration. (e) The lifetime
trajectory. (f) The distributions of the lifetimes. (g) The transition
rates. (h) The optimal state number M (red dot).

i-th photon was emitted. VB can achieve this by maximizing a
functional,”%*!

p(t, zlp, M)p(pIM)

Fale, 0)) = [ale, o)n =20 e
(1)
which approximates In p(tIM), with
p(eM) = [p(t, 2lp, M)p(pIM)dpiz @

being the probability of ¢ given M. In these equations, p(t, zl@,
M) is the joint probability of t and z given @ and M, q(z, @) is
the variational posterior probability, and p(@IM) is the prior
probability of ¢ given M. The most likely M maximizes p(tIM).
Mathematically, maximizing F(q(z, @)) is equivalent to
minimizing the dissimilarity between the variational posterior
q(z, @) and the parameter posterior p(z, @lt, M).>%*" Thus,
the VB simultaneously computes p(tiM) and p(z, @lt, M),
enabling estimation of M and @. The system’s time evolution is
then obtained using the Viterbi algorithm.'***

We derived an analytical form of F(q(z, ¢)) (eqs S17—S27
in the SI) in which the photon arrival time intervals between
successive events (AT,, eq S19) are explicitly incorporated to
account for the irregular temporal sampling. Additionally, the
emission probability of the dye is characterized by the
convolution of an exponential function with the instrument
response function (IRF, eq S21), thereby enhancing the
resolution of the lifetime estimation. The expectation-max-
imization (EM) algorithm was utilized to maximize F(q(z, @)).
Our method can be extended to analyze multiple trajectories
collectively, enhancing the accuracy by increasing the photon
counts."* Background photons significantly affect the param-
eter estimation.'® We addressed this issue by introducing an
additional ‘background’ state and modeling the transitions
between this state and the system’s states (see SI for
mathematical details). This approximation remains valid
when the signal-to-noise ratio exceeds 20—a threshold
determined via numerical simulations (Figure S1) and readily
achievable in many in vitro measurements.

B VERIFICATION OF THE APPROACH USING
SIMULATED DATA

We conducted Monte Carlo simulations to generate data sets
mimicking our actual experimental data. We simulated the
position changes of a dye (e.g, Alexa Fluor 488) in the
membrane of a 200 nm large unilamellar vesicle (LUV). The
dye exhibited distinct lifetimes upon state transitions, emitting
photons as it traversed the focal volume of the microscope.
The background photons were set to 1.5 photons per
millisecond on average, with uniformly distributed micro
times. We simulated various kinetic processes with 2 to §
states, with the lifetimes in the range from 0.8 to 3.5 ns and the
transition rates from 150 to 2000 s~

The results for a four-state system are illustrated in Figure 2
(see Figures $2—SS for more results). The estimated lifetimes
matched the ground truth with deviations within 5% (Figure
2a). The accuracy of the estimated transition rates was lower
than that for the lifetimes (Figure 2b). This discrepancy arose
because the dye in a state with a longer lifetime emits
proportionally more photons per unit time than in a shorter
lifetime state.'® The deviation of the transition rate remained
within 30% when k was below 900 s™'. Figure 2c illustrates the
minimum number of photons required to distinguish two
adjacent states as a function of the lifetime differences. Smaller
differences necessitate more photons. Notably, we found that
M could still be accurately determined even at high transition
rates, despite reduced parameter accuracy (Figure 2d).

B MILLISECOND PEPTIDE-MEMBRANE
ASSOCIATION

We applied the method to study the membrane interaction of
LL-37, a cationic antimicrobial peptide critical for human
immune defense.”*™*° We previously characterized the
membrane-insertion kinetics of LL-37 in lipid bilayers, using
the lipoFRET technique.”~"*” The technique operates on the
basis of FRET between a single fluorescent donor and an
ensemble of dark quenchers outside the vesicles. The observed
lifetime—relative to the donor’s intrinsic lifetime—reports the
donor-to-membrane surface distance (Figure 3a; Figure S7).
Here, we revisited this process with an enhanced temporal
resolution. The peptides were labeled at the N-terminus with
Alexa Fluor 488 and encapsulated in 200 nm LUVs to reduce
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Figure 2. Evaluation of the method using the simulated data. (a)
Comparison between the estimated and the designed lifetimes at
various transition rates. The shadowed strips mark the deviation of
+5%. (b) Comparison between the estimated and designed rates. The
strips mark the deviation of +30%. (c) Minimum photons per state
required to distinguish four pairs of states with decreasing lifetime
differences. (d) State number M that maximizes In p(#M) assuming
the molecule stays in each state for a few milliseconds to emit about
180 (green line) and SO photons (red line) on average.
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Figure 3. Millisecond association and dissociation of LL-37. (a)
LipoFRET technique that measures the dye-to-surface distance
according to the normalized lifetime 7/7,. (b) 7/7, equals 1 when
the peptide is in the lumen and becomes less than 1 when the peptide
is on the inner surface. (c) The measured photon bursts and the
estimated lifetime trajectories. (d) Distributions of lifetimes. (e)
Distributions of the transition rates. (f) The dissociation rate as a
function of the DOPA content.

the diffusion, ensuring sufficient ghoton emission during the
traversal of the excitation volume”**’ (Figure 3a). The molar
concentration of LL-37 (10 nM) was <15% of that of the
vesicles. This ensured that >98% of the photon bursts were
from single molecules, as confirmed by the photobleaching
measurement (Figure S8). A control experiment was also

performed in the absence of quenchers to demonstrate that the
lifetime was exclusively dependent on its vertical position in
the lipid membrane (Figure S9).

We focused on the peptide’s association with and
dissociation from weakly charged DOPC/DOPA bilayers®”'
(Figure 3b), varying the proportion of the negatively charged
DOPA from 0.0% to 0.2%. Photon bursts exceeding 25 ms
were selected for analysis, with the results for 0.0% DOPA
illustrated in Figure 3c—e. The peptides diffusing in the LUV
lumen have a lifetime of 7, & 3.43 ns, which become 7, = 2.72
ns when the peptides were on the inner surface of the LUV.
The association rate k,, decreased as the vesicle size was
increased but remained largely unaffected by the DOPA
proportion used in this study (Figure S10). In contrast, the
dissociation rate k., decreased markedly as the DOPA
proportion was increased (Figure 3f). Consistently, the
proportion of LL-37’s total occupancy time in the LUV
lumen versus that on the membrane decreased with the
increasing DOPA proportion, shifting from 63%:37% at 0.05%
DOPA to 9%:91% at 0.5% DOPA. These findings highlight the
charge density as a key modulator of peptide—membrane
interactions.

B THE MEMBRANE-INSERTION DYNAMICS OF LL-37

We then explored the membrane insertion of LL-37 into
DOPC/DOPA (9/1) bilayers with elevated charge density.
Most trajectories did not exhibit state transitions. The peptide
predominantly resided at either the head—tail interface (75 =
3.06 ns) or the central interface of the bilayer (z; = 1.89 ns) for
extended durations (see Figure S7 for the position
determination). Approximately 10% of the trajectories
exhibited state transitions (Figure 4a). The analysis revealed
3 distinct states. A surface-associated peptide typically resided
in the head—tail interface for ~0.24 s (corresponding to k; =
4.1 s7") (Figure 4d) before its N-terminus transiently occupied
a state near the unsaturated bonds (7, = 2.38 ns). The peptide
then either returned to the surface or migrated to the central
interface. The relative time proportions of the peptide residing
on the surface, the double-bond region, and the hydrophobic
tails were respectively 75%, 5%, and 20%. The total occupancy
of the transient state was hence very short compared to that of
the two metastable states. The transient state, undetectable in
the TIRF-based assays,”’ underscores the sensitivity of our
approach. The peptide exhibited a shorter dwell time (about
30 ms with k; = 33 s7') (Figure 4d) at the central interface,
suggesting frequent return to the head—tail interface, with
transient states also observed (Figure S11).

To assess the impact of lipid unsaturation, we replaced
DOPC/DOPA with POPC/POPA (9/1) (Figure 4c). Unlike
DOPC/DOPA, which contains unsaturated bonds on both
acyl chains, POPC/POPA contains a single unsaturated bond
in only one acyl chain. The overall insertion dynamics
remained similar, but the peptide resided near the double
bonds for a shorter time (~5.4 ms with k; = 184 s7') in
POPC/POPA than in the DOPC/DOPA bilayer (~7.9 ms)
(Figure 4d). These results suggest that reduced acyl chain
unsaturation weakens peptide interactions with the bilayer.

In summary, we developed a computationally efficient
framework to optimize the confocal-based lifetime analysis,
enabling real-time tracking of molecular multiple state
transitions within the confocal volume. Using simulated data
sets, we demonstrated that the method could resolve up to five
discrete states with transition rates as high as 1000 s~ using
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Figure 4. Nonequilibrium membrane-insertion dynamics of LL37. (a)
The measured photon bursts and the derived lifetime trajectories for
DOPC/DOPA. (b) Schematic of the membrane-insertion process
with a transient state near the double bonds. The structure model of
LL-37 is based on our current measurements and previous
experimental data and molecular dynamics simulation results.”*” (c)
Bursts and trajectories for POPC/POPA. (d) Comparison of the
transition rates.

commercially available dyes. We investigated the nonequili-
brium membrane insertion of a model peptide. On the low-
charge membranes, the peptide dissociates within milliseconds.
The elevated surface charge density increases its residence
time, promoting insertion. We observed transient trapping near
the double bonds in the acyl chains before reaching the central
bilayer gap. Our findings provide the first direct evidence that
the acyl chain unsaturation not only affects membrane fluidity
but also modulates the peptide—membrane interaction.

Our approach can be broadly applied to confocal-based
FRET, the protein-induced fluorescence enhancement
(PIFE),*>** and other lifetime-sensitive measurements includ-
ing those sensitive to polarity, membrane tension, and so on.
For instance, we successfully applied the method to study the
dynamics of a Holliday junction (Figure S12), a special DNA
structure extensively studied.'#**** A few criteria should be
noted for optimal performance: (1) The probe should have a
single intrinsic fluorescence lifetime; (2) the lifetime should fall
within the temporal window defined by the instrumental
response function (lower bound) and the repetition rate of the
pulsed laser (upper bound); and (3) the lifetime should be
minimally influenced by irrelevant environmental factors. To
avoid biased results or misinterpretation, a few issues should
also be carefully considered: (1) It is essential to ensure that
each photon burst is from a single molecule; (2) triplet-state
quenchers should be used to minimize the interference from
the triplet-state transition; and (3) only the photon bursts with
sufficiently long durations should be selected for data analysis.
Given the high extensibility of the VB framework,> our
method can be readily extended to multiparameter kinetic

28555

analyses."> With the high photon counts achievable in confocal
microscopy, photon-by-photon analysis theoretically attains
sub-millisecond time resolution, offering unprecedented in-
sights into rapid protein dynamics.

B ASSOCIATED CONTENT

Data Availability Statement

The Matlab code for the analysis is available at the following
link: https://github.com/IPHY-SM04/PbyP-VB-
lifetimeFRET.
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The Supporting Information is available free of charge at
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Detailed mathematical derivations, numerical simulation
procedures and additional simulation results, compre-
hensive experimental protocol details and additional
experimental results (PDF)
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