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Abstract

Photosynthesis begins with the absorption and rapid transport of energy through a
protein network to reach the reaction center, where conversion to chemical energy
occurs. The energy transport is facilitated through a series of energy transfer events
between pigments bound to a protein backbone. These steps exhibit a remarkable
near-unity quantum efficiency. Energy transfer rates are exquisitely sensitive to in-
termolecular distances, which vary within proteins due to thermal fluctuations of the
structure. As a result, models predict that the energy transfer rates vary dramatically
between proteins, producing some instances of inefficient energy transfer. Reconciling
the high efficiency with the presence of thermal fluctuations has not been possible,
because whether energy transfer rates in photosynthetic proteins actually vary and,
if so, by how much has not been measured.

Previous experiments to measure rates relied on ensemble ultrafast spectroscopy,
which is limited to average values. With single-molecule approaches, we can overcome
the limitations of ensemble averaging by measuring individual proteins. However,
single-molecule experiments have been primarily restricted to fluorescence, which oc-
curs on a nanosecond timescale. The limited knowledge provided by ensemble aver-
aging or nanosecond dynamics cannot describe heterogeneity in femtosecond energy
transfer rates. Therefore, direct measurements of the distribution are required.

In this thesis, we expand upon a novel technique, single-molecule pump-probe
spectroscopy (SM2P), which measures energy transfer rates at the single-molecule
level. In Chapter 2, I describe a newly developed SM2P apparatus that is easily
tunable across the visible region and demonstrate its utility on a fluorescent dye. In
Chapter 3, I expand upon these results by applying SM2P to photosynthetic light-
harvesting systems, where we are able to directly measure the distribution of energy
transfer rates on cyanobacterial light-harvesting subunits. These novel experiments
provide insight into how photosynthetic light-harvesting proteins are robust to ther-
mal fluctuations and tightly regulate energy transfer rates. Lastly, in Chapter 4
I present the first single-molecule experiments on light-harvesting complexes from
cryptophyte algae. The results imply that light-harvesting complexes from crypto-
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phytes maintain the ability to regulate light harvesting through quenched states that
prevent excess sunlight from damaging the light-harvesting machinery.

Thesis Supervisor: Gabriela S. Schlau-Cohen
Title: Associate Professor of Chemistry
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Chapter 1

Introduction to Photosynthesis

1.1 Photosynthetic Light Harvesting

Photosynthesis is the powerhouse of most life on Earth, producing over 100 billion

tons of biomass annually [1, 2]. Despite its prevalence and over two centuries of

scientific study, its molecular mechanisms remain not fully understood. In the first

steps of photosynthesis, solar energy capture to conversion can occur with a remark-

able near-unity quantum efficiency [3–9]. The key parameters in this process are the

rates of the constituent energy and charge transfer steps, which combine to control

the overall efficiency [10–15]. The energy and charge transfer rates depend on in-

termolecular couplings, which scale nonlinearly with distance. Therefore, thermal

fluctuations of the protein structure are predicted to produce heterogeneity in rates

[16–23]. However, for high quantum efficiency, the heterogeneous rates must reli-

ably produce efficient energy transfer. In material systems, this is accomplished with

highly ordered, homogeneous materials [24–30]. How photosynthetic systems achieve

this efficiency despite heterogeneous protein structures is not yet understood. Identi-

fying how high quantum efficiency is maintained is both of fundamental interest and

important to solar energy research. The proposed work accesses the distribution of

energy transfer rates, which is the first step in addressing this question.

Developing theoretical models of energy transfer in photosynthesis has been a

long-standing challenge. Energy transfer occurs between pigments (chlorophylls,
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carotenoids, phycobilins) held within a protein matrix. The pigments are densely

packed within the matrix, which gives rise to strong electronic coupling between

pigments (𝐽) and coupling between pigments and the protein (𝜆) [31, 32]. The

mechanism of energy transfer depends on the balance of these two couplings. If

the electronic coupling is stronger than the pigment-protein coupling, energy transfer

is coherent or wavelike, as described by Redfield theory [16, 33, 34]. In contrast, if the

pigment-protein coupling is stronger, energy transfer is incoherent or hopping-type,

as described by Förster theory [35–38]. In photosynthetic systems, these couplings

(𝜆, 𝐽) are the same order of magnitude and the energy transfer rate (𝑘𝐸𝑇 ) reaches

a maximum, as described by hierarchical equations of motion [21, 39–43]. For indi-

vidual energy transfer steps, the balance of these couplings, and thus the behavior,

vary dramatically. Experimental results from ultrafast spectroscopy have revealed

energy transfer in photosynthetic systems on timescales from tens of femtoseconds to

tens of picoseconds, corresponding to coherent and incoherent transfer, respectively.

[6, 44–46, 46, 47, 47–60].

Our understanding of energy transfer is further complicated by heterogeneity in

the pigment-protein coupling. Due to thermal motion, the protein matrix is thought

to fluctuate on timescales ranging from microseconds to seconds and length scales

ranging from single bonds to the entire structure [61–65]. Characterizing these fluc-

tuations for this wide range of scales is both an experimental and theoretical chal-

lenge, making our knowledge of these motions limited. The couplings are electrody-

namic, and so are highly sensitive to position and relative orientation [33, 37, 43, 66–

70]. Upon thermal fluctuations, the magnitude changes, which, in turn, changes

the excited-state energies [71–75]. Theoretical models suggest that the heterogene-

ity in excited-state energies and pigment-protein couplings produces quantitatively

and qualitatively differences in the energy transfer dynamics [76–85]. Energy transfer

steps within a single protein are thought to fluctuate between incoherent and coher-

ent mechanisms, and thus identical proteins may exhibit either type of dynamics [86].

Despite the predicted heterogeneity, the vast majority of proteins maintain efficient

energy transfer, as evidenced by the near-unity quantum efficiency [10, 87]. However,
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the true distribution of energy transfer rates is not yet known.

Single-molecule fluorescence spectroscopy has provided experimental confirmation

of heterogeneity in excited-state energies. However, whether energetic heterogeneity

produces energy transfer heterogeneity and, if so, how quantitatively and qualitatively

different the microscopic behaviors are, have not yet been determined. As a result, it is

not clear what distribution of energy transfer rates underlies the robust functionality

observed in natural systems.

Here, we directly observe and causally systemize the heterogeneity in energy trans-

fer rates for photosynthetic proteins. The heterogeneity reveals how tightly the pro-

tein structure regulates rates, and, in turn, the efficiency of solar energy conversion.

From this information, we gain insight into how molecular machinery is optimized to

maintain efficiency despite thermal fluctuations and identify the requisite tolerances,

which are a necessary parameter for a blueprint of efficient light harvesting [3, 88–91].

1.2 Photosynthesis in Cyanobacteria

Cyanobacteria are evolutionarily the most ancient and numerically the most abundant

photosynthetic system. In light harvesting, absorbed photo-energy transfers through

a protein network, known as the phycobilisome, to reach the photosystem II reaction

center (PSII RC) [5–7], where conversion to chemical energy occurs [8, 9]. As shown

in Fig. 1-1a, the phycobilisomes sit on the phospholipid bilayer membrane, which

contains the PSII RC [92, 93]. The phycobilisomes are formed from 2 − 5 cylinders

in a central core surrounded by 6− 8 rods, all of which consist of structurally-similar

associated subunits called phycobiliproteins [92, 94]. The phycobiliproteins derive

from a simple blueprint of a monomer base with 2 − 5 pigments that can be tuned

by electronic coupling (𝐽), pigment-protein coupling (𝜆), or pigment composition.

The rods are tube-like structures formed from two classes of subunits, phycoerythrin

and phycocyanin, and funnel blue light to the redder core [94]. The cores are four

trimers of the subunit allophycocyanin (APC) [94, 95]. One or more of these trimers

is modified by a pigment red-shifted through a tighter binding pocket. This modified
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APC, known as APC-B, serves as the lowest-energy site of the phycobilisome that

transfers energy to the PSII RC [96, 97].

PBS

PSII

a b c

APC

RPE

CPC
λ

J

Figure 1-1: Molecular machinery of cyanobacterial light harvesting. (a) As-
sociated rods, constructed from various phycoerythrin (e.g., RPE) and phycocyanin
(e.g., CPC) subunits, and membrane-adjacent cylinders, constructed from allophyco-
cyanin (APC), form the phycobilisome (PBS). Energy transfers through the rods to
the cylinders to reach the Photosystem II reaction center (PSII RC). (b) APC has
a trimeric structure, in which a phycocyanobilin dimer, shown in blue and red, sits
across each interface between monomers [98]. (c) Energy transfer in photosyntheis is
generically explained by the tuning of interpigment coupling (J) and coupling to the
bath (𝜆).

Cyanobacteria adapt to environmental habitats by tuning the phycobilisome ab-

sorption, composition, and organization to utilize the available solar spectrum [99–

105]. Structurally, this involves subunits with additional pigments [106], distinct

pigment environments (𝜆) [107], changes in pigment-pigment coupling (𝐽) [108], and

altered aggregation state [94, 109, 110]. Through these variations, the subunits pro-

vide a range of excited-state properties to investigate individual parameters. The

number and location of the numerous phycobiliproteins to optimize energy trans-

fer to the reaction center [101–103]. Working as a funnel, energy absorbed in the

rods rapidly migrates through the cylinders to the APC core and then transfers from

the core to the PSII reaction center, where charge separation occurs [111–113]. The

PBS construction highlights functional heterogeneity utilized by nature and provides

a platform to understand efficient energy transformation though individual compo-

nent functionality. Linker proteins tune the association of these phycobiliproteins

within these structures and modify their spectral properties. Understanding how the
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phycobilisome and other light-harvesting systems achieve high efficiency requires un-

derstanding these parameters. Here, we leverage this suite of subunits to identify the

contribution of each parameter to heterogeneity in energy transfer. By exploiting the

aggregation state of the phycobiliproteins, we gain insight into how nature uses these

fundamental building blocks to harvest solar energy.

1.3 Photosynthesis in Cryptophytes

Cryptophyte algae, a relatively understudied photosynthetic organism, are thought

to be the result of multiple endosymbiotic events, that somehow led to an organism

that is essentially a moving chloroplast [114]. As cyanobacteria served as the en-

dosymbiont, the light-harvesting complexes in cryptophytes maintain a high degree

of similarity to subunits found in the phycobilisome [114]. While the phycobiliproteins

in the phycobilisome generally consist of trimers and hexamers stacked into rod-like

structures that sit on the outer surface of the thylakoid membrane, the phycobilipro-

teins in cryptophytes are dimers that lack higher order structure and are densely

packed within the luminal space (see Figure 1-2) [115–118]. Similarly to cyanobac-

teria and red algae, the light-harvesting complexes are found as heterodimers with

an 𝛼𝛽 building block, generally referred to as the monomer [119]. The high degree

of similarity between the 𝛽 subunit of cryptophytes and cyanobacteria as well as re-

cent research connecting the 𝛼 subunit to linker proteins that hold the phycobilisome

together, support the secondary endosymbiotic hypothesis [120].

The diverse environments where crypotphyte algae, and photosynethetic organ-

isms in general, thrive have led to a diverse set of photosynthetic subunits [114]. There

are a plethora of phycobiliprotiens that have finely tuned their molecular blueprint

to harvest light effeciently. This includes selection of pigments as well as their ori-

entation within the protein backbone. This leads to a wealth of spectra available

to these species as well as different energy transfer mechanisms [119, 121]. Ultrafast

experiments have recently recorded the ultrafast dynamics as well, highlighting how

these systems tune vibrational resonances in the excited electronic state to increase
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thylakoid membrane

phycobiliproteins

a b

Figure 1-2: Photosynthesis in cryptophyte algae. (a) Schematic detailing how
the phycobiliproteins are densely packed within the thylakod. (b) The structure of
the phycobiliprotein, phycoerythrin 545 (PDB 1QGW) is illustrated.

the efficiency of light harvesting [122–127]. In this thesis, we will report the first

single-molecule fluorescence experiments on phycobiliproteins from cyrptophyte al-

gae. These experiments will provide a first look at how these proteins utilize protein

conformations and asynchronous dynamics to function effectively.

1.4 Single-molecule pump-probe spectroscopy uncov-

ers heterogeneity at the ultrafast timescale

Two current state-of-the-art techniques to characterize excited states are single-molecule

spectroscopy and ultrafast spectroscopy, each of which has its own strengths and lim-

itations. Optical single-molecule experiments are primarily restricted to fluorescence,

which has two fundamental limitations: (1) fluorescence reports on the emissive state,

not the initial and intermediate states in a multi-step process; and (2) fluorescence

occurs on a nanosecond timescale, hiding faster processes [128, 129]. In contrast,

ensemble transient absorption spectroscopy elucidates these faster processes [130–

132], but the observed rates are ensemble-averaged and limited to synchronizable

processes. This averages out conformational fluctuations and multi-step pathways

that cannot be synchronized beyond the first step. Individually, both single-molecule

and transient absorption spectroscopy have dramatically advanced our understanding

of condensed-phase systems, characterizing heterogeneity and excited-state dynamics,
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respectively [6, 76, 133–135]. However, the interplay of these phenomena that pro-

duces the microscopic excited-state dynamics has been inaccessible with traditional

methods.

In recent years, a suite of new techniques has appeared for single-molecule ul-

trafast measurements [136, 137]. Traditional transient absorption spectroscopy has

been integrated into a microscope and applied to supramolecular particles with large

oscillator strength, such as carbon nanotubes [138]. However, for smaller particles,

including single copies of molecular or biological systems, an increase in sensitivity

beyond traditional transient absorption is required. This has been achieved in two

ways: (1) complex detection electronics [139, 140]; and (2) mapping the ultrafast

dynamics onto fluorescence, which can be detected with low background through

spectral filtering [141–143]. The latter is implemented by combining ultrafast pulses

with confocal detection and does not require complex electronics, thus providing a

more straightforward way to achieve single-particle sensitivity for fluorescent systems.

In studies of photosynthetic light harvesting, fluorescence-based approaches build

on the intrinsic fluorescence of photosynthetic proteins, making these the natural

choice. The van Hulst group has pioneered single-molecule, fluorescence-detected ul-

trafast spectroscopy [142–144]. They have observed heterogeneity in vibrational co-

herence in dyes and electronic coherence in photosynthetic proteins [144]. However,

in photosynthetic solar energy conversion, it is the energy and electron transfer rates

that are the key parameters, and so van Grondelle and co-workers used this exper-

iment to measure an energy transfer step in the bacterial light-harvesting complex,

LH2 [145], uncovering a distribution of rates. While these pioneering experiments

demonstrated the feasibility and promise of this approach, their apparatus was un-

able to span the visible region. Photosynthetic systems absorb across the visible to

capture sufficient energy to meet their needs, and so investigation across these re-

gions is required. Here, we repurpose and redesign fluorescence-based single-molecule

ultrafast spectroscopy to produce an apparatus that can straightforwardly measure

single-molecule, excited-state dynamics across the visible.
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Chapter 2

Single-Molecule Pump-Probe

Spectroscopy

Adapted from: Moya R., Kondo T., Norris A., & Schlau-Cohen, G. S. "Spectrally-

tunable femtosecond single-molecule pump-probe spectroscopy" Opt. Express 18,

28246 – 28256 (2021).

2.1 Chapter Summary

Single-molecule spectroscopy has been extensively used to investigate heterogeneity

in static and dynamic behaviors on millisecond and second timescales. More recently,

single-molecule pump-probe spectroscopy emerged as a method to access heterogene-

ity on the femtosecond and picosecond timescales. Here, we develop a single-molecule

pump-probe apparatus that is easily tunable across the visible region and demonstrate

its utility on the widely-used fluorescent dye, Atto647N. A spectrally-independent, bi-

modal distribution of energetic relaxation time constants is found, where one peak

corresponds to electronic dephasing (∼ 100 fs) and the other to intravibrational relax-

ation (∼ 300 fs). The bimodal nature indicates that relaxation within each individual

molecule is dominated by only one of these processes. Both peaks of the distribution

are narrow, suggesting little heterogeneity is present for either process. As illus-

trated here, spectrally-tunable single-molecule pump-probe spectroscopy will enable
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investigation of the heterogeneity in a wide range of biological and material systems.

2.2 Introduction

Ensemble transient absorption spectroscopies are routinely used to explore the excited-

state dynamics in a wide range of condensed phase systems [146–152]. Analysis and

separation of the contributions to spectral broadening in ensemble measurements have

established that the presence of nano-environments within these systems give rise to

the sub-populations, which collectively determine the material properties [153, 154].

With the advent of single-molecule spectroscopy, these sub-populations have been ex-

plored directly, and photophysical heterogeneity has been observed [6, 147, 155, 156].

However, traditional single-molecule techniques lacked the femtosecond temporal res-

olution required to investigate the heterogeneity in the excited-state dynamics.

In recent years, a suite of new techniques has appeared to probe femtosecond

dynamics for sub-populations. Transient absorption microscopy interrogates micron-

scale regions of a sample or a single nanostructure [146–151]. While these methods

have revealed heterogeneity in solid materials such as graphene or perovskites [148–

151, 157], transient absorption measurements rely on a nonlinear signal, and so the

region interrogated must produce large signals and be highly photostable [147]. As a

result, these techniques have not been used on single molecules or proteins. Single-

molecule pump-probe spectroscopy (SM2P) is an alternative approach that modulates

the fluorescence emission to access femtosecond dynamics of single fluorescent parti-

cles. SM2P incorporates two ultrafast excitation pulses into a single-molecule confocal

microscope and the level of fluorescence emission depends on the delay between the

pulses [41, 141, 158]. This technique has been used to investigate vibrational re-

laxation and to coherently control excited state populations in single pigments and

to observe coherent wavepacket oscillations and characterize energetic relaxation in

photosynthetic light-harvesting complexes [143, 145, 159]. SM2P, therefore, has the

sensitivity required to investigate molecules and proteins at the single-molecule level.

Herein, we introduce a spectrally tunable version of SM2P that allows facile ex-
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ploration of excited-state dynamics across the visible range. Whereas previous SM2P

apparatuses were tuned via the Ti:Sapphire gain curve, the introduction of a fiber laser

extends the measurement down to 450 nm, spanning the visible region of the spec-

trum. Furthermore, the simple turn-key operation of the fiber laser combined with

the incorporation of single-prism compression enables easy alignment. We demon-

strate the utility of the apparatus on the widely-used single-molecule dye, Atto647N,

and observe spectrally-independent energetic relaxation. A bimodal distribution of

relaxation time constants is observed, which shows two processes are present on the

timescales interrogated and that relaxation in an individual molecule is dominated

by one of these processes. We assign the two peaks to electronic dephasing on a 100

fs timescale and intravibrational relaxation on a 300 fs timescale, based on previ-

ous work [41, 141, 158]. Both peaks are narrow, which indicates little molecule-to-

molecule variation likely due to the homogeneity of the solution-phase environment.

Detailed simulations of SM2P data characterized the influence of Poissonian noise

the measured distributions. Collectively, these results determined the heterogeneity

in energetic relaxation for Atto647N, and laid the groundwork for studies of the spec-

tral dependence of heterogeneity in material and biological systems across the visible

region.

2.3 Theory of the experiment

SM2P relies on an isoenergetic 2 pulse pump-probe like excitation in the saturating

regime where the laser is exclusively resonant with a higher-lying excited state [141,

145, 158]. As shown in Figure 2-1 (left and right), the sample can be modeled as a

three-level system where the first saturating pulse generates damped Rabi oscillations

between the ground state and higher-lying excited state that, in the long-time limit of

our pulse duration (∼100 fs), is equilibrated to the same probability of the molecule

being in either state. As the delay increases, the population in the higher-lying

excited state increasingly relaxes to the off-resonant state. The second pulse then

re-equilibrates the population remaining in the higher-lying state with that in the
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Figure 2-1: Single-molecule pump-probe spectroscopy. Two laser pulses are
focused onto the sample where energy relaxes between two excited states (a donor,
|1⟩, and an acceptor, |2⟩) with a timescale, 𝜏𝐸𝑅. If ∆T is less than 𝜏𝐸𝑅 (left), pulse 2
stimulates emission, decreasing the fluorescence intensity. If ∆T is greater than 𝜏𝐸𝑅

(right), fluorescence emission occurs, increasing the fluorescence intensity. Scanning
the time delay from negative to positive delays produces a dip like shape (middle)
where the width of the modulation is governed by 𝜏𝐸𝑅.

ground state, which increases the probability of population for a depleted higher-lying

state. Due to its narrow bandwidth, the pulse does not interact with the off-resonant

state. The re-equilibrated population of the higher-lying excited state continues to

undergo relaxation into the off-resonant state, from which it eventually fluoresces

on a nanosecond timescale. Due to the proportionality between the population of

the off-resonant state and the detected fluorescence, when the delay is scanned from

negative to positive delay times, a dip-like shape is seen in the fluorescence emission

(Figure 2-1 middle), which can be fit to extract the time constant of relaxation from

the higher-lying excited state to the off-resonant state.

2.4 The Experimental Set-up

A schematic of the experimental setup is shown in Figure 2-2. A tunable fiber laser

(FemtoFiber pro, Toptica; ∼100 fs pulse duration, ∼4 nm bandwidth, 80 MHz rep-

etition rate) that spans the visible spectrum was used for the experiment. Due to

the high powers required for saturating excitation, the single chromophores quickly

photobleached, which appeared as a permanent reduction of the fluorescent intensity

to the background level (40 Hz). To reduce the effects of photobleaching, the laser

repetition rate was reduced from 80 MHz to 312.5 kHz with an acousto-optic pulse

picker (Brimrose Corporation, FSPP-400-80-BR-800). The selected repetition rate
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Figure 2-2: Experimental set-up for single-molecule pump-probe spec-
troscopy Schematic of the apparatus shows the femtosecond fiber laser excitation
source focused and collimated by a set of parabolic mirrors (PM) into an acousto-optic
modulator (AOM), which is used as a pulse picker to reduce the repetition rate. The
pulse is compressed by a single-axis prism compressor paired with two retroreflectors
(RR1 and RR2) before traveling through a set of beam splitters (BS) and a delay
stage in a Mach-Zehnder configuration. The horizontal polarization is converted to
right handed polarization by a quarter-waveplate (1/4𝜆) before being focused to a
diffraction limited spot by the objective. The emission is collected through the same
objective, filtered by a dichroic mirror (DM) to remove the excitation light, and fo-
cused onto a single-photon avalanche photodiode (APD). The dashed green line shows
an optional path with another BS and a more precise delay stage (Newport Picomo-
tor Actuator Model 8302 with stage Model 9067-COM-E, minimum step size: 80 nm)
introduced using removable magnetic mirror mounts (MM1 and MM2) to record the
interferometric autocorrelation.

was the lowest available with the pulse picker, which led to the longest period before

photobleaching.

A single-axis prism compressor was set to minimize dispersion effects from the

high NA objective at the sample position[160], which allows straightforward opti-

mization of the compression for different wavelengths. The pulse duration was mea-

sured by interferometric autocorrelation (IAC) using a GaP photodiode (Marktech,

MTPD3650D-1.4) at the sample position [161, 162]. The dashed green lines in 2-2C

show the optical path for the autocorrelation measurements. To achieve the step

size required for interferometric measurements in the visible region, the autocorrela-

tion was performed with a dedicated translation stage (Newport Picomotor Actuator
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Model 8302 with stage Model 9067-COM-E, minimum step size: 80 nm). The differ-

ential dispersion in the two arms due to the beamsplitter (Thorlabs, UFBS5050) was

neglected because it only adds ∼500 fs2 of group delay dispersion at 610 nm. The

additional dispersion would extend a pulse of 100 fs to 101 fs, which can be ignored

for the reported measurements. Sample IACs are shown in Figure 2-3 for 610nm (a,b;

compressed 118 fs, c,d; uncompressed 180 fs) and 645 nm (e,f; uncompressed 303 fs).

The intensity autocorrelations (b, d, f) were extracted by Fourier transforming the

IAC and filtering out the coherent oscillations. The intensity autocorrelations were fit

assuming a Gaussian envelope [131]. All data manipulation was completed in Matlab.

Replicate autocorrelation measurements found 95% confidence intervals to be within

∼10% of the mean value.

The laser pulses were split by a set of beamsplitters (Thorlabs, UFBS5050) and a

delay stage (Newport ISL100CC, minimum step size: 1 𝜇m) in a Mach-Zehnder inter-

ferometer. To prevent dipole orientation dynamics from affecting the experiment, the

laser exication was converted to circular polarization using a zeroth order quarter-

waveplate (Newlight Photonics, WPM03-Q-VIS). The pulse pairs were coupled into an

inverted confocal microscope (Mad City Labs, Stage Model Nano-LP100) and focused

onto the sample with an objective (UPLSAPO100XO, Olympus, NA 1.4). Emission

was isolated through the combination of a dichroic mirror determined by excitation

wavelength (Chroma, T635lpxr-UF3; Chroma, ZT647rdc-UF2)) and two bandpass

filters (Semrock, FF02-675/67-25; Chroma, ET690/120x). An avalanche photodiode

(SPCM-AQRH-15, Excelitas) with a time-correlated single photon counting module

(TimeTagger20, Swabian Instruments) was used to detect the fluorescence photons

and had an instrument response function of ∼0.5 ns for fluorescence lifetime experi-

ments.

Atto647N (ThermoFisher, 04507-1MG-F) was initially diluted in DMSO and then

diluted in water to a final concentration of ∼ 500 pM in solution that was 1% polyvinyl

alchohol. An enzymatic oxygen-scavenging system was added to the solution at final

concentrations of 25 nM protocatechuate-3,4-dioxygenase and 2.5 mM protocatechuic

acid [163, 164]. 50 𝜇L of the solution was spin-coated onto glass coverslips. This
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concentration gave rise to about one molecule per square micron.

For SM2P experiments the power was set to ∼1 pJ per pulse at the sample plane.

The center wavelength of the laser was tuned to either 610 nm or 645 nm with a

focal spot FWHM of ∼350 nm at the sample plane. For the 610 nm measurements,

experiments were performed with near-transform limited temporal compression (118

fs). For the 645 nm measurements, experiments were performed with no temporal

compression (300 fs) due to power limitations via bypassing the prism compressor.
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Figure 2-3: Interferometric autocorrelation of excitation pulses. Interfero-
metric autocorrelations are shown in (a, c, e) for compressed 610 nm excitation,
uncompressed 610 nm excitation, and uncompressed 645 nm excitation, respectively.
Corresponding intensity autocorrelations with fits are shown in (b, d, f). The insets
list the FWHM of the excitation puless assuming a Gaussian envelope.
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The delay time between pulse pairs was scanned from -1.5 ps to 1.5 ps at 100 𝜇m/s

(∼300 ps/s). Although the FWHM of the 645 nm pulse was 300 fs, theoretical work

has shown that the strong interaction in the presence of saturating laser pulses im-

proves the temporal resolution [165–167]. For example, previous SM2P measurements

recovered timescales as short as one sixth of the FWHM [145].

Fluorescence emission was binned at 50 ms intervals, which gives a data point every

∼30 fs. Photobleaching appears as a permanent reduction of fluorescence intensity

down to background levels. Analysis was limited to molecules that photobleached

after completion of the full SM2P trace (∼4 s). Single molecules also exhibit fluo-

rescence intermittency and blinking due to local conformational and environmental

changes [168–170]. Intermittency appears as a change in the fluorescence intensity and

molecules that exhibited intermittency were removed from further analysis. Blinking

appears as a brief (<50 ms) reduction of the intensity down to background levels.

The time point corresponding to the blinking event was not included in the fitted

data, i.e., points identified as blinking events did not contribute to the error function

that was minimized to extract relevant timescales. A blinking event was observed

in ∼10% of molecules. The binned data was fit to the convolution of the measured

intensity autocorrelation with an exponential rise [145]. A small fraction (∼5%) of

SM2P traces were collected on a previously-measured molecule, but the fraction was

not sufficient for statistically robust independent analysis.

2.5 Simulations of SM2P experiment determine ef-

fects of Poissonian noise

To aid in the interpretation of SM2P data, simulated traces were generated in MAT-

LAB. A simple three-level system was used as shown in Figure 2-1. In the saturating

limit and where the pulses are longer than the dephasing time, the population of the

states in the three-level system can be described by the following differential equations

[141, 145, 158]:
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Figure 2-4: Simulated SM2P traces. Representative traces with an input of 𝜏𝐸𝑅,sim

= 250 fs where the 𝜏𝐸𝑅 extracted from the fit is shown above. Variation from the
input time constant is introduced by Poissonian noise

𝜕𝑁0

𝜕𝑡
= −𝑘𝐿(𝑁0 −𝑁1) + 𝑘𝑓𝑁2, (2.1)

𝜕𝑁1

𝜕𝑡
= 𝑘𝐿(𝑁0 −𝑁1) − 𝑘𝐸𝑅𝑁1, (2.2)

𝜕𝑁2

𝜕𝑡
= 𝑘𝐸𝑅𝑁1 − 𝑘𝑓𝑁2. (2.3)

Where 𝑁0, 𝑁1, and 𝑁2 are the population of |0⟩, |1⟩, and |2⟩, respectively, 𝑘𝐿 is the

rate of absorption/stimulated emission, 𝑘𝑓 is rate of fluorescence, and 𝑘𝐸𝑅, i.e. 1
𝜏𝐸𝑅

,

is the rate of energetic relaxation. Note that 𝑘𝑓 ≈ 0 because fluorescence occurs on a

much longer timescale (ns) than energy redistribution and 𝑘𝐿 = 𝛼𝐼(𝑡,∆T) where 𝛼 is

the absorption cross section and 𝐼(𝑡,∆T) is the intensity profile of the two pulse laser

excitation with time delay ∆T. In practice, the pulsed excitation was modeled as a

Gaussian with a FWHM of 150 fs and the amplitude of the Gaussian pulses were set

to one. 𝑘𝐿 was then increased by varying 𝛼 until saturation was obtained, which was

determined by monitoring the value at which the probability of 𝑁1 became 50% under

a single pulse excitation. For a specific time delay (∆T), equations 1-3 are numerically

integrated to simulate system dynamics observed through the population of 𝑁2, which

is directly proportional to the observed fluorescence. By controlling the time delay

between the excitation pulses, we generate a fluorescence curve comparable to the

one obtained experimentally and the fit function was used to extract the simulated

time constants.

The finite photon budget of a single molecule limits the signal-to-noise ratio (SNR)

of SM2P data. The observed fluorescence intensity (Ifl) of our SM2P experiments is
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∼100 photons/50 ms. The theoretical modulation depth of 33% [141, 145] means that

the signal is ∼33 photons/50 ms. Due to the stability of the laser and microscope, the

dominating contribution to noise is Poissonian fluctuations in the number of detected

photons, given by 𝜎fl =
√

Ifl =10 photons/50 ms. Collectively, these values yield a

SNR of ∼ 3 : 1. Although the SNR could be improved with further averaging, the

acquisition time is limited by rapid photobleaching due to the saturating power used

in our experiment.

The ability to extract the underlying parameters was investigated by simulating

traces with typical levels of Poissonian noise and fitting them in the same manner

as the experimental data to extract energetic relaxation time constants. Representa-

tive simulated traces for a 𝜏𝐸𝑅,sim of 250 fs are shown with their fit values in Figure

2-4. The presence of Poissonian noise can distort the fit, which, as illustrated here,

gives rise to variation in the extracted time constants. To quantify the variation, the

simulation was repeated 100 times for a range of energetic relaxation time constants.

First, single time constants of 𝜏𝐸𝑅,sim = 150 fs, 𝜏𝐸𝑅,sim = 250 fs, and 𝜏𝐸𝑅,sim = 500 fs

were investigated. These time constants were selected to span the pulse duration (150

fs) to the energetic relaxation time constants (500 fs) observed in molecular systems

[171]. For each time constant, histograms were constructed from the values extracted

by fitting the simulated traces (Figure 2-5A–C). The medians of the histograms re-

covered the time constants with relatively high fidelity. The histograms had standard

deviations of ∼100–200 fs and little dependence on the value of the time constant

itself was observed in this regime (7 fs per 100 fs; see Supplementary Information

Figure 2-8). These standard deviations reflect narrow distributions as expected for

single time constant simulations.

To investigate the ability of SM2P to characterize the distribution of behaviors,

simulations were performed for single time constants randomly drawn from a Gaussian

distribution. Specifically, a fixed central value of 𝜏𝐸𝑅,sim = 250 fs was used with 𝜎𝑠𝑖𝑚

values of 25, 100, and 400 fs. Histograms of the resulting simulations are shown in

Figure 2-5D – F. For distributions narrower than the ∼125 fs width from Poissonian

noise alone (Figure 2-5 D, E), the width remains similar and no additional information
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is extracted. For distributions wider than the width from Poissonian noise (Figure

2-5F), both the median and the width are affected.

Lastly, to investigate the ability of SM2P to extract multiple time constants, sim-

ulations were performed for two components. The timescale was randomly selected

from two Gaussian distributions with the specified mean values and a standard de-

viation of 25 fs for each one. Figure 2-5G –I shows the influence of the presence of

two components with equal amplitudes on the distribution. The extracted median

value is an accurate average of the two time constants. With a 350 fs and 250 fs

separation (Figure 2-5G and H, respectively), the bimodal nature of the distribution

is clear. However, for a 150 fs separation, the two time constants are too close to

resolve, and the distribution is similar to one for a single time constant (e.g., Figure

2-5C), with the median shifted towards slightly shorter values. Collectively, these

results suggest that multiple components closer than 150 fs cannot be resolved, while

those further apart could be separable, depending on the heterogeneity in the time

constants themselves.

Figure 2-5J –L shows the influence of the presence of two components with vary-

ing amplitudes on the distribution for time constants with a 350 fs separation. When

the two components had amplitudes of 70%/30% (Figure 2-5J,K), the distribution

appeared asymmetric, although with significant population at both timescales. How-

ever, for amplitudes of 90%/10% (Figure 2-5L), the distribution peaked around the

dominant timescale, and it would be difficult to reliably extract information about

the minor component.

2.6 Energetic Relaxation in Atto647N

We used SM2P to investigate ultrafast excited-state relaxation in Atto647N, a pho-

tostable fluorophore widely used in single-molecule imaging. The absorption and

fluorescence spectra of Atto647N are shown in Figure 2-6A along with the laser spec-

tra. Excitation at 610 nm and 645 nm was chosen to isolate the effects of energy

relaxation in the main peak and the vibronic side band. Representative SM2P traces
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Figure 2-5: Distribution of energetic relaxation time constants for simulated
SM2P traces. SM2P experiments were simulated using the input values plotted in
blue of single time constants of 150 fs (a), 250 fs (b), and 500 fs (c); Gaussian distri-
butions (dashed) around a center time constants of 250 fs with standard deviations
of 25 fs (d), 100 fs (e), and 400 fs (f); two time constants with equal amplitude of 150
fs and 500 fs (g), 250 fs and 500 fs (h), and 350 fs and 500 fs (i); and for two time
constants of 150 fs and 500 fs with amplitudes of 70% and 30% (j), 30% and 70%
(k) and 10% and 90% (l). The extracted parameters from the distribution are shown
in the upper right corner of each panel and listed in Table 2.2 in the Supplementary
Information.

are shown in Figure 2-6B and C for an excitation wavelength of 610 nm and in Fig-

ure 2-6D and E for a wavelength of 645 nm. To extract the energetic relaxation

time constant, each trace was fit using a maximum likelihood estimation algorithm,

which is more robust in the presence of noise as it includes a specific noise model.
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The observed Fisher information matrix was calculated and is directly related to the

variance of our parameter estimation and asymptotically approaches the Cramér-Rao

lower bound [172]. The standard error in the extracted time constants is determined

through this variance and is generally less than 50 fs.
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Figure 2-6: (a) Absorption (solid) and fluorescence (dashed) spectra of Atto647N are
shown with the chemical structure in inset. The laser pulses are overlaid (𝜆𝑐=610
nm, orange; 𝜆𝑐=645 nm, red). Representative SM2P traces are shown for 610 nm
excitation with values of 182±43 fs and 197±19 fs in (b) and (c), respectively, and for
645 nm excitation with values of 466±43 fs and 142±25 fs in (d) and (e), respectively.

2.6.1 Components of the energetic relaxation in Atto647N

SM2P traces on individual Atto647N were successfully performed 52 and 78 times

for 610 nm and 645 nm excitation, respectively. To determine the distribution of

energetic relaxation time constants, the extracted values were used to construct the

histograms shown in Figure 2-7. The histograms show a sharp peak and tail extended

towards longer time constants, consistent with previous SM2P work [141, 158]. The

histograms were fit using a Gaussian mixture model in which two components were

required to capture both the peak and the tail (Table 2.1). Gaussians were used
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as the simplest functional form that agreed with the measured distributions. The

solution environment of Atto647N likely leads to multiple uncorrelated interactions

between the dye and the surrounding molecules, which the central limit theorem pre-

dicts would lead to a Gaussian distribution. In environments where single interactions

dominate, other distributions, such as an exponential Gaussian or a Gamma distri-

bution, would be more appropriate and could better connect the skewed data to a

physical phenomenon. We focus on the time constants extracted from the Gaussian

mixture model, because the analysis was empirically found to more accurately and

reproducibly extract the center values of the components as compared to the widths

or standard deviations. The fit found a ∼115 fs time constant for the peak and

∼325 fs time constant for the tail. The ability of the 645 nm laser pulse to approx-

imately measure the fast time component was confirmed using simulated data (see

Supplementary Information Figure 2-9).
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Figure 2-7: Spectral independence of Atto647N energetic relaxation time constants.
Histograms of energetic relaxation time constants were constructed for excitation at
(A) 610 nm (N= 52) and (B) 645 nm (N=78). The histograms were fit (solid) with
a two component Gaussian mixture model (dashed lines).

Table 2.1: Mean (𝜇), standard deviation (𝜎), and amplitude (𝐴) from a two-
component Gaussian mixture model fit of the energetic relaxation time constants
for Atto647N.

𝜆exc = 610 nm 𝜆exc = 645 nm
Component 1 2 1 2

𝜇 (fs) 124 348 105 317
𝜎 (fs) 44 168 35 133
𝐴 48 52 49 51
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2.6.2 Interpretation of ultrafast time constants

We now consider the likely molecular origin of the two measured components. One-

color SM2P spectroscopy measures the collective timescale of the dynamics through

which the excited state moves out of resonance with the laser pulse. Previous ensem-

ble ultrafast measurements extensively characterized the early timescale molecular

dynamics, which can be divided into inertial solvation, diffusive solvation, and in-

tramolecular vibrational relaxation (IVR) to non-optically coupled modes [171, 173,

174]. Inertial solvation is the fast timescale (∼100 fs to 600 fs) response by individual

solvent molecules to the new excited state and its dynamics. Diffusive solvation is

the longer timescale (∼ ps) collective reorganization of the solvent into a pseudo-

equilibrium around the new excited-state electronic structure. While diffusive solva-

tion occurs on timescales outside of the range of our experiment, inertial solvation

contributes to the energetic relaxation time constants measured in SM2P. The final

contribution is electronic dephasing due to the random fluctuations of the electronic

transition energy known to occur in condensed phase systems [142, 159, 175]. Elec-

tronic dephasing occurs on a 50 to 100 fs timescale and can be modeled using the

Bloch equations under pulsed excitation [159].

The histograms generated from the measured time constants include all of these

contributions, which are well-described with two components (Figure 2-7, Table 2.1).

We assign the fast component (∼ 100 fs) to contributions from electronic dephasing

and the slower (∼ 350 fs) component to a combination of inertial solvation and IVR.

Previous experiments have shown an inertial-like response comes from coupled phonon

modes in supercooled liquids[174], and similar effects may be present in the polymer

matrix used here. Notably, the presence of two components in the single-molecule

data suggests that each individual molecule is dominated by one of these components,

potentially due to the composition of the neighboring polymer environment for each

immobilized dye. The width of each component is narrow, with standard deviations

consistent with the simulations of a single-value energetic relaxation time constant

(Figure 2-5), and thus is likely primarily due to Poissonian noise. The extracted
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standard deviations, therefore, suggest relatively homogeneous timescales, i.e., little

molecule-to-molecule heterogeneity, in electronic dephasing, solvation, and IVR.

2.6.3 Spectral independence of energetic relaxation in Atto647N

To investigate the spectral dependence of energetic relaxation, SM2P measurements

were performed for both the main peak (0-0 transition) and the vibronic shoulder

(0-1 transition) with excitation at 645 nm and 610 nm, respectively. Histograms were

constructed for both excitation conditions (Figure 2-7A, B) and comparison of the

distributions gives a p-value of 0.14, reflecting no statistically significant differences.

Consistently, the values extracted from the Gaussian mixture model fit (Table 2.1)

are similar. The lack of spectral dependence is comparable to ensemble ultrafast

measurements on bodipy dyes as well as in theoretical models of solvation [171, 173,

174, 176, 177]. Although with the similarity in the random fluctuations that give rise

to electronic dephasing, the contribution of IVR must also be spectrally independent.

This suggests that relaxation pathways for the two excitation energies relies on a

similar set of vibrational modes within the molecule or in the solvent.

2.7 Conclusion

In this work we developed a spectrally tunable version of SM2P, a technique that

accesses the ultrafast dynamics of single emitters, and applied it to a widely-used flu-

orescent dye, Atto647N. These experiments revealed multi-timescale relaxation within

the fluorophore with heterogeneity less than the Poissonian noise, suggesting the time

constants of the early-time processes are insensitive to the local environment. While

here we focused on spectral tunability, the quality of the SM2P data is also limited by

the number of detected photons. In future versions of the experiment, the signal level

could be improved through the addition of a second collection objective, incorpora-

tion of a cryostat for low temperature measurements, and/or detectors with improved

quantum efficiency, such as those recently-developed using carbon nanotubes [178].

The versatility of our SM2P set-up allows for investigation into the distribution

33



of energetic relaxation time constants for a multitude of optical systems. While

the high fluences and multiple excitation cycles required for SM2P limit studies to

systems that are photostable, there are multiple biological and material systems that

meet this criterion, including fluorescent proteins, molecular aggregates, and quantum

dots. For multi-choromophoric systems, processes such as exciton-exciton annihilation

may lower the detected signal level [179], however, SM2P has been demonstrated

on samples of this type. Indeed, the expanded spectral range will enable studies

of photosynthetic proteins from many different species, such as the light-harvesting

complexes from plants.

2.8 Supplementary Information

2.8.1 Derivation of fit function

The final solution used for extracting energy relaxation can be found by convolving the

𝛿 pulse solution with the optical pulse autocorrelation as shown previously [141, 145,

158, 180–182]. The 𝛿 pulse solution can be found by assuming that the probability of

a transition by a single pulse is 𝑝. After the first pulse, the population of the initially

excited state, 𝑁1, depopulates as

𝑁1 = 𝑝𝑒−𝑘𝐸𝑅ΔT, (2.4)

where 𝑘𝐸𝑅 is the energy transfer rate to the off-resonant state 2. And ∆T is the

time elapsed before the second 𝛿 pulse arrives. When the second 𝛿 pulse arrives,

we must consider both excitation from the ground state and de-excitation from the

excited state population that has yet to relax. The population of the off-resonant

state, 𝑁2, is not affected by the second pulse. However, after the second pulse, the

entirety of 𝑁1 will transfer to increase 𝑁2, and eventually fluoresce. After the second
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pulse, the ensuing population is given by

𝑁2 ={prob. of energy transfer before pulse 2}

+ (prob. of excitation)(prob. in ground state)

+ (prob. not de-excited)(prob in excited state), i.e.

(2.5)

𝑁2 = {𝑝− 𝑝𝑒−𝑘𝐸𝑅ΔT} + 𝑝(1 − 𝑝) + (1 − 𝑝)(𝑝𝑒−𝑘𝐸𝑅ΔT), (2.6)

which reduces to

𝑁2 = −𝑝2𝑒−𝑘𝐸𝑅ΔT + (2𝑝− 𝑝2). (2.7)

Because 𝑁2 is directly proportional to the fluorescence, this equation represents the

fluorescence as a function of time delay between the two pulses, 𝐼(∆T) ∝ 𝑁2(∆T).

This representation correlates with the framework used by the van Hulst group where

𝐼𝑑𝑖𝑝 = 𝐼(∆𝑇 = 0) and 𝐼𝑙𝑜𝑛𝑔 = 𝐼(∆𝑇 = ∞) [141, 158].

𝐼(𝑡) = (𝐼𝑑𝑖𝑝 − 𝐼𝑙𝑜𝑛𝑔)𝑒
−𝑘𝐸𝑅|ΔT| + 𝐼𝑙𝑜𝑛𝑔. (2.8)

The solution for Gaussian pulse excitation is given by the convolution of the

autocorrelation of Gaussian pulse with the 𝛿 pulse excitation solution [180–182]. This

is most easily written as

𝐼(∆T) ∝
∫︁

𝐴𝐶(𝑡− ∆T)𝑁2(𝑡)𝑑𝑡, (2.9)

where

𝐴𝐶(∆T) =

∫︁
𝑓(𝑡)𝑓(𝑡− ∆T)𝑑∆T. (2.10)

is the pulse autocorrelation for Gaussian pulses 𝑓(𝑡) =
√
2

𝑑
√
𝜋
𝑒

−2𝑡2

𝑑2 with an adjusted

pulse FWHM given by 𝑑 =
𝑑𝑓𝑤ℎ𝑚√
2𝑙𝑛(2)

.

Plugging these terms into Equation 1.7 leads to the equation reported by the van

Grondelle group [145]:
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𝐼(ΔT) ∝

𝐼∞

(︂
1− 𝑝

2− 𝑝

1

2
𝑒

𝑘2𝐸𝑅𝑑2ΔT
4

(︂
𝑒−𝑘𝐸𝑅ΔT𝑒𝑟𝑓𝑐

(︂
𝑑2𝑘𝐸𝑅 − 2ΔT

2𝑑
+ 𝑒𝑘𝐸𝑅ΔT𝑒𝑟𝑓𝑐(

𝑑2𝑘𝐸𝑅 + 2ΔT
2𝑑

)︂)︂)︂
.

(2.11)

There are three fit parameters in equation S8: the baseline intensity, 𝐼∞, the

probability of excitation by a single pulse, 𝑝, and the energy transfer rate, 𝑘𝐸𝑅 = 1
𝜏𝐸𝑅

.

This function (equation 1.9) was fit through a custom Matlab program that minimized

the negative log-likelihood function (LL), below, where 𝑀𝑖 represents the counts

predicted by the model and 𝐶𝑖 represents the experimental counts detected [183].

−𝐿𝐿 = −2
∑︁
𝑖

(𝐶𝑖 −𝑀𝑖) + 𝐶𝑖 𝑙𝑜𝑔

(︂
𝑀𝑖

𝐶𝑖

)︂
. (2.12)

2.8.2 Weak dependence of distribution due to Poissonian Noise

To investigate the effect of Poissonian noise, 100 traces with a fixed 𝜏𝐸𝑅 were simu-

lated as described in the main text for various timescales in our experimental regime.

The widths of the resulting distribution, measured through the standard deviation

statistic, were then calculated and showed a weak linear dependence on the input

𝜏𝐸𝑅 (Figure 2-8). A Pearson’s coefficient of 0.90 was found suggesting a positive re-

lationship. A linear fit gave a slope of 0.07, corresponding to an increase in standard

deviation of about 7 fs for every 100 fs. This dependence will be minor over the

experimentally measured range.
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Figure 2-8: Blue points indicate the measured standard deviation from our simula-
tions of 100 traces with Poissonian noise. The red line indicates the linear fit that
shows a weak linear dependence.

2.8.3 Simulation Parameters

𝜏ER,sim 𝜏ER,med 𝜎 𝜏ER,sim 𝜎sim 𝜏ER,med 𝜎

fs fs fs fs fs fs fs

A 150 178 128 D 250 25 247 147

B 250 255 127 E 250 100 248 147

C 500 440 155 F 250 400 353 185

𝜏ER,sim,1 𝜏ER,sim,2 𝜏ER,med 𝜎 𝐴150 𝐴500 𝜏ER,med 𝜎

fs fs fs % % fs fs

G 150 500 306 196 J 70 30 240 172

H 250 500 386 178 K 30 70 394 168

I 350 500 418 150 L 10 90 455 160

Table 2.2: Data from the energy transfer timescale simulations in Figure 4. Blue text
headers indicate input parameters for simulations while black text headers indicate
the parameters extracted from the simulations.
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2.8.4 Effect of pulse duration on fast timescales

We characterized the precision of the measured timescales in the regime in which

the pulse duration is longer than the energetic relaxation, which has been established

theoretically to be accessible in SM2P measurements [145, 165–167]. Simulations were

performed for Gaussian pulses with a FWHM of 300 fs and an energetic relaxation

timescale of 100 fs. The resulting distribution is shown in Figure 2-9, and an energetic

relaxation timescale of 137 fs was extracted. Simulations were completed using the

same methods described in Section 2.5.
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Figure 2-9: Distribution of energetic relaxation timescales for an SM2P simulation
with an energetic relaxation timescale of 100 fs and an optical pulse of a Gaussian
envelope with a FWHM = 300 fs. The distribution reveals the dominant population
is around 100 fs and has a median of 137 fs, indicated by the dashed vertical line.
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Chapter 3

Heterogeneous Ultrafast Dynamics in

Photosynthetic Proteins from

Cyanobacteria

Adapted from: Moya R., Norris A., Kondo T., & Schlau-Cohen, G. S. "Observation

of robust energy transfer in the photosynthetic protein allophycocyanin using single-

molecule pump–probe spectroscopy" Nat. Chem (2022)

3.1 Chapter Summary

Photosynthetic organisms convert sunlight to electricity with near unity quantum

efficiency. Absorbed photoenergy transfers through a network of chromophores posi-

tioned within protein scaffolds, which fluctuate due to thermal motion. The resultant

variation in the individual energy transfer steps has not yet been measured, and so

how the efficiency is robust to this variation, if any, has not been determined. Here,

we describe single-molecule pump-probe spectroscopy with facile spectral tuning and

its application to the ultrafast dynamics of single allophycocyanin, a light-harvesting

protein from cyanobacteria. Using the spectral dependence of the dynamics, energy

transfer and energetic relaxation from nuclear motion were disentangled. For energy

transfer, an asymmetric distribution of timescales was observed. For energetic relax-
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ation, the timescales were slower and more heterogeneous due to the impact of the

protein environment. Collectively, these results suggest that energy transfer is robust

to protein fluctuations, a prerequisite for efficient light harvesting.

3.2 Introduction

Photosynthetic light-harvesting systems power most life on earth by capturing and

directing absorbed energy through networks of protein-scaffolded chromophores [4].

Rapid transfer of the absorbed energy is driven by coupling between the transition

dipole moments of the chromophores. Fluctuations of the protein scaffold induce

changes in the distances and orientations of the transition dipole moments that can,

in turn, change the timescales of energy transfer [9, 16, 19–21, 43]. Despite these

fluctuations, energy travels through the light-harvesting systems to reach the reaction

center with near-unity quantum efficiency [3, 4]. Heterogeneity in the timescales of

energy transfer, i.e, the impact of protein fluctuations on light harvesting, has not

yet been characterized.

Over the past decades, single-molecule methods have been a powerful approach

to characterize heterogeneity in biological, chemical, and material systems, including

photosynthetic light-harvesting proteins [6, 147, 155, 156]. More recently, single-

molecule pump-probe spectroscopy (SM2P) emerged as a technique to resolve fem-

tosecond processes, such as energy transfer. SM2P maps femtosecond dynamics onto

fluorescence intensity using two ultrafast isoenergetic pulses to generate a pump-

probe like excitation, where the temporal resolution is from the delay time between

pulses (Fig. 3-2a) [136, 141, 145, 158]. This technique has been applied to vari-

ous ultrafast processes in single molecules, including coherent wavepacket oscillations

and relaxation amongst the excitonic states of light-harvesting proteins from purple

bacteria [143–145]. Comparison of the exciton relaxation measurements with theo-

retical calculations found a narrow distribution of chromophore transition energies,

enabling robust exciton delocalization and, therefore, robust energy transfer [184].

The complexity of the ultrafast dynamics of the measured light-harvesting protein
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has, however, obfuscated the heterogeneity specific to an individual energy transfer

step. Furthermore, most of the previous measurements lacked spectral dependence,

which provides an additional axis to help disentangle the contributions associated

with each process.

The cyanobacterial light-harvesting protein, allophycocyanin (APC), contains strongly

coupled dimers of chromophores that serve as a minimal system to examine photosyn-

thetic energy transfer (Fig. 3-1a). Ensemble ultrafast measurements found complex

kinetics of energy transfer within APC, potentially due to heterogeneous timescales

[49, 86, 185–192]. Consistently, single-molecule fluorescence measurements identified

heterogeneous photophysical states that arose from fluctuations of the protein scaf-

fold [193–198], yet their impact on energy transfer could not be resolved due to the

limited time resolution of fluorescence measurements.

Here, we report SM2P with facile spectral tuning across the visible region and per-

form SM2P measurements on APC, the homologous protein C-phycocyanin (CPC),

and a chromophore in solution. Based on the spectral dependence of the dynamics

and the concomitantly-measured fluorescence lifetimes, distributions were constructed

for APC in which the populations were dominated by proteins with energy transfer

or by proteins with only energetic relaxation due to nuclear motion. For the dis-

tribution with energy transfer, the median of the distribution was ∼100 fs shorter

than the mean, suggesting that the ensemble values may be lengthened or non-mono-

exponential due to slow sub-populations. Broad distributions of energetic relaxation

timescales were observed for both APC and CPC, which comparison to choromophores

in solution indicated arises from the protein structure. Furthermore, slow energetic

relaxation was observed in APC, enabling energy transfer to precede, and thus likely

be unaffected by, the heterogeneity in the relaxation timescales. Together, these re-

sults demonstrate that rapid energy transfer is maintained despite fluctuations of the

protein, which may play a role in the high quantum efficiency of photosynthetic light

harvesting.
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Figure 3-1: Structure and spectra of phycobilisome subunits.(a) Structural
model of allophycocyanin with the 𝛽 (blue) and 𝛼 (red) chromophores (PDBID
1ALL). (b) Absorption (solid) and emission (dashed) spectra are shown with the
610 nm and 645 nm excitation in blue and red, respectively. The individual spec-
tra for the 𝛼 and 𝛽 chromophores are shown in blue and red [49]. (c)The structure
of C-phycocyanin (Protein Data Bank ID Code 1GH0) is shown with a callout of
a tetrapyrole chromophore (purple). (d) The corresponding absorption (solid) and
emission (dashed) spectra are shown with the 610 nm excitation shown in blue.

3.3 Results

3.3.1 Ultrafast dynamics in APC

We used SM2P to determine the distribution of ultrafast energetic relaxation timescales

in APC. APC forms a trimer where each monomer contains two protein subunits,

known as 𝛼 and 𝛽, that each bind a phycocyanobilin chromophore, which are posi-

tioned on distal ends of the monomer (∼5 nm apart) [94, 98]. The structural model

of trimeric APC is shown in Fig. 3-2b. Upon trimerization, complementary chro-

mophores on different monomers are brought close together (∼2 nm apart) to gen-

erate the dimer shown in Fig. 3-2b, inset [94, 98]. The trimers assemble into the

central core of the primary cyanobacterial light-harvesting structure, known as the

phycobilisome [94]. The linear absorption spectrum of APC is shown in Fig. 3-2c
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Figure 3-2: Single-molecule pump probe (SM2P) experiments on allophy-
cocyanin: Representative SM2P traces (gray) of allophycocyanin with fits (black)
for 610 nm excitation with decay time constants of 148±15 and 225±70 fs are shown
in (a) and (b), respectively and for 645 nm excitation with decay time constants of
371±46 and 185±39 fs are shown in (c) and (d), respectively.

with the calculated absorption profiles for the underlying states [49]. The higher en-

ergy state has a broad absorption and the lower energy state has a narrow absorption

with a vibrational mode at ∼1,600 cm−1 above the primary transition. Although the

electronic coupling between the 𝛼 and 𝛽 chromophores leads to excited states that are

a linear combination of the excited states of the individual chromophores, the large

energy gap means that the higher energy state is dominated by the 𝛽 chromophore

and the lower energy one by the 𝛼 chromophore [49, 185]. Thus, we refer to the states

based on their dominant contribution.

The SM2P apparatus was constructed with a tunable excitation laser and a single-

axis prism compressor for straightforward wavelength changes across the visible, which

was used to investigate the dynamics of the individual chromophores. SM2P experi-

ments on APC were performed with an excitation laser centered at 610 nm and 645

nm, which were selected to predominantly excite the 𝛽 or 𝛼 chromophores respectively

(Fig. 3-2c) as in previous ensemble ultrafast measurements [86, 187, 189, 199]. In

SM2P, the first saturating pulse drives damped Rabi oscillations between the ground

state (|0⟩) and the initially excited state (|1⟩), resulting in an equal probability of
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Figure 3-3: Single-molecule pump probe (SM2P) experiments on C-
phycocyanin:Representative SM2P traces (gray) of C-phycocyanin with fits (black)
for 610 nm excitation with decay time constants of 125±2 and 503±124 fs are shown
in (a) and (b), respectively and for 645 nm excitation with decay time constants of
113±29 and 270±51 fs are shown in (c) and (d), respectively.

population in both states after interaction with the pulse. Population in |1⟩ relaxes

to the off-resonance state (|2⟩) with a timescale determined by the microscopic prop-

erties of the sample. The second saturating pulse drives the same Rabi oscillations

between |0⟩ and |1⟩, but does not interfere with population out of resonance (i.e., in

|2⟩). On timescales longer than the relaxation time (Fig. 3-2a, right), the second Rabi

oscillation provides another opportunity to populate |1⟩ and subsequently transfer to

|2⟩, increasing the population and thus fluorescence from |2⟩. By detecting fluores-

cence from |2⟩ and scanning the delay from negative to positive times, an SM2P trace

is recorded that shows a dip-like shape, which can be fit to extract the timescale of

energy relaxation between states.

Representative SM2P traces are shown for primarily 𝛽 excitation at 610 nm (Fig-

ure 3-2d,e) and primarily 𝛼 excitation at 645 nm (Fig. 3-2f,g). While these 𝛽 ex-

citation traces exhibit timescales that are not statistically different (148±15 and

225±70 fs in Figure3-2d and e, respectively), the 𝛼 excitation traces differ signifi-

cantly (371±46 and 185±39 fs in Figure 3-2f and g, respectively), providing an initial
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Figure 3-4: Distributions of energetic relaxation and energy transfer
timescales for APC. Histograms of the energy relaxation timescales were con-
structed from the 𝛽 excitation data (𝜆𝑒𝑥𝑐=610 nm, blue) for the (a) bright (𝜏𝐿 ≥1.50
ns) population and (b) quenched (𝜏𝐿 <1.50 ns) population and from the 𝛼 excitation
data (𝜆𝑒𝑥𝑐=645 nm, red) for the (c) bright population and (d) quenched population.
The median values of the distributions are indicated by the dashed lines. As shown
in (a), right, excitation of the 𝛽 chromophore (blue) leads to energy transfer to the
𝛼 chromophore (red). As shown in (b, d), right, photobleached chromophores (dark
gray) lead to a loss of photoactivity and/or conversion into quenchers. (e) A kinetic
model of energetic relaxation and energy transfer with the experimentally determined
rates (SI Section 9), was used to calculate the percent of population transferred (blue)
and of energetic relaxation due to nuclear motion (red) as a function of time.

demonstration of the ability of SM2P to uncover heterogeneity in ultrafast dynamics.

lator strength and/or spectral shifts of the photodegraded chromophore eliminate

the rapid 𝛽 to 𝛼 energy transfer, and so only energetic relaxation due to nuclear

motion remains [193, 194, 197, 198].

To separate and characterize energy transfer and energetic relaxation, four his-

tograms were constructed from the measured timescales, divided by the excitation

wavelength and the concomitantly measured fluorescence lifetime. The histograms

are shown in Fig. 3-4 for 𝛽 excitation (a,b) and 𝛼 excitation (c,d) for bright (𝜏𝐿 ≥1.50

ns) and quenched (𝜏𝐿 <1.50 ns) populations, respectively, with their primary photo-

physical pathways illustrated. The quenching properties of the photodegraded 𝛽 chro-

mophore lead to quenched populations enriched in proteins without energy transfer

and vice versa. Following previous work [194, 195], the photophysics were simulated

(Fig. 3-22, SI Section 3.6.3). The simulations showed that the enrichment of the

bright population in proteins with energy transfer reached a maximum of 86% at a

cut off value of 𝜏𝐿 ≥1.50 ns (Fig. 3-23). Statistical parameters for the histograms are

given in SI Section 6.
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In the 𝛽 excitation data, the histograms have medians of 168 fs for bright APC and

308 fs for quenched APC (Fig. 3-4a, 3-4b). Comparison of the two distributions with

a permutation test yielded a 𝑝-value of 0.0001 (SI Section 3.6.1), which establishes

with a high probability (99.99%) that the two distributions are different. In contrast,

in the 𝛼 excitation data, the histograms have medians of 286 fs for bright APC and

242 fs for quenched APC (Fig. 3-4c, 3-4d), and comparison of the two distributions

showed that they are the same (𝑝 >0.05, SI Section 3.6.1). Similarly, the quenched

populations for 𝛽 excitation and 𝛼 excitation were the same (𝑝 >0.05, SI Section

3.6.1). In agreement with these results, energetic relaxation is expected to dominate

in all three of these populations. The statistically significant shorter median timescale

for the bright population of the 𝛽 excitation data, the only histogram in which energy

transfer is expected, is consistent with this picture.

The 𝛽 excitation data can also be further analyzed to quantify the dynamics. Each

of the histograms contains APC with intact chromophore dimers, which undergo

energetic relaxation and energy transfer simultaneously, and photodegraded ones,

which undergo energetic relaxation alone. Rate histograms were constructed for both

the bright and quenched populations and fit with a two-component Gaussian mixture

model (SI Section 3.6.1, Fig. 3-17). While similar rates were extracted from both

distributions (Table 3.4), the faster component of ∼ 0.007 fs−1 (140 fs) was dominant

in the bright population, whereas the slower component of ∼ 0.003 fs−1 (330 fs) was

dominant in the quenched population. The simulations of APC predicted 86% and

32% of the photophysical states can exhibit energy transfer in the bright and quenched

populations, respectively (SI Section 3.6.3). Thus, the faster component was assigned

to energetic relaxation and energy transfer and the slower component was assigned

to energetic relaxation alone.

To explore the ultrafast dynamics, a kinetic model of energy transfer and energetic

relaxation was constructed (SI Section 3.6.4). From the additivity of rates, the two

components of the Gaussian mixture model give a rate of ∼ 0.004 fs−1 (250 fs) for

energy transfer alone. Using the experimental rates in the kinetic model, >90% of

energy transfer was complete by 600 fs, when only ∼20% of the energetic relaxation
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had occurred as illustrated in Fig. 3-4e. The relative amplitudes indicate energy

transfer generally precedes energetic relaxation.

The distribution of timescales that primarily includes APC with both energy trans-

fer and energetic relaxation, shown in Fig. 3-4a, has a median of 168 fs and a mean

of 249 fs, where the large difference between these two values is due to its asymmetric

profile. In previous ensemble measurements, which are more accurately compared

to the mean of single-molecule distributions, energy transfer between the two chro-

mophores was found to occur on 220 fs and 280 fs timescales. The two timescales

were ascribed to different conformational states of the protein backbone [86, 188].

Analysis using rates determined through a Gaussian mixture model, which is ex-

pected to recover the mean, found an energy transfer timescale of ∼250 fs, consistent

with the ensemble values. However, the asymmetric nature of the measured distri-

bution suggests that ensemble measurements are significantly lengthened by small

sub-populations with slow transfer. This observation of an asymmetric distribution

suggests that traditional theories of photosynthetic energy transfer, which were pri-

marily developed based on mean values [9, 34, 43], may be distorted by these slow

sub-populations.

An asymmetric distribution of energy transfer timescales can not only lengthen

the average value, but also influence the functional form of measurements. Whereas

a Gaussian distribution gives rise to an energy transfer process well-described by a

single-exponential function, an asymmetric distribution can lead to more complex

behavior, such as a stretched exponential or the bi-exponential observed previously

for APC (SI Section 3.6.2, Fig. 3-21) [49]. Thus, instead of characterizing distinct

sub-populations, ensemble measurements of multi-exponential dynamics could instead

arise from non-Gaussian microscopic heterogeneity, which was observed theoretically

for another photosynthetic light-harvesting protein in previous work and experimen-

tally for APC here [200].

The full distribution of timescales that primarily includes APC with both energy

transfer and energetic relaxation spans ∼65 fs to ∼800 fs. In ensemble measure-

ments with high temporal resolution, sub-50 fs energy transfer was also observed
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[49, 185, 187]. This population is absent here, which may be due to a smaller am-

plitude of this component and/or the challenges associated with characterizing this

timescale due to the pulse duration (100-200 fs) (SI Section 7.1 and 7.2) [49]. The few

measured timescales above ∼400 fs likely arise from the combination of the asymmet-

ric distribution and the effect of Poissonian noise, which elongates the tail of SM2P

distributions (SI Section 3.6.2)[93]. The lack of a significant population slower than

∼400 fs suggests that static conformational states of the protein do not often dra-

matically slow the energy transfer timescales. The effect of heterogeneity in the local

protein dielectric environment on the distribution of energy transfer timescales was

previously investigated theoretically. Using combined quantum chemical/molecular

mechanical simulations, a ∼4-fold range of energy transfer times was found for an-

other photosynthetic light-harvesting protein, which is roughly comparable with the

measured range shown in Fig. 3-4a [201].

3.3.2 Energetic relaxation in APC

Upon photoexcitation, the chromophores in APC undergo energetic relaxation (red-

shifting) due to nuclear motion including intramolecular vibrational relaxation (IVR)

and solvation within the protein pocket [202]. The ultrafast solvation, known as iner-

tial solvation, involves coupling to the short-range motions of nearby amino acid side

chains and solvent molecules. The collective reorganization of solvent molecules (dif-

fusive solvation) occurs on longer timescales than the picosecond window investigated

here [173]. The combined effects of IVR and solvation give rise to the Stokes shift,

which moves population out of resonance with the laser pulse. This energetic relax-

ation can be investigated using the histograms where no energy transfer is present.

For the 𝛼 excitation data, the histograms of timescales from bright (Fig. 3-4c) and

quenched (Fig. 3-4d) APC have similar median values (286 fs and 242 fs, respec-

tively), which is consistent with previous pump-probe experiments that measured a

250 fs Stokes shift [86].

The spectral dependence of the energetic relaxation can be examined by compar-

ing the 𝛼 excitation data to the 𝛽 excitation data for quenched APC. Similar median
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timescales of 308 fs for the 𝛽 excitation data (330 fs from the Gaussian mixture

model, which finds mean values) and ∼260 fs for the 𝛼 excitation data were deter-

mined. Previous studies reported comparable timescales of energetic relaxation for

both chromophores, although two components at 120 fs and 230 fs were observed [86].

While the median timescales are approximately consistent with the longer of the two

components, the shorter one is absent. This may be due to the coherent excitation

scheme used in the ensemble measurements or the second component may be hidden

in the width of the SM2P distribution [203].

3.3.3 Environment-dependent heterogeneity in energetic re-

laxation

The influence of the protein environment on the distribution of energetic relax-

ation timescales was investigated by comparing the distributions for APC, CPC,

and Atto647N. CPC is another cyanobacterial light-harvesting protein that is homol-

ogous to an APC monomer with an additional peripheral chromophore ( Fig. 3-1c

and d) [94, 195]. There are large distances between the chromophores in CPC, and

so energy transfer is slower than the time window measured here [186, 204]. There-

fore, only energetic relaxation is present in the distribution. Atto647N is a widely-

used single-molecule chromophore with sufficient photostability for SM2P, which the

chromophores in APC and CPC lack. Histograms of the measured energetic relax-

ation timescales are shown in Fig. 3-5 for APC with 𝛼 excitation (a), CPC (b) and

Atto647N (c). Statistical parameters for all three distributions are given in SI Table

3.2, which show differences in both the peak locations and widths.

The distribution for Atto647N was compared to the distributions for APC and

CPC in order to investigate the contribution of a protein scaffold, as Atto647N was

embedded in a polymer matrix with a local aqueous environment. The asymmetric

distribution and median timescale (148 fs) for energetic relaxation of Atto647N was

similar to previous measurements of other chromophores in solution. Based on the

previous work, we assign the measured energetic relaxation in Atto647N to IVR with
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Figure 3-5: Comparison of histograms of energy relaxation timescales. His-
tograms of energy relaxation timescales for (a) APC with a 645 nm excitation, (b)
CPC, and (c) Atto647N. The median values of each data set are indicated with a
dashed vertical line at (a) 258 fs, (b) 216 fs, and (c) 148 fs. The kernel density
estimation (KDE) smoothed fit for each histogram is shown in (d).

a contribution on the short timescales from electronic dephasing [141, 158]. The

median timescales of energetic relaxation for APC and for CPC are similar at 258

fs and 216 fs, respectively, consistent with their homologous protein structures. In

both proteins, the chromophores interact with the surrounding protein pocket by

hydrogen bonds between the nitrogen atoms on its central rings and an aspartic

acid residue and salt bridges between its side chain and nearby arginine and lysine

residues [191]. The slower timescales for APC and CPC than for Atto647N suggest

that these interactions with the protein pocket stabilize the excited chromophore and

its immediate environment to slow relaxation processes such as IVR.

The slightly longer median for APC than for CPC is consistent with previous
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measurements of the ultrafast fluorescence anisotropy decay that found the struc-

tural fluctuations of the chromophores in CPC are nearly 10-fold faster than those of

the chromophores in APC [199]. The binding pocket of the 𝛼 chromophore of APC is

more polar than the other pockets, which could stabilize the excited state and give rise

to the slightly slower relaxation [205]. Furthermore, in CPC, the torsional angle of the

chromophore is ∼25∘ larger than in APC [185], and the more strained configuration

could be less stable, i.e., exhibit faster nuclear motion. The more buried position of

the chromophores in trimeric APC (Fig. 3-2b) than in monomeric CPC (Fig. 3-1c)

could also slow energetic relaxation. The solvent accessible surface area (SASA) for

chromophores in CPC (300 Å2) is twice that for chromophores in APC (150 Å2). The

increased solvent accessibility in CPC may create a more solution-like environment

that speeds up energetic relaxation, as observed for Atto647N. Ensemble ultrafast

measurements compared the relaxation timescales of chromophore-containing photo-

synthetic proteins from cryptophytes with open and closed protein scaffolds, which

have correspondingly more and less solvent accessibility. These measurements showed

faster relaxation for the open scaffolds, consistent with the results described here [126].

Other studies found that the dynamics of CPC were independent of bulk solvent, ini-

tially in contradiction with a dependence of relaxation on solvent accessibility [202].

However, the local chromophore environment, i.e., the first solvation shell, may not

fully reflect changes to the bulk due to interactions such as hydrogen bonding between

the protein and water molecules [206].

Along with differences in the median, the distributions of timescales can be used to

compare the heterogeneity in energetic relaxation. Each distribution was smoothed

using a kernel density estimation (Fig. 3-5d) and the full width at half maxima

(FWHM) of the smoothed curves were calculated, which describe the widths of the

main peaks (SI Fig. 3-14). The distribution for Atto647N (FWHM=179 fs) is much

narrower than the distributions for APC (FWHM=462 fs) and CPC (FWHM=295

fs). The width for Atto647N is similar to that measured previously for a series of other

chromophores in solution, where the width was ascribed to a bimodal profile from the

electronic dephasing and IVR contributions [141, 158, 207]. The wider distributions
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for APC and CPC suggest that, in addition to slowing energetic relaxation, the protein

matrix introduces more heterogeneity in the relaxation timescale than is present in

an aqueous solution.

The distribution of energetic relaxation timescales is also broader for APC (FWHM

= 462 fs) than for CPC (FWHM = 295 fs). The breadth for APC may arise from

increased interaction with the protein due to the more buried position of its chro-

mophores, although the differences in polarity and torsional angle could also play a

role. The distribution for APC has signatures of a bimodal structure with peaks at

∼175 fs and ∼375 fs, along with an elongated tail as discussed above. In contrast,

the distribution for CPC has only a single broad peak with a tail. The two peaks

in the distribution for APC may correspond to the previously hypothesized two con-

formations responsible for the 220 fs and 280 fs timescales of energy transfer from

ensemble measurements [49]. Alternately, previous measurements found a 400 fs com-

ponent of energetic relaxation exclusively associated with the 𝛼 chromophore in APC

[86]. Although this component only appeared clearly upon excitation of the vibronic

transition in ensemble measurements, which we do not excite here, signatures of this

pathway may be contributing to the width of the measured distribution.

3.4 Discussion

In this work, we described spectrally tunable SM2P and the use of this tunability

to disentangle the ultrafast dynamics of APC at the single-protein level. The distri-

bution that primarily contains populations with energy transfer is clustered around

the median at ∼150 fs, whereas the mean — and potentially ensemble values — were

lengthened due to the influence of small subpopulations. Previous assignments of

complex dynamics could instead arise from the microscopic heterogeneity, i.e., non-

Gaussian distribution, observed here.

Slow and heterogeneous energetic relaxation timescales for APC and CPC indicate

that the protein matrix introduces variation in the photophysical processes. Because

energetic relaxation is slower than energy transfer, the states involved in energy trans-
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fer are the initially excited ones, which may be one mechanism for how rapid energy

transfer is maintained despite the effects of heterogeneous energetic relaxation. In

this picture, the reorganization of the environment, which can lead to trapping, is

preceded by energy transfer amongst the electronic excited states [33]. It may also be

that slow energetic relaxation in the protein helps maintain vibronic coupling during

an energy transfer event, which is thought to mediate rapid transfer [208]. While pre-

vious work established that the electronic structure, and consequently energy transfer,

was robust to protein-induced static heterogeneity [184], here we found that the het-

erogeneity also impacts the timescales of the dynamics. These studies illustrate that

the ability of the protein to influence the timescales of energetic relaxation means the

protein structure can control the excited states involved in energy transfer, and even

the mechanism of energy transfer itself.

3.4.1 Methods

Single-molecule pump-probe (SM2P) spectroscopy. A schematic of the ex-

perimental setup is shown in the Figure Chapter 2 and is described in detail in Ref.

[207]. In brief, a tunable fiber laser (FemtoFiber pro, Toptica; 120 fs pulse duration,

∼4 nm bandwidth, 80 MHz repetition rate) was used as the excitation source and

the laser repetition rate was reduced from 80 MHz to 2.5 MHz or 312.5 KHz with an

acousto-optic pulse picker (Brimrose Corporation, FSPP-400-80-BR-800). The prism

compressor was designed with single-axis translation for easy optimization with spec-

tral maximum. The compressor was translated to minimize dispersion for each center

wavelength as measured at the sample position with an interferometric autocorrelation

using a GaP photodiode (Marktech, MTPD3650D-1.4) [162]. Representative inten-

sity autocorrelations for different laser excitations are shown in Chapter 2 with the

FHWM determined assuming a Gaussian pulse. The laser pulses were split by a set

of 50/50 beam splitters (Thorlabs, UFBS5050) and a delay stage in a Mach-Zehnder

interferometer. The polarization was converted from horizontal to cicular polarization

using a quarter-wavplate (Newlight Photonics, WPM03-Q-VIS). The excitation was

coupled into a custom-designed inverted confocal microscope (Mad City labs, RM21)

53



and focused onto the sample with an objective (UPLSAPO100XO, Olympus, NA 1.4).

Fluorescence emission was collected through the same objective and separated from

the excitation by use of dichroic mirrors optimized for excitation filtering (Chroma,

T635lpxr-UF3; Chroma, ZT647rdc-UF2) and a pair of bandpass filters (Semrock,

FF02-675/67-25; Chroma, ET690/120x) Fluorescence photons were detected on an

avalanche photodiode (SPCM-AQRH-15, Excelitas) with a time-correlated single pho-

ton counting module (TimeTagger20, Swabian Instruments). Fluorescence lifetimes

were fit to a single exponential decay convolved with an experimentally determined

instrument response function ( ∼ 0.5 ns) as described in SI Section 5.

For SM2P experiments, the power was set to ∼1 pJ/pulse before the objective

or 700 𝜇J
cm2 per pulse at the sample plane. The saturation power was experimentally

determined by monitoring the fluorescence intensity of single APC (SI Section 3.5.2).

The center wavelength of the laser was tuned to either 610 nm or 645 nm. For the

610 nm measurements, experiments were performed with both near-Fourier transform

limited temporal compression (118 fs) and no temporal compression (180 fs). The

measured dynamics were independent of pulse duration (Fig. 3-12). For the 645 nm

measurements, experiments were performed with no temporal compression (300 fs)

due to power restraints. The delay time between the two pulses was scanned from

-1.5 ps to 1.5 ps at 100 𝜇m/s (0.33 ps/s). Fluorescence emission was binned into

50 ms bins before being fit with maximum likelihood estimation to extract energy

relaxation timescales. The fit function was the convolution of the measured intensity

autocorrelation with an exponential rise function for energy relaxation as detailed in

SI Section 3.5.1 [141, 145, 158]. The standard error was estimated using the Fisher

information matrix [172]. Single-molecule blinking and on-off transitions in SM2P

traces were identified by eye and omitted from the data analysis.

Energy relaxation timescales were used to construct histograms with the bin width

determined by the Freedman-Diaconis rule. The generated distributions were com-

pared using a Permutation test, which determines the likelihood of randomly allocat-

ing the complete data-set into two groups and obtaining the experimentally observed

difference (SI Section 3.6.1). SASA values were determined using the ’Protein inter-
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faces, surfaces and assemblies’ service PISA at the European Bioinformatics Institute

located online at (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) [209].

Sample preparation. APC (Sigma Aldrich, S868), CPC, (Agilent, PB11),

and Atto647N (ThermoFisher, 04507-1MG-F) were purchased and diluted to ∼1

nM in pH 7.4 phosphate buffer solution (ThermoFisher, AM9624). An enzymatic

oxygen-scavenging system was added to the solution at final concentrations of 25 nM

protocatechuate-3,4-dioxygenase and 2.5 mM protocatechuic acid [163]. The solution

was spincoated in 1% PVA onto glass coverslips, which were placed on a piezoelectric

stage (Mad City labs, Nano-LP100) on the microscope.

3.5 Supplemental Information

3.5.1 Fit function used for parameter estimation

For the single-molecule pump-probe (SM2P) experiments, the fluorescence intensity

was modeled as a function of the delay time between laser pulses as previously re-

ported [141, 145, 158]. A complete derivation is shown in Ref. [207], but a brief

explanation is illustrated below.

The modulated fluorescence intensity as a function of time delay, 𝐼(𝜏), is given

by the convolution of the autocorrelation of the Gaussian pulse with the 𝛿-pulse

excitation solution as shown below: [180–182].

𝐼(𝜏) ∝
∫︁

𝐴𝐶(𝑡− 𝜏)𝑁2(𝑡)𝑑𝑡 (3.1)

where

𝐴𝐶(𝜏) =

∫︁
𝑓(𝑡)𝑓(𝑡− 𝜏)𝑑𝜏 (3.2)

𝐴𝐶(𝜏) is the intensity autocorrelation assuming Gaussian pulses, 𝑓(𝑡) =
√
2

𝑑
√
𝜋
𝑒

−2𝑡2

𝑑2 ,

where d is the adjusted pulse FWHM given by 𝑑 =
𝑑𝑓𝑤ℎ𝑚√
2𝑙𝑛(2)

, 𝜏 is the time elapsed

before the second 𝛿-pulse arrives, 𝑡 is a dummy variable for integration, and 𝑁2 is the

population in the second, emissive state.
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Equation 1 leads to the equation derived and applied by van Grondelle and co-

workers [145]:

𝐼(𝜏) ∝ 𝐼∞

(︂
1− 𝑝

2− 𝑝

1

2
𝑒

𝑘2𝐸𝑅𝑑2𝜏

4

(︂
𝑒−𝑘𝐸𝑅𝜏𝑒𝑟𝑓𝑐

(︂
𝑑2𝑘𝐸𝑅 − 2𝜏

2𝑑
+ 𝑒𝑘𝐸𝑅𝜏𝑒𝑟𝑓𝑐(

𝑑2𝑘𝐸𝑅 + 2𝜏

2𝑑

)︂)︂)︂
(3.3)

There are three fit parameters in Equation 3: the baseline intensity, 𝐼∞, the

probability of excitation by a single pulse, 𝑝, and the energy transfer rate, 𝑘𝐸𝑅 =

1
𝜏𝐸𝑅

. The background was experimentally measured separately, and added to this fit

function. The data was fit to the sum of the fit function and background through a

custom Matlab program that minimized the negative log-likelihood function (LL):

−𝐿𝐿 = −2
∑︁
𝑖

(𝐶𝑖 −𝑀𝑖) + 𝐶𝑖 𝑙𝑜𝑔

(︂
𝑀𝑖

𝐶𝑖

)︂
(3.4)

where 𝑀𝑖 are the counts predicted by the intensity model (Equation 3) and 𝐶𝑖 are

the experimental counts detected [183].

For each SM2P trace, 𝑝 was allowed to vary between 0.2 and 1.5. The expected

value in the saturation limit is 0.5 for a delta pulse. Larger values than 0.5 arise

from population transfer during the pulse duration. Traces with values of 𝑝 >1 were

discarded as nonphysical. The rate, 𝜏𝐸𝑅, was allowed to range from 25 fs to 5000 fs.

Traces that yielded values of 𝜏𝐸𝑅 less than 35 fs or greater than 900 fs were discarded

because simulated data suggested these timescales were not accessible experimentally

due to our instrument response function and measured delay time range, respectively.

The goodness of fit was determined through the values of the log-likelihood. For a

well fit system, the reduced log likelihood should approach one [210]. Fig. 3-6 shows

the histogram of reduced log likelihood values from the fits of the APC data with

610 nm excitation. The values are distributed around one, consistent with a well fit

system.
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3.5.2 Characterization of probability of excitation by a single

pulse

The probability of excitation by each laser pulse was determined experimentally. The

single-molecule fluorescence brightness was measured at several pulse energies with

610 nm excitation. The distribution of brightness was constructed for each pulse

energy (Fig. 3-7). Once the saturation limit is reached, the distribution no longer

increases in brightness. To quantify this limit, the average brightness was extracted

from the distribution and plotted as a function of the pulse energy. The resultant

data points (Fig. 3-8) were fit to an exponential rise (𝜏=70 fJ/pulse) to determine

the saturation threshold. SM2P measurements were performed at ∼1,000 fJ/pulse to

ensure all experiments were well above the saturation threshold.

Saturating power was also confirmed for each SM2P trace through the incorpora-

tion of individual shutters for the pump and probe beam. Before beginning an SM2P

experiment, one beam was unblocked for 50 ms before the second shutter was opened.

Saturation was observed through a similar level of fluorescence intensity with one and

two pulses.

Figure 3-6: Histogram of reduced log-likelihood values. Reduced log-likelihood
values from the fits of the SM2P traces for APC with 610 nm excitation. The reduced
log-likelihood reports on goodness of fit and should approach one.
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Figure 3-7: Distribution of fluorescence brightness at different pulse ener-
gies. Approximately 20 single-molecule fluorescence traces were recorded at each
pulse energy. The fluorescence brightness for each trace was determined and these
values were used to construct histograms for the pulse energies. The dashed lines
indicate the mean of the brightness distributions.

3.5.3 Characterization and SM2P experiments on C-phycocyanin

3.5.4 Verification of aggregation state

Fluorescence correlation spectroscopy (FCS) was used to confirm the aggregation

state of CPC and cross-linked APC. Fig. 3-9 shows the normalized autocorrelation

curve calculated from the fluorescence photon stream for our samples at ∼5 nM

concentration.

The autocorrelation curves (𝐺(𝜏)) were fit to:

𝐺(𝜏) = 𝐶 +

(︂
1

𝑁

)︂(︃
1

1 + 𝜏
|𝜏𝐷|

)︃⎛⎝ 1√︁
1 + 𝜏

𝑉 2|𝜏𝐷|

⎞⎠ (3.5)

where C is a constant, N is the number of particles in the focal volume, 𝜏 is the

delay time, 𝜏𝐷 is the diffusion time, and 𝑉 is the detection volume defined as 𝑍0/𝑤0,

where 𝑍0 and 𝑤0 are the distances at which the 3D Gaussian volume has decayed to

1/e in the axial and radial directions, respectively. The fit is shown in black. Diffusion

constants of 46𝜇m2

𝑠
and 77𝜇m2

𝑠
were calculated for APC and CPC, respectively. These
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Figure 3-8: Fluorescence brightness as a function of pulse energy. The mean
fluorescence brightness at different pulse energies (black dots) were fit with an ex-
ponential rise (blue line) to determine the saturation level. The dashed orange line
indicates the pulse energy used for SM2P experiments.

numbers indicate that the aggregation state of APC is trimeric [211] and the aggre-

gation state of CPC is monomeric [195]. The mismatch at long delay times for CPC

is likely due to a small trimer population at the nM concentrations used, which is ex-

pected to disassociate at the pM concentrations of the SM2P measurements assuming

an equilibrium.

3.6 Concomitant measurement of fluorescence Life-

time

Fluorescence lifetime data was simultaneously recorded during the SM2P experiments

and used to characterize fluorescence states. Representative particles are shown in

Fig. 3-10 with both the SM2P modulation of the fluorescence intensity and the

corresponding fluorescence lifetime. Lifetimes were extracted from the decay traces

with a custom MATLAB program that minimized the negative log-likelihood func-

tion (Equation 4) with the exponential model used by Maus et al. [210]. The model

function was a single exponential convolved with an experimentally measured instru-
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Figure 3-9: Fluorescence autocorrelation curves of light-harvesting sub-
units. FCS curves for APC (red) and CPC (purple) with least squares fits (solid
black) were used to extract diffusion times of 𝐷𝐴𝑃𝐶 = 46𝜇m2

𝑠
and 𝐷𝐶𝑃𝐶 = 77𝜇m2

𝑠
.

These values confirm that APC exists in a trimer aggregation state while CPC dis-
sociates into monomers.

ment response function (FWHM ∼ 500 ps, solid gray line) plus the background. The

model function (𝑀𝑒𝑥𝑝) is shown below in Equation 5 where 𝐼𝑅𝐹 is normalized by the

sum of photon counts, BG is an experimentally measured background trace at similar

laser intensity, and 𝛾 weighs the BG component to signal intensity. In our case, 𝛾

was a tightly constrained fit parameter allowing for variation between samples. The

exponential function is given by 𝐺 where 𝑁 is the total photon counts, 𝐴0 is an offset,

𝐴1 is the amplitude, and 𝜏1 is the time constant.

𝑀𝑒𝑥𝑝 = 𝐼𝑅𝐹 ⊗𝐺 + 𝛾 𝐵𝐺 (3.6)

where G is the normalized exponential decay given by

𝐺 = 𝑁
(𝐴0 + 𝐴1𝑒

−𝑡/𝜏1)∫︀
𝐴1𝑒−𝑡/𝜏1 𝑑𝑡

(3.7)

Fluorescence lifetimes were measured for all successful SM2P experiments and are

histogrammed in Fig. 3-11. The fluorescence lifetime distributions for APC with
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610 nm and 645 nm excitation are similarly peaked around 1.5 ns as compared to

previously reported experiments [193, 198]. However, the distributions cannot be

directly compared because rapid photobleaching will bias the distributions to short

timescales.
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Figure 3-10: SM2P experimental traces of APC with corresponding fluores-
cence lifetimes. SM2P data from sequential measurements on a single APC. Energy
transfer fits and SM2P fits are shown for the experiments pairs of (a, b), (c, d), and
(e, f).
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Figure 3-11: Fluorescence lifetime distributions. Histograms of fluorescence
lifetimes for APC (610 nm, a), APC (645 nm, b), CPC (c), and Atto647N (d).
Median values are marked with a dashed line at 1.12 ns (a), 1.31 ns (b), 1.50 ns (c),
and 2.76 ns (d).

3.6.1 Statistical analysis of the distribution of energetic relax-

ation timescales

Dependence of energy relaxation histograms on excitation wavelength and

pulse length

To ensure that the extracted microscopic dynamics were independent, i.e., not due

to, the pulse duration, we compared energy relaxation distributions for APC with 610
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nm excitation with compressed and uncompressed pulses. This is shown in Fig. 3-

12a These distributions were not significantly different from one another (two sample

t-test gave a p-value ∼ 0.6) and had similar qualitative distributions. The two data

sets were combined for further analysis as described in the main text. Fig. 3-12b

compares the energy relaxation distributions for Atto647N with 610 nm excitation

(FWHM ∼ 180 fs) and 645 nm excitation (FWHM ∼ 303 fs). Similarly, these two

data sets were found to derive from the same distribution (two sample t-test gave a

p-value ∼ 0.14). Further analysis of the Atto647N distributions is provided in [207]

and these distributions were combined for analysis within this text. These results

are in agreement with previous experimental and theoretical work in which the pulse

duration was found to not affect the accuracy of values from SM2P [141, 145, 158,

165, 166, 212].
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Figure 3-12: Histograms of APC data. (a) SM2P data for APC with 610 nm
excitation. Dark blue represents the longer pulse length, (180 fs), and light blue
represents the shorter pulse length (118 fs). (b) SM2P data for Atto647N with 610
nm excitation and 180 fs FWHM (top) and 645 nm excitation with 303 fs FWHM
(bottom). Dashed lines indicate the medians of the distributions and are listed in
Table S1.
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Table 3.1: Statistical parameters for samples with different exication wavlength and
pulse length

Sample median (fs) mean (fs) 𝜎 (fs) IQR (fs) N
Atto647N (610 nm, 180 fs) 185 247 189 201 52
Atto647N (645 nm, 303 fs) 124 210 189 192 78

APC (610 nm, 118 fs) 245 294 181 228 51
APC (610 nm, 180 fs) 268 308 183 209 51

c

Comparison of energy-relaxation distributions for APC, CPC, and Atto647N

A combination of permutation tests and bootstrapping methods were used to inves-

tigate the timescale distributions presented in this work [213]. Bootstrap methods

were used to estimate standard errors to compare parameters that describe the dis-

tributions. Fig. 3-13a shows the median values with the standard error determined

by bootstrapping 10,000 times. Atto647N was found to have a significantly shorter

median timescale than the phycobiliproteins. Fig. 3-13b shows the results of a per-

mutation test between APC with 610 nm excitation and the combined Atto647N

dataset. A permutation test pools the data and randomly assigns data points into

two groups with the same size as the initial pooled data sets. The difference in statis-

tical values between the resulting two groups (median) is calculated and this process

is repeated many times. This tests the null hypothesis that the new data sets come

from the same distribution and takes into account the fluctuations due to finite data

samples. After repeating the process 10,000 times, we see that on average the differ-

ence between the two groups is zero, as expected for the null hypothesis, and that

the chance of observing the experimental value for the median difference of 105 fs

is 0.01 % as indicated by the red line in Fig. 3-13b. P-values of 0.0001, 0.001 and

0.001 were measured for APC with 610 nm excitation, APC with 645 nm excitation,

and CPC when compared with Atto647N. The Benjamini–Hochberg procedure was

used to take into account multiple testing, but the results stand as indicating that

the phycobiliproteins are significantly different than Atto647N. Table 3.2 contains the

statistical parameters for all datasets.
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Figure 3-13: Statistical analysis of the medians. (a) The median values of the
various samples with error bars given by the standard error obtained by bootstrap-
ping. (b) The results of 10,000 iterations of a permutation test for Atto647N and
APC with 610 nm excitation. The red line indicates the observed experimental value
for the difference in medians. The location in the extreme tail of the distribution
(p-value = 0.0001) shows that these distributions are significantly different

Table 3.2: Statistical values for SM2P experiments.

Sample median (fs) mean (fs) 𝜎 (fs) IQR (fs) N
Combined Atto647N (610 nm, 645 nm) 148 224 187 205 130

Combined APC (610 nm) 257 300 180 223 93
APC (645 nm) 258 284 196 269 55

CPC 216 267 187 225 67

Comparison of the widths of the energy-relaxation distributions

To compare distribution widths, the data was smoothed using the kernel density

estimation function in MATLAB and then the FWHM of the main peak was calcu-

lated. One example of the kernel density estimation (KDE) for APC with 610 nm

excitation is shown in Fig. 3-14a. The resulting smoothed distribution curves for

all data sets are shown in Fig. 3-14b. To determine whether the FWHM of Atto is

significantly different from the phycobiliproteins, all of the data was pulled together

and randomly assigned to four groups with sample sizes equal to the true data sets.

The narrowest FWHM was chosen as the test statistic and is shown in Fig. 3-14c.

This tests the probability of pulling a FWHM value as small as the experimentally

observed Atto647N data set. Although the distribution is not normal, we can still

determine that the chance of pulling a FWHM = 179 fs (the FWHM of Atto, red

line in Fig. 3-14c) is less than 1.65%. This meets the p=0.05 standard, confirming
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that the narrower distribution for Atto647N is statistically significant. The measured

FWHM values with standard errors are shown in Fig. 3-14d.
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Figure 3-14: Analysis of the width of the distributions. (a) An example of a
kernel density estimation (KDE) for APC with 610 nm excitation. (b) The KDEs for
the four samples. (c) The results of a permutation test where the data was randomly
divided into four groups and the smallest FWHM was determined. The chance of
retrieving the experimentally observed value (FWHM𝐴𝑡𝑡𝑜 = 179 fs, indicated by the
solid red line) has a p-value of 0.0165. (d) The FWHM of the KDEs for the four
samples with the error bars given by the standard error obtained from bootstrapping.

Comparison of the bright and quenched populations of APC with 610 nm

excitation.

A permutation test with 10,000 iterations was used to further evaluate the statistical

significance of the differences between bright and quenched states of APC with 610

nm excitation. The results of the permutation test are shown in Fig. 3-15. This
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distribution shows that the probability of randomly drawing two data sets with the

appropriate sizes and seeing the observed difference in medians of 168 fs is only 0.06

%. Table 3.3 contains the statistical values for the different states.

To further illustrate the difference between the bright and quenched states, cu-

mulative density plots are shown in Fig. 3-16 for APC with 610 nm excitation (a)

and 645 nm excitation (b). These plots highlight the increased accumulation of data

points at faster timescales for the bright versus quenched states for the 610 nm excita-

tion compared to 645 nm excitation. ∼ 30% of the quenched timescales occur before

200 fs, ∼ 50% of the bright timescales arrive before 200 fs for the 610 nm excitation,

while the two curves are almost identical for APC with 645 nm excitation.

Figure 3-15: Permutation test results on APC with 610nm excitation. 33
timescales were randomly drawn without replacement from the APC with 610 nm
excitation data-set to simulate the bright population and the median was compared
to unselected values. This process was repeated 10,000 times. The red line indicates
the observed experimental value of 168 fs that occurs less than 0.07% of the time.

Table 3.3: Statistical values filtered by lifetime.

median (fs) mean (fs) 𝜎 (fs) N
APC (610 nm, bright) 168 249 186 29

APC (610 nm, quenched) 308 324 174 64
APC (645 nm, bright) 286 305 218 21

APC (645 nm, quenched) 242 271 183 34
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Figure 3-16: Bright and quenched cumulative probability histograms.. (a)
For 610 nm excitation, a steep rise in the cumulative density function is shown for
bright (red) versus quenched (blue). This is most easily seen at 200 fs, where a
greater than 20% difference occurs. (b) For 645 nm excitation, the two histograms
are effectively the same.

Extraction of rates for ultrafast dynamics

In order to quantitatively extract the rates from the measurements, the 610 nm exci-

tation data were fit with a two component Gaussian mixture model (Fig. 3-17, Table

3.4), as 610 nm excitation is expected to excite proteins with both energy transfer

and energetic relaxation and proteins with energetic relaxation alone. Although the

distributions are non-Gaussian (Section 3.6.2), the Gaussian mixture model captured

the populations observed in the distributions. Similar rates were extracted for both

distributions but the faster component dominates the bright population whereas the

slower component dominates the quenched population. Based on analysis of simu-

lated data, the center values from the components can be extracted reliably despite

the non-Gaussian profile, although the amplitudes and widths are less accurate [207].

Table 3.4: Fit parameters from Gaussian mixture model

A1 (%) 𝑘1 (fs-1) 𝜎1 (fs) A2 (%) 𝑘2 (fs-1) 𝜎2 (fs)
APC (610 nm, bright) 71 0.0077 3 × 10-3 39 0.0024 6 × 10-4

APC (610 nm, quenched) 35 0.0068 3 × 10-3 65 0.0029 1 × 10-3
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Figure 3-17: Gaussian mixture model extracts two rate components. The
distributions of energy relaxation rates from the bright (top) and quenched (bottom)
populations were fit to a two-component Gaussian mixture model, which is shown in
dashed lines. All parameters of the Gaussian mixture model fit are given in Table
3.4.

3.6.2 Contributions to the distribution of energetic relaxation

timescales

Analysis of sub-populations in bright APC distribution

To further understand the sub-populations present in the distribution of bright APC

with 610 nm excitation (APC610B), representative distributions were simulated. For

the simulations, 50 values were randomly selected from a Gaussian distribution with

center values (𝜏𝑠𝑖𝑚) of 150 fs and 50 fs and a width of the same value. These param-

eters were then used to simulate SM2P traces, Poissonian noise was added, and the

traces were fit following the procedure used for experimental data to extract energy

relaxation timescales. The pulse length was set to 120 fs (FWHM) for simulations.

Fig. 3-18 shows histograms of the simulated data as well as the APC610B distribu-

tion. To quantify the sub-populations observed in the energy relaxation timescales,
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the top of the histograms display the percent of values between 0 – 100 fs, 100 – 400

fs, and 400 – 850 fs. The simulations show that the bulk of the values fall between 100

– 400 fs, and that ∼ 5 - 10 % of the values are greater than 400 fs due to Poissonian

noise and the shape of the distribution, as discussed in more detail in Section 3.6.2

and in Ref. [207]. Fig. 3-18C illustrates the distribution for 𝜏𝑠𝑖𝑚 = 50 fs, which

includes an increase of population of ∼ 20 % in the 0 – 100 fs range. This increase

in timescales faster than the pulse length (150 fs), suggests that the fast timescales

(50 fs) skews the distribution to short timescales. The lack of fast timescales for

APC610B and 𝜏𝑠𝑖𝑚 = 150 fs indicates that there is no significant component faster

than pulse length in APC610B.

0 200 400 600 800
Timescale (fs)

0

0.2

0.4

O
cc

ur
re

nc
e 

0 200 400 600 800
Timescale (fs)

0

0.2

0.4

O
cc

ur
re

nc
e

0 200 400 600 800
Timescale (fs)

0

0.2

0.4

O
cc

ur
re

nc
e

46% 48% 6%

25% 69% 6%

14% 76% 10%

τsim = 50 fs

τsim = 150 fs

APC610B

a

b

c

Figure 3-18: Comparison of energy transfer distribution with simulated
timescales. Histograms with percentages shown above for population between 0–100
fs, 100 –400 fs, and 400–850 fs. Selected data sets are (a) APC bright population
with 610 nm excitation, (b) Simulation data for 𝜏𝑠𝑖𝑚 = 150 fs, (c) 𝜏𝑠𝑖𝑚 = 50 fs
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Observation of populations with fast dynamics

To further characterize the ability of the SM2P apparatus to identify populations

with <100 fs dynamics, representative distributions were simulated for 𝜏𝑠𝑖𝑚 of 35 fs

and 100 fs following the procedure described above. Fig. 3-19 illustrates these two

simulated distributions. The simulations show that the fast population appears as

a shift of the distribution to short timescales in the 0 – 50 fs range. While these

redistributions of population can be observed, the precision with which the timescale

is measured decreases when the values of 𝜏 are much shorter than the pulse duration.

The ability to observe these populations arises from the temporal resolution relative to

the pulse duration for SM2P, although this resolution is better than typical ultrafast

measurements because SM2P is in the strong field as opposed to the perturbative

regime [165–167].
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Figure 3-19: Comparison of energy transfer distributions with fast simu-
lated timescales. Histograms of simulated data for 𝜏𝑠𝑖𝑚 = 35 fs and 100 fs. Percent
of population between 0–100 fs, 100–400 fs, and 400–850 fs is indicated above for all
distributions.

Contributions to tail of distribution

To further characterize the contributions to the tails of the SM2P distributions, dis-

tributions were simulated for 𝜏𝑠𝑖𝑚 of 250 fs and a width of the same value following

the procedure described above. Simulated SM2P distributions were generated for

timescales selected from a Gaussian distribution and an exponential Gaussian distri-

bution as shown in Fig. 3-20a.
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Figure 3-20: Population in elongated tail of skewed distributions. (a) Sam-
pling energy relaxation values from a Gaussian distribution (orange) leads to an
elongated tail and non-Gaussian distributions (p-value = 1×10 -3). Sampling from
an exponential Gaussian with an equal mean (gray), leads to an extended tail. (b)
Distribution of energy relaxation timescales for APC with 645 nm excitation. Percent
of population between 0–100 fs, 100–400 fs, and 400–850 fs is indicated above for all
distributions.

SM2P distributions have an elongated tail due to Poissonian noise [207] for a Gaus-

sian distribution. The population of the tail was ∼3-fold greater for the exponential

Gaussian distribution. The population of the tail in the experimentally-measured

SM2P histograms (reproduced for 645 nm excitation of APC in Fig. 3-20b) is be-

tween the two simulated values, suggesting a contribution from both Poissonian noise

and an underlying asymmetric distribution.

Effect of a skewed distribution on ensemble kinetics

The non-Gaussian shape of our distributions were confirmed through Shapiro-Wilk

tests. The Gaussian character of the distributions were evaluated for histograms

of both timescales and rates for all data sets. The resulting p-values (Table 3.5)
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confirmed that the null hypothesis of normality was rejected at the 10-5 significance

level for all distributions.

Table 3.5: p-values from Shapiro-Wilk tests.

energy transfer rates energy transfer timescales
APC (610 nm) 4 × 10-7 4 × 10-5

APC (645 nm) 6 × 10-6 5 × 10-4

CPC 8 × 10-8 5 × 10-5

Atto647N 2 × 10-6 6 × 10-5

The non-Gaussian distribution of energy transfer timescales observed may give

rise to an ensemble averaged decay may have a more complex functional form than

a simple mono-exponential. Previous ensemble ultrafast experiments generally mod-

eled non-mono-exponential behavior as a sum of exponential terms where each time

constant is assigned to a different physical interpretation. To better quantify how

non-Gaussian distributions influence ensemble behavior, we sampled rate constants

from a Gaussian distribution and an exponential Gaussian distribution (Fig. 3-21).

The two distributions (Fig. 3-21) have the same mean value and similar spread.

These distributions were sampled 1000 times and the rate constants were used to

make simple exponential decay curves as a function of delay time and then averaged;

these averaged decay curves are shown in Fig. 3-21b and simulate an ensemble mea-

surement. We found that the Gaussian sampled data is well described by a single

exponential decay, as shown by the straight line in the semi-log plot. However, the

data sampled from the exponential Gaussian distribution is not well described by a

mono-exponential decay, but instead requires a bi-exponential or other model. This

brief analysis suggests that a non-Gaussian distribution of decay rates may lead to

multi-exponential dynamics in ensemble experiments.

3.6.3 Simulation of the photophysics of APC

Number of photophysical states. Trimeric APC contains a total of six chro-

mophores as each monomer contains an 𝛼 and a 𝛽 chromophore. In previous single-

molecule studies [194], it was found that both the 𝛼 and 𝛽 chromophores can photo-
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Figure 3-21: Effect of distribution on ensemble dynamics. Rate constants
were randomly sampled from a Gaussian and an exponential Gaussian distribution
as histogrammed in (a). The rate constants were then used to create a set of decay
curves that are averaged in and plotted in a semi-log plot in (b) to highlight a turnover
from mono-exponential to bi-exponential behavior.

bleach and become optically dark and only the 𝛽 chromophore can photodegrade into

a quencher for neighboring chromophores. From these constraints, there are a total of

66 possible photophysical states [194] with different combinations of quenchers and/or

photobleached chromophores, which combined with intact APC yields a total of 67

states.

Simulation of lifetime and brightness. For each photophysical state, we

simulated the fluorescence lifetime (𝜏𝐿) and brightness (𝐵) by adapting the formalism

previously published for APC and CPC [194, 195]. We modeled how the probability

of observing the excitation at any specific chromophore in APC changed in time,

𝑑p(𝑡)/𝑑𝑡. This coupled energy transfer system is described using the following master

equation:
dp(𝑡)

d𝑡
= Mp(𝑡) (3.8)

where M is a transition matrix with non-diagonal elements:

𝑀𝑗𝑖 = −𝑘𝑗𝑖 for (i ̸= j ) (3.9)

where 𝑘𝑗𝑖 is the rate at which donor chromophores 𝑗 transfer energy to acceptor

chromophores 𝑖 (row 𝑖, column 𝑗). The energy transfer rates were previously reported
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values calculated using Förster theory for chromophore positions and orientations

given by the structural model of APC [194]. The diagonal matrix elements, 𝑀𝑖𝑖

correspond to the total energy loss rate for that chromophore, which is the summation

of energy loss due to radiative and non-radiative decay, measured as the fluorescence

lifetime, 𝑘10
𝑖𝑖 , and energy transfer from that chromophore, as shown below.

𝑀𝑖𝑖 = −

(︃
𝑘10
𝑖𝑖 +

∑︁
𝑖,𝑗 ̸=𝑖

𝑘𝑗𝑖

)︃
(3.10)

Because we have 𝑁 chromophores participating in the energy transfer, we will end

up with 𝑁 solutions to Eq. 3.8, M will be an 𝑁x𝑁 matrix, and p(𝑡) will be a vector

𝑁x1. The total probability of observing fluorescence from any given chromophore 𝑖

provided that chromophore 𝑗 has been excited can be calculated as follows.

𝑃 𝑗
𝑖 =

∫︁ ∞

0

𝑝𝑗𝑖 (𝑡)𝑘
10
𝑖𝑖 Φ𝑖d𝑡 (3.11)

Φ𝑖 represents the relative quantum yield of that chromophore, and the previously

measured values for each subunit were used [194, 214, 215]. The total probability

that a chromophore 𝑖 will fluoresce, 𝑃𝑖, can then be determined by summing over the

product of each excited chromophore case and its associated absorbance probability,

𝐴𝑗.

𝑃𝑖 =
∑︁
𝑗

𝐴𝑗𝑃
𝑗
𝑖 (3.12)

The brightness of that configuration 𝐵 is then calculated by adding the probability

of emission for each chromophore together.

𝐵 =
∑︁
𝑖

𝑃𝑖 (3.13)

The simulated fluorescence decay 𝑔(𝑡) for each state can be determined in the following

way.

𝑔(𝑡) =
∑︁
𝑖

𝑘10
𝑖 Φ𝑖

(︃∑︀
𝑗 𝐴𝑗𝑝

𝑗
𝑖 (𝑡)∑︀

𝑗 𝐴𝑗

)︃
(3.14)
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Each decay was then fit to a exponential decay to extract the fluorescence lifetime,

𝜏𝐿.

To account for each different photophysical state, two additional parameters were

included in our model: (1) a vector 𝑃𝐵 that catalogued which chromophores were

photobleached in a given state; and (2) a vector 𝑄 that catalogued the quenching

status of the 𝛽 chromophores. When setting up the transition matrix M for each

photophysical state, if a chromophore was photobleached, its corresponding row and

column were set to zero since it could no longer donate or accept excitation. Each

diagonal element in M was then recalculated to reflect the change in the off-diagonal

elements. Additionally, the fluorescence rate of the photobleached chromophore was

also set to zero. If a 𝛽 chromophore was a quencher in a given state, all the corre-

sponding 𝛼 chromophores had their fluorescence emission rates reduced from 1/1.6 ns

to 1/1.3 ns according to previous experimental measurements [194] of the effect of the

quencher. Furthermore, the fluorescence emission rate of the quencher 𝛽 chromophore

was set to zero. The column in M corresponding to the quencher chromophore was

set to zero to describe the lack of energy transfer to other chromophores, while the

row was unchanged. These actions reflected that the quencher would not transfer

energy to other chromophores or fluoresce but could still accept energy, respectively.

All 67 photophysical states were analyzed for their fluorescence lifetimes and

brightness and the resulting values are plotted in Fig. 3-22 along with the measured

single-molecule fluorescence data. As illustrated, there is good agreement between

the simulation and the measured data.

Lifetime cutoff for bright and quenched populations. In order to disen-

tangle the contribution of energy transfer, the simulated photophysical states were

divided into those that contained an intact 𝛼/𝛽 dimer for energy transfer and those

that did not. These two types of proteins are plotted in Fig. 3-22a in blue and black,

respectively. The quenching properties of photodegraded 𝛽 pigment [194] led to a

quenched population enriched in states that lack intact dimers and vice versa. As a

simple method to evaluate the level of enrichment, the data was divided into bright

and a quenched populations based on a lifetime cutoff value. The percent of photo-
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Figure 3-22: Brightness and lifetime plots of the photophysical states of
APC. (a) Simulated values of brightness and lifetime for the 67 photophysical states
of APC. States containing intact 𝛼/𝛽 chromophore pairs, which can give rise to energy
transfer, are in blue and photophysical states without intact pairs are in black. (b)
Experimental brightness and fluorescence lifetime plot for APC from single-molecule
fluorescence experiments.

physical states with intact chromophore pairs for energy transfer was calculated for

both populations for all lifetime values from 0.5 – 1.6 ns. The percent for both the

bright and quenched populations is plotted in Fig. 3-23. Through this metric, the

maximum level of enrichment in photophysical states containing energy transfer pairs

was at a lifetime cutoff of ≥1.50 ns, where 86% of the states in the bright population

contain intact chromophore dimers in contrast to the 32% in the quenched popula-

tion. These percents are in approximate agreement with the amplitudes of the two

components from the fit to the measured histograms, 71% for the bright population

and 35% for the quenched population as shown in Section 3.6.1.
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Figure 3-23: Selection of optimum lifetime cutoff. The total data set was di-
vided into bright and quenched populations based on a lifetime cutoff. The percent
of photophysical states with an intact energy transfer pair was calculated for both
populations as a function of the value of the lifetime cutoff. The maximum difference
between the bright and quenched populations was observed with a cutoff ≥1.50 ns,
where 86% of states in the bright population have energy transfer pairs whereas only
32% in the quenched population have energy transfer pairs.

3.6.4 Kinetic model of energetic relaxation and energy trans-

fer

The ultrafast dynamics of energetic relaxation due to nuclear motion and energy trans-

fer were described with a kinetic model. Photoexcitation was assumed to generate

a Gaussian population in the excited state. The energetic relaxation of the excited-

state population was described as a time-dependent red shift of the population, i.e.,

the Stokes shift. The energy transfer was described as a time-dependent decrease

in population amplitude. Therefore, the evolution of the photoexcited population is

modeled as:

𝐹 (𝑡, 𝐸) = 𝐴𝑒−𝑘𝐸𝐸𝑇 𝑡𝑒−
(𝐸−𝐸0(𝑡))

2

2𝑐2 (3.15)

where A is the initial amplitude, which is set to 1, 𝑘𝐸𝐸𝑇 is the energy transfer

rate from 𝛽 to 𝛼, 𝑐 is the standard deviation describing the width of our excitation

spectrum, and 𝐸0(𝑡) is the center of the Gaussian population as a function of time,
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𝑡. The spectral evolution is described as an exponential decay based on the dynamics

observed in ensemble measurements [86], and is given by:

𝐸0(𝑡) = 𝐸𝑟𝑒𝑙 + 𝐸𝐸𝑅𝑒
−𝑘𝐸𝑅𝑡 (3.16)

where 𝐸𝑟𝑒𝑙 is the final energy after energetic relaxation due to nuclear motion and

𝐸𝐸𝑅 is the magnitude of the energetic shift, which occurs with a a rate 𝑘𝐸𝑅. The

ensemble measurements of energetic relaxation over ∼ 250 cm-1 extracted a timescale

of ∼ 250 fs, which is similar to the timescale from the Gaussian mixture model fit of

the SM2P distributions [86]. Using Eqtns 3.15 and 3.16, we calculated the kinetics of

the system with the experimentally-measured rates of ∼0.007 fs−1 for energy transfer

and ∼0.003 fs−1 for energetic relaxation. The population transferred was monitored

via the amplitude decrease of the Gaussian distribution while the energetic relaxation

due to nuclear motion was monitored via the spectral position of the peak of the

distribution. The percentage of population transferred and of energetic relaxation,

or Stokes shift, completed are plotted as a function of time in Fig. 2e. By 600 fs,

energy transfer is almost complete whereas only ∼ 20% of the energetic relaxation

has occurred, illustrating the relative timescales of these two processes.
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Chapter 4

Identification of photo-induced

quenching in single light-harvesting

complexes from cryptophyte algae

4.1 Chapter Summary

Photosynthetic organisms use pigment-protein complexes to convert sunlight and car-

bon dioxide into the energy that powers most life on earth. These pigment-protein

complexes control the chemical structure, orientation, and position of the attached

pigments to optimize safe light harvesting. Additionally, these bio-molecules un-

dergo asynchronous conformational dynamics on disparate length- and timescales

that control pigment position and orientation to regulate energy transfer dynam-

ics. Single-molecule spectroscopy provides the opportunity to watch these conforma-

tional changes in real-time by removing ensemble averaging. In this work, we used

single-molecule fluorescence spectroscopy to identify photophysical substates and the

subsequent dynamics present in phycoerythrin 545 (PE545) from cryptophyte algae.

These first single-molecule experiments on pigment-protein complexes from crypto-

phyte algae found similar quenching and photobleaching patterns to proteins from

the evolutionarily related cyanobacteria and red algae. These results imply that
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light-harvesting complexes from cryptophytes maintain the ability to regulate light

harvesting through quenched states that prevent excess sunlight from damaging the

light-harvesting machinery. This mechanism could allow for the dissipation of excess

excitation and be a built-in safety switch for maintaining the proteins within the

lumen. Future work on various subunits may inform upon how pigment makeup,

structure, and available dynamics lead to efficient light-harvesting in these robust

organisms.

4.2 Introduction

Cryptophytes are microalgae that are ubiquitous in diverse aquatic environments

[119]. They are thought to have originated from multiple endosymbiotic events in

which cyanobacteria were engulfed by red algae and subsequently eventually evolved

into the current organism, which is essentially a chloroplast [114]. In contrast to

most photosynthetic organisms in which the light-harvesting apparatuses are orga-

nized by membranes or linker proteins, the light-harvesting proteins of cryptophytes

are densely packed within the luminal space without any higher order structure [115–

118], leading to open questions about access by the protein machinery required for

regulation and repair, and thus how cryptophyte light-harvesting proteins are robust

under high light. The diverse environments where cryptophytes flourish have evolved

a set of proteins with light-harvesting properties tuned to capture sunlight in differ-

ent ecological niches [114]. The light-harvesting proteins, known as phycobiliproteins

(PBPs), contain phycobilin pigments covalently attached to a protein backbone with

variations in the pigment identity, their position within the protein scaffold, and the

structure of the scaffold itself [115–118, 156]. Although the overall structure and pho-

tophysics of several PBPs have been characterized, structural fluctuations are typical

for a protein at physiological temperatures, and the impact of these fluctuations on

the photophysics, if any, has not been investigated. Furthermore, how these photo-

physics vary under different conditions, such as high light, has not been determined.

The essential function of the PBPs is to capture sunlight and transfer the pho-
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toenergy to the reaction center, which initiates the biochemical reactions of photo-

synthesis. Energy transfer and other photophysical pathways depend sensitively on

the positions of the pigments and the surrounding scaffold. As a result, structural

fluctuations are expected to vary the energy transfer dynamics, yet ensemble measure-

ments average over these fluctuations, obfuscating the conformational heterogeneity.

Single-molecule methods have, therefore, emerged as a powerful tool to investigate

heterogeneous sub-populations and reveal underlying conformational states dynam-

ics [156, 216–221]. The advent of multi-parameter single-molecule techniques that

simultaneously measure variables such as fluorescence intensity, lifetime, spectra and

polarization has revealed a rich and dynamic energy landscape with different func-

tional conformations [155, 170, 222–224]. Previous single-molecule experiments on

PBPs from cyanobacteria and red algae have found a wealth of heterogeneous behav-

iors including quenching radical cations, interconversion between functional states

[170, 195], and even long-lived (ms – s) quenched states of the light-harvesting appa-

ratuses [196, 225, 226].

One of the most widely studied cryptophyte PBPs is phycoerythrin 545 (PE545),

so-called for its absorption maximum at ∼545 nm. The structure of PE545 is dimeric

(Figure 4-1a). Each monomer of PE545, as well as the rest of the PBPs, consists

of a heterodimer of peptides, known as 𝛼 and 𝛽 [119]. PE545 binds two strongly

coupled dihydrobiliverdin (DBV) pigments at the monomer-monomer interface and

six weakly coupled phycoerythrobilin (PEB) pigments [41, 227, 228]. In addition

there are six phycoerythrobilin (PEB) pigments which are identified as the red and

orange pigments in Figure 4-1a. The pigments at the distal ends are shown in red as

they are believed to be the terminal emitters of PE545 [41, 228].

In this work, we report the single-molecule fluorescence of PE545 from Rhodomonas

sp. strain CS24, which are the first single-molecule measurements of a cryptophyte

protein. These measurements revealed bright, quenched, and highly quenched (off)

conformations and rapid transitions between them, establishing the presence of con-

formational dynamics that influence the photophysics. The population of the off

conformation increases with excitation fluence, which may reflect non-radiative path-
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Figure 4-1: Single-molecule spectroscopy of PE545. (a) Structure of dimeric
PE545 (PDB 1QGW) with monomer subunits in gray and faded blue and pigments
in orange and dark blue. (b) Absorption (solid) and emission (dashed) spectra with
the excitation laser overlaid in green. (c, d) Representative single-molecule traces of
the fluorescence intensity (gray) with the average for each period of constant intensity
(black) and the concomitant fluorescence lifetime (blue). (e, f) Corresponding scatter
plots of the intensity-lifetime values for each period of constant intensity from the
traces in (c) and (d). The colormap indicates the observation time at which the value
was detected.

ways that safely dissipate excess energy under high light. In contrast to other PBPs,

photodegraded pigments do not quench the other pigments, ensuring robust light har-

vesting even in the absence of repair mechanisms. These results reveal heterogeneous

yet robust behaviors that may contribute to the ability of cryptophyte proteins to

capture sunlight under diverse conditions.
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4.3 Methods

4.3.1 Single-molecule fluorescence measurements

Solutions of purified PE545 complexes at ∼10 µM were stored at -80∘C. The solutions

were thawed over ice immediately prior to experiments and diluted to ∼ 500 pM in

buffer containing 1% polyvinyl alcohol. An enzymatic oxygen-scavenging system was

added for a final concentrations of 25 nM protocatechuate-3,4-dioxygenase and 2.5

mM protocatechuic acid [163, 164].

Single-molecule fluorescence measurements were performed in a home-built confo-

cal microscope. A fiber laser (FemtoFiber pro, Toptica; 130 fs pulse duration, 80 MHz

repetition rate) was tuned to 545 nm and set to an excitation power of 10 nW and

30 nW before the microscope (120 nJ/cm2 and 360 nJ/cm2 at the sample plane, re-

spectively, assuming a Gaussian beam). Sample excitation and fluorescence collection

were accomplished by the same oil-immersion objective (UPLSAPO100XO, Olympus,

NA 1.4). The fluorescence signal was isolated using a dichroic mirror (ZT568rdc-UF3,

Chroma) before the objective and a bandpass filter ( FF01-600/52-25, Semrock). The

signal was detected using an avalanche photodiode (SPCM-AQRH-15, Excelitas) and

photon arrival times were recorded using a time-correlated single photon counting

module (TimeTagger20, Swabian Instruments). The instrument response function

was measured from scattered light to be ∼ 380 ps (full width at half maximum). 170

complexes were measured at 10 nW and 89 complexes at 30 nW.

4.3.2 Analysis of single-molecule data

The detected fluorescence photon stream was analyzed to determine the fluorescence

intensity and fluorescence lifetime. Intensity levels were identified using the change-

point-finding method developed by Watkins and Yang [229]. The photons collected

within each intensity level were then histogrammed to construct a fluorescence decay

trace. Each decay was fit to an exponential function convolved with the instrument

response function using maximum likelihood estimation to incorporate the effect of
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Poissonian noise as described in previous work [207]. To check for lifetime fluctuations

within states identified through the change-point analysis, photons within a state were

binned by every 1000 photons and no significant fluctuations were observed. These

lifetime fluctuations are shown in SI Figure 4-4. Two dimensional histograms of

different intensity and lifetime parameters were constructed and a two-dimensional

kernel density estimation algorithm was used to better visualize the distributions.

4.4 Results and discussion

The absorption and fluorescence spectra are shown in Figure 4-1b overlaid with the

excitation laser spectrum. At the low concentrations required for single-molecule

investigation, the dimers are expected to have dissociated into monomer subunits [195,

230, 231]. Previous biochemical experiments showed similar steady-state spectra for

the monomer and dimer, suggesting that the monomer maintains a similar secondary

structure and function as the dimer [232].

Representative single-molecule fluorescence intensity and lifetime traces are shown

in Figure 4-1c and d. Rapid transitions of the intensity and lifetime were observed.

To visualize the evolution associated with these transitions, fluorescence intensity-

lifetime scatter plots were constructed for all intensity levels below the corresponding

traces (Figure 4-1e,f). Qualitatively, two types of behaviors were observed. At early

observation times (light blues), the complexes exhibited correlated changes in flu-

orescence intensity and lifetime along with decreasing intensity for similar lifetime

values, generating an bounded-exponential-type curve. At later observation times,

i.e. after extended illumination (dark blues), the fluorescence intensity was signifi-

cantly reduced, most likely due to photobleached pigments no longer contributing to

the absorption cross section.

4.4.1 Emissive states of PE545

To examine the overall distribution of behaviors, two-dimensional histograms were

constructed from the concomitantly-measured fluorescence intensity and lifetime val-
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ues for all the PE545 complexes (Figure 4-2a, Figure 4-5). The overall profile of

the distribution is similar to PBPs from cyanobacteria, which also exhibit a range of

bright (high intensity, long fluorescence lifetime) and quenched (low intensity, shorter

fluorescence lifetime) states [193–195]. The distributions can be approximately di-

vided into three states: (1) a bright state with an intensity of ∼ 35 cp 10 ms and

a fluorescence lifetime ∼ 2.45 ns, (2) a semi-quenched state with an intensity of ∼

20 cp 10 ms and a fluorescence lifetime of ∼ 1.5 ns, and (3) a quenched state with

a fluorescence intensity ∼ 5 cp 10 ms and a fluorescence lifetime of ∼ 0.5 ns. These

different emissive states are generally thought to arise from differences in the pigment

photophysics and/or protein conformations [156, 195, 196].

The presence of quenched states establishes that PE545 can exist in quenched

conformations. Similarly, previous studies of PBPs from cyanobacteria and red algae

observed quenched conformations and concluded that the tetrapyrrole pigment on

the 𝛽 subunit can serve as an acceptor for energy transfer and its low quantum yield

can give rise to low fluorescence intensities, and thus quenched complexes [194, 195].

These quenched conformations, as well as the quenched conformations of plant light-

harvesting proteins, exhibited photoprotective behaviors, which is the safe dissipation

of excess energy by oxygenic photosynthetic organisms under high light conditions.

Therefore, PBPs of cryptophyte algae exhibit a similar ability to adopt quenched

conformations as other photosynthetic proteins, although ensemble measurements

indicate they are not directly involved in photoprotection [233].

4.4.2 Characterization of photodegradation

To isolate the influence of photodegradation on the observed distributions, the single-

molecule traces were divided based on observation time. The intensity and lifetime

values were split into three groups: early times (the first 25% of the experimental

trace; Figure 4-2a), intermediate times (25% to 75% of the trace; Figure 4-5b), and

late times (75% to 100% of the trace; Figure 4-5c). To determine the changes upon

illumination, the difference between the late and early intensity-lifetime histograms

was calculated. The resultant difference-density plot is shown in Figure 4-2b. Consis-
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Figure 4-2: Two-dimensional histograms of intensity and lifetime. (a) Fluores-
cence intensity-lifetime probability distribution from measurements of single PE545
(N=170 molecules, M=1835 intensity levels) at low power (10 nW) and early times.
(b) Difference-density plot between the estimated probability distributions for late
times (final 25%) and early times (initial 25%) of the single-molecule trace. (c)
Change in fluorescence intensity-lifetime distributions associated with each change of
intensity for PE545 at low power (10 nW) and early times.

tent with the qualitative observations in Figure 4-1e and f, the population at higher

intensities decreases (red regions) while the population at lower intensities increases

(blue regions), reflecting an overall decrease in intensity. The large slope of the nodal

line between the blue and red regions indicates a small shift towards longer lifetime

with an overall similar distribution of values. These results show that both bright

and quenched conformations in terms of fluorescence lifetime are maintained through

the photodegradation process.

4.4.3 Transitions between emissive states

To analyze the ability of PE545 to switch between emissive states, the change in

intensity (∆ Intensity) and lifetime (∆ Lifetime) was calculated for each change in

intensity levels. The values for all the transitions were used to construct the his-

togram as shown in Figure 4-2c. In this plot, the upper right quadrant contains

transitions to brighter and longer lifetime states while the bottom left quadrant con-

tains transitions to dimmer and shorter lifetime states, i.e. shifts into more quenched

conformations. The lack of significant population in the other two quadrants reflects

correlated changes for intensity and lifetime, as expected from changes in the rate of

non-radiative decay.
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In figure 4-2c, the features can be described as four peaks. The peaks are easily

understood as transitions reflected diagonally across the origin. The upper most peak

(∼25 cp 10 ms, ∼2.5 ns) corresponds to transitions from the off to the bright state

whereas the lower most peak (∼-25 cp 10 ms, ∼-2.5 ns) corresponds to transitions

from the bright to the off state. The other positive peak, which is a broad feature

<25 cp 10 ms and <2 ns, contains both transitions from the off to the quenched state

and from the quenched to the bright state. Similarly, the other below negative peak,

which is also a broad feature <-25 cp 10 ms and <-2 ns, contains both transitions

from the quenched to the off state and from the bright to the quenched state. For

both features, the high intensity region near the origin is due to transitions within

the states.

Therefore, three types of transitions were observed: (1) dynamics between emissive

(bright, quenched) states, which likely reflects conformational changes of PE545; (2)

blinking, which is the reversible switching into an off state from the emissive states;

and (3) photobleaching, which is an intensity decrease within a lifetime state. We

ascribe a transition to lower intensity to photodegradation due to the overall intensity

decrease upon illumination, as described above and illustrated in Figure 4-2b.

Overall, the presence of significant population across the diagonal line indicates

a high degree of connectivity between the states, i.e., transitions occur between all

states. Furthermore, the similar populations on both sides of the origin reveals that

the majority of these transitions are reversible. In contrast to other PBPs where

degradation into lower intensity and shorter lifetime states was primarily observed,

PE545 exhibits reversible dynamics, likely reflecting additional conformational dy-

namics for this protein.
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Figure 4-3: Emissive states and dynamics. (a) Timescales for transitions between
the bright and quenched states. (b) Timescales for transitions into and out of the off
state, i.e., blinking. The power dependence of the transitions out of the off state indi-
cates the protein remains photoactive. (c) Timescales for transitions within a single
emitting state, i.e., intensity decreases without a lifetime change, which predomi-
nantly arise from pigment photobleaching. Error bars show 95% confidence intervals
and the dashed vertical line at 2 𝑚𝑀𝑜𝑙 𝑚−2𝑠−1 indicates the energy density of sun-
light. (d) Schematic indicating the emissive states and their transitions for the two
power conditions. The relative population fractions in each state are indicated by the
size of oval and the relative timescales of the transitions are indicated by the thickness
of the arrows.

4.4.4 Kinetics of transitions between emissive states

To further characterize the dynamics associated with the transitions observed in Fig-

ure 4-2c, the timescales were quantified for each transition. The dwell times, which

are the duration of the intensity level prior to a transition, were calculated for all

transitions [216]. For each combination of initial and final states, a histogram of

dwell times was constructed and fit to an exponential probability distribution using
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maximum likelihood estimation. An example histogram with the corresponding fit

is shown in Figure 4-7 and the extracted timescales for all transitions are plotted

in Figure 4-3a-c and shown along with the relative populations in the schematics in

Figure 4-3d and e. All transitions were found to occur on timescales of one to five

seconds.

The timescale calculations shown in Figure 4-3 were limited to the early times

(first 25%) of the single-molecule traces to minimize the influence from photodegraded

PE545 on the extracted rates. The rates for early, intermediate, and late times are

plotted in Figure 4-8. The timescales all slowed as a function of observation time,

likely due to photobleaching of pigments that removed their contribution to the system

and thereby reduced the number of pathways available.

The single-molecule measurements were performed at two different powers of the

excitation laser, 10 mW (400 mM m−2s−1) and 30 mW (1200 mM m−2s−1), and the

rates were determined for both data sets. To determine the power dependence of all

types of transitions, the values at both powers were fit to a linear function. Analysis of

these fits enable photoinduced and thermal dynamics to be distinguished, as they give

rise to negative and near-zero slopes, respectively. Furthermore, the linear functions

from the fits were used to extrapolate the rates to the energy density of sunlight [196].

From this extrapolation, all transitions are predicted to occur on timescales of one to

six seconds, indicating that the dynamics observed here are relatively frequent under

physiological conditions.

For the conformational dynamics between the bright and quenched states, the

bright to quenched transition becomes approximately twice as frequent (∼2 sec to ∼4

sec) at higher powers, indicating a photoinduced process. In contrast, no significant

change was found for the ∼2.5 sec timescale of the quenched to bright transition,

indicating a thermal process. For the blinking dynamics, transitions between the

bright and off states become approximately four times as frequent at higher powers

whereas the transitions between the quenched and off states become approximately

three times as frequent. Therefore, the blinking dynamics are all photoinduced. No-

tably, the photoinduced nature of the transitions from the off state to the quenched
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and bright states suggests that the off state state is actually a ’strongly-quenched’

state as it retains its photoactivity.

Overall, the changes to the conformational and blinking dynamics at higher power

lead to a re-equilibration of the population from the bright state into the off (or

strongly-quenched) state. While cyanobacteria and red algae can quickly repair or

replace damaged PBPs, experiments have shown that PBPs within cryptophytes are

not as mobile as the phycobilisome [234]. The switch to more quenched states could

allow for safe dissipation of excess excitation energy preventing photodamage and

making replacement mechanisms superfluous.

Lastly, for the photobleaching dynamics, which are the intensity decreases within

the lifetime states, the transitions become much more frequent at higher powers, as

expected for this process. The transitions in the bright state increase by a factor of

3.4, while the transitions in the quenched state increase by a factor of 2.3. The ratio

of the lifetimes (2.5 ns to 1.5 ns, or 1.7) is approximately the same as the ratio of

the increase in transitions (3.4 to 2.3, or 1.5), which indicates that photobleaching

scales with the time spent in the excited state. Consistently, the blinking dynamics

are faster for the bright to off transition than the quenched to off one, indicating a

similar scaling may be present.

Previous work on PBPs from cyanobacteria and red algae observed photodegra-

dation through two processes: (1) an intensity decrease, assigned to pigment photo-

bleaching as observed here; and (2) a correlated decrease in intensity and lifetime,

assigned to photo-induced and irreversible conversion of pigments into quenchers [193–

195]. The second of these processes was not observed in PE545, indicating that pho-

todegradation for this complex has a smaller impact of the photophysics than for

other PBPs. Altogether, these results imply a complex set of transitions in PE545

that involve both conformational dynamics and the ability to activate photoprotective

quenching.
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4.5 Conclusion

In this work we used single-molecule fluorescence spectroscopy to identify emissive

states and dynamics of the light-harvesting complex PE545 from cryptophyte algae.

By simultaneously monitoring the fluorescence intensity and lifetime of single com-

plexes, we can identify states and monitor the transitions between them. From these

measurements, conformational dynamics were discovered as well as photodegrada-

tion pathways in which pigments are energetically removed from the coupled system.

Lastly, the transition timescales revealed a photo-induced bias towards quenched

states, which could work to safely dissipate excess excitation energy.

The diverse environments that cryptophyte algae thrive in has led to a homologous

proteins with distinct energetics to efficiently harvest solar energy in each ecological

ninche. While early studies have characterized how larger structural changes affect

spectra and ultrafast dynamics, these results provide a first look at the underlying

conformational dynamics that have the potential to adapt to different light intensities

without complex regulation and repair machinery. Future work on the homologous

proteins may inform upon how pigment makeup, structure, and available dynamics

have been optimized in these organisms.

4.6 Supplemental Information

4.6.1 No Significant Fluorescence Lifetime Fluctuations within

Individual States

Because the change-point algorithm by Watkins and Yang only uses the fluorescence

intensity, it is possible that it obscures fluorescent lifetime changes at constant inten-

sity. Previous fluctuations in the fluorescence lifetime were found in allophycocyanin

and were reported to be the result of the effect of micorscopic configurations on the

fluorescent lifetime [193]. To check for these fluorescent lifetime fluctuations, pho-

tons from a single identified change-point intensity level were binned by every 1000

photons. These 1000 photons were then histogrammed based on their relative arrival
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Figure 4-4: Fluorescence Lifetime within single intensity levels. To guaran-
tee that there were no significant lifetime levels within single intensity levels found
through our change point algorithm,the relative photon arrival time within single lev-
els were histogrammed for every 1000 photons. Several examples are plotted with as
a function of 1000 photons with the error bars indicating the standard error of the
fit. While some small fluctuations can be seen, no significant changes in fluorescence
lifetime were observed.

time and were fit to an exponential function convolved with the system instrument

response function as described in Chapters 2 and 3. No significant lifetime fluctua-

tions were observed. Figure 4-4 plots the fluorescence lifetime for every 1000 photons

for 6 different molecules and change point levels. The error bars indicate the standard

error of the fit and show little fluctuations within a single level.
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Figure 4-5: Intensity-lifetime histograms throughout the extent of the
experiment for Low Power Experiments. To disentangle the effects of
photobleaching,intensity-lifetime histograms were built for portion of the traces.
Intensity-lifetime data points were separated based on the arrival time within the
survival time of their individual single-molecule experiments. These results are his-
togrammed above for 0-25%, 26-75%, and 76% to the end. As the traces approach the
final photobleaching states, they maintain access to long-lifetime unquenched states,
but lose intensity, mostly likely due to the removal of pigment absorption through
photobleaching.

4.6.2 Intensity-Lifetime Distribution Observed throughout the

Measurement Time

Immobilizing the single light-harvesting complexes on the surface of the glass coverslip

allows the measurement to directly observe the inevitable photobleaching. Because we

don’t want this photobleaching to affect our analysis, the distribution was separated

based on the experimental measurement time. The resulting Intensity-Lifetime his-

tograms are shown in Figure 4-5. To build these distributions, the intensity-lifetime

data points were filtered based on their arrival time within in any single-molecule

experimental trace. This was done to highlight effect of photobleaching as these dis-

tributions highlight how the system loses access to higher intensity states the longer

the molecule lives due to subsequent photobleaching of active pigments. The distri-

butions for the high power data are shown below in Figure 4-6 as well.

4.6.3 Determination of Transition Timescales

Information regarding the dynamics of interstate transitions is contained within the

dwell time dynamics. That is, the change-point algorithm identifies times of con-

stant fluorescent intensity, and the time spent in this specific state can report on
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Figure 4-6: Intensity-lifetime histograms throughout the extent of the
experiment for High Power Experiments. To disentangle the effects of
photobleaching,intensity-lifetime histograms were built for portion of the traces.
Intensity-lifetime data points were separated based on the arrival time within the
survival time of their individual single-molecule experiments. These results are his-
togrammed above for 0-25%, 26-75%, and 76% to the end. As the traces approach the
final photobleaching states, they maintain access to long-lifetime unquenched states,
but lose intensity, mostly likely due to the removal of pigment absorption through
photobleaching.

the transition dynamics. By assigning states to the initial and final transitions we

can extract the transition timescale from the initial to final state. Figure 4-7 shows

details a histogram of the dwell times for intensity levels that started in Bright state

and ended in an Off State. The dashed line shows a maximum-likelihood estimation

of the distribution assuming an exponential distribution. This procedure was com-

pleted for all change-point levels and used to build the statistics for the analysis in

this manuscript. In Figure 4-8 we detail the change transition timescales based on

the the measurement observation time of any individual single-molecule experiment.

All transitions detail a slowing down of the transition timescale as a function of mea-

surement time. Note that the Off to Off transitions report on intensity fluctuations

within weakly emitting states. While these intensity levels can be identified through

the change-point algorithm, it is difficult to assign a robust analysis or identifying

mechanism due to experimental noise.
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Figure 4-7: Extracting the timescale for the Bright to Off Transition through
intensity dwell time. The dwell time for intensity levels in the Bright state that
transition to the Quenched state were histogrammed and fit to an exponential distri-
bution to recover the transition timescale of 2.89 s.
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Figure 4-8: Transition timescales dependence on Time. The dwell times of the
identified change points were used to calculate transition timescales between states.
The longer the complexes lived, the slower the transitions. This is most easily ex-
plained by photobleaching removing pathways for specific transitions. Error bars
indicate 95% confidence intervals.

97



Chapter 5

Conclusions and Outlook

This work serves as a stepping stone in advancing the unity of single-molecule and

ultrafast spectroscopy. Combining these disparate time- and length-scales, these ex-

periments provide a first look at heterogeneity in ultrafast chemical processes. Specif-

ically, we developed a spectrally tunable version of single-molecule pump-probe spec-

troscopy, a technique that accesses the ultrafast dynamics of single emitters. These

experiments revealed multi-timescale relaxation within single fluorophores with het-

erogeneity less than the Poissonian noise. This suggests the time constants of the

early-time processes are insensitive to the local environment. As the fluorescence

signal is limited by the number of detected photons, we performed a first silumative

study of how the limited signal affects the recovered timescales. This analysis lays the

groundwork for accurately, and robustly, recovering meaningful understanding from

these experiments. We hope that these statistical considerations will provide insight

into future analysis.

We utilized this technique to investigate the complex ultrafast dynamics of light-

harvesting complexes. We performed experiments on APC, to see that longer timescale

vibrational relaxation takes longer and is more distributed than vibrational relaxation

in simple fluorophores. Moreover, filtering APC traces for pristine-like APC suggests

that an ultrafast energy transfer component is present at ∼ 159 fs and is rigidly

controlled by the protein backbone. These experiments set forth an investigation of

physical properties that were previously unidentified. With this novel tool, the ability
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to probe heterogeneous substates and the asynchronous dynamics nature employs will

provide fundamental insight into the efficacy of photosynthesis.

Moving forward, the versatility of our SM2P set-up allows for the investigation

into the distribution of energetic relaxation time constants for a multitude of op-

tical systems. The expanded spectral range will enable studies of photosynthetic

proteins from many different species, such as the various light-harvesting complexes

from plants. Additionally, advances in ultrafast spectroscopy may provide pathways

for better temporal resolution and investigation of electronic or vibrational coherences

as seen in typical pump-probe like experiments. How the slow asynchronous dynamics

of the environment control ultrafast processes like energy and charge transfer, is now

a question we can ask.
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