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ABSTRACT: In this investigation, we report evidence for energy transfer in new protein-based
megamolecules with tunable distances between donor and acceptor fluorescent proteins. The
megamolecules used in this work are monodisperse oligomers, with molecular weights of ~100—300
kDa and lengths of ~5—20 nm, and are precisely defined structures of fusion protein building blocks and
covalent cross-linkers. Such structures are promising because the study of energy transfer in protein
complexes is usually difficult in this long length regime due to synthetic limitations. We incorporated
fluorescent proteins into the megamolecule structure and varied the separation distance between donor
and acceptor by changing the length of the cross-linker in dimer conjugates and inserting nonfluorescent
spacer proteins to create oligomers. Two-photon absorption measurements demonstrated strong coupling
between donor and acceptor dipoles in the megamolecules. For the dimer systems, no effect of the cross-
linker length on energy transfer efliciency was observed with the steady-state fluorescence investigation.
However, for the same dimer conjugates, energy transfer rates decreased upon increasing cross-linker
length, as evaluated by fluorescence up-conversion. Molecular dynamics simulations were used to

rationalize the results, providing quantitative agreement between measured and calculated energy transfer

lengths for steady-state results, and showing that the differences between the time-resolved and steady-state measurements arise
from the long time scale for large-scale fluctuations in the megamolecule structure. Our results show an increase in energy
transfer length with increasing megamolecule size. This is evidence for long-range energy transfer in large protein

megamolecules.

1. INTRODUCTION

The model of Forster resonance energy transfer (FRET)'
describes an energy transfer pathway that occurs between two
chromophores with overlapping emission and excitation
energies” and that are separated by 1—10 nm.” Because of its
sensitivity, FRET has proven useful in applications to measure
protein—protein interactions.” The discovery of Green
Fluorescent Protein (GFP) and its various fluorescent
analogues® has revolutionized the study of FRET in studying
and assaying protein—protein interactions.”® First, many
fluorescent proteins exhibit properties that are easily probed
spectroscopically, including long lifetimes and high fluores-
cence quantum vyields.”” Second, they can be fused to
essentially any biological macromolecule without losing their
fluorescence, and usually without inhibiting the function of
their fusion partner.s’9 These properties, along with their
overlapping excitation/emission spectra, make fluorescent
proteins a useful biochemical tool for researchers to study
energy transfer in protein assemblies.'” However, studying the
distance-dependence of energy transfer in protein assemblies is
difficult due to synthetic limitations. We address this limitation
by using a new synthetic strategy to prepare protein assemblies
that allow for broad control over the donor—acceptor
distances.
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Energy transfer between biological macromolecules is
studied by tuning interdomain distances of donor and acceptor
fluorescent domains. For example, dendrimers,""'* nucleic
acids,"*™"” and fusion proteins'® have been used as scaffolds to
vary chromophore distance. Protein macromolecules can also
be used for this purpose by employing various bioconjugation
strategies, although these strategies can be inefficient and often
give heterogeneous conjugation products, making homoge-
neous oligomers difficult to produce.'” Recently, we described
the synthesis of precisely defined megamolecules by linking
protein building blocks through a covalent cross-linker.””*'
Both the protein and the cross-linker molecules are designed to
allow the assembly of large (10—100 nm and 100—500 kDa),
uniform covalent structures with precise connectivity. We
hypothesized that the distance between the chromophore
domains could be controlled with these megamolecules to
probe energy transfer of protein assemblies in the 5—15 nm
length regimes. It should be noted that, unlike nucleic acids,
which have negatively charged backbones and a stacked -
helix, the investigated megamolecule structures do not have
conducting backbones; this is also true for the covalent cross-
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Figure 1. Experimental design. Megamolecules are numbered in bold. (A) Protein building blocks are connected using heterobifunctional site-
specific cross-linkers. (B) Synthetic route scheme for synthesizing dimer FRET megamolecules. A representation of the cross-linker connecting the
structural proteins, cutinase and SnapTag, and the maximal distance that could separate these two protein domains after cross-linking with the n = 7
cross-linker. (C) The distance between donor and acceptor was varied by two variables, cross-linker length (left) and number of spacer proteins

(right).

linker. Thus, the megamolecules have the benefit that they
rigorously exclude confounding modes of energy transfer, such
as charge transfer and z-conjugation. As a result, only energy
transfer through dipole—dipole coupling of the donor and
acceptor chromophores is observed in megamolecules.

In this investigation, we characterized energy transfer within
a series of megamolecules wherein the distance between donor
and acceptor fluorescent proteins was varied by changing two
variables: the length of the chemical cross-linker having
different numbers of ethylene glycol units, and the number
of nonfluorescent spacer proteins. A key to this study is the
molecular-level control of megamolecule structure, where both
the building blocks and the connectivity are varied systemati-
cally. Energy transfer rates measured using steady state,
nonlinear, and time-resolved fluorescence methods were used
to determine the distances between the donor and acceptor
proteins, providing insight into the solution-phase conforma-
tions of the megamolecules, which were not previously
known.”> In addition, the energy transfer distances were
found to be in agreement with the results of megamolecule
structures that were determined using all-atom molecular
dynamics calculations, with differences between the different
time-scale measurements connected to the long time scale

(many ns) for large-scale structural changes in the mega-
molecules.

2. EXPERIMENTAL SECTION

2.1. DNA Cloning of Fusion Proteins. Expression vectors were
created using the pET28b(+) expression plasmid. All cloning
reactions were performed using the Golden Gate method® with
Bsal and T4 ligase (NEB). All cloning was performed in the DHSa
cell line (NEB). A list of the plasmids used in this study is given in
Table S6. Linear double strand inserts for Golden Gate cloning
reactions were prepared by the polymerase chain reaction (PCR)
using QS polymerase according to vendor’s instructions (NEB). A list
of the primers used to make these plasmids is given in Table S7. All
primers were purchased from IDT. All DNA purification was
performed using Qiagen kits according to vendor’s protocol. New
cloned plasmids were sequence-verified using Sanger sequencing
(ACGT, Inc.).

2.2. Protein Expression and Purification. Proteins were
expressed in Escherichia coli. For cutinase-containing proteins, the
Shuffle T7 express cell line (NEB) was used to ensure proper folding
and formation of the two disulfide bonds in cutinase. All other
proteins were expressed in the BL21 (DE3) cell line (NEB). Cultures
of the production cell lines were inoculated from frozen stocks and
grown in S mL of lysogeny broth-Lennox, supplemented with 50 ug/
mL kanamycin, for ~16 h at 30 °C and 240 rpm in an incubator
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shaker (Innova). Cultures were diluted 1:200 into S00 mL of fresh
2xYT media (Dot Scientific), supplemented with SO pg/mL
kanamycin and 0.005% w/w antifoam-204 (Sigma), and grown at
30 °C and 240 rpm. After reaching an ODgy, between 0.6 and 1.0,
isopropyl f-p-1-thiogalactopyranoside was added to the culture to a
final concentration of 500 yM. Cells were then shifted to an incubator
shaker held at 20 °C and 240 rpm and grown for ~16 h. Cells were
then centrifuged, and pellets were stored at —20 °C. Frozen cell
pellets were thawed, resuspended, and sonicated to disrupt cell
membranes. Cell lysate was clarified by centrifugation, and soluble cell
lysate was incubated with Ni-NTA agarose beads (Qiagen). Beads
were washed, and captured protein was eluted. Eluted protein was
then precipitated with ammonium sulfate to a final concentration of
50% saturation and incubated at 4 °C for >1 h. Precipitated protein
was pelleted and resuspended in 1x PBS. Sample was then injected
onto a Superdex 200 pg size exclusion chromatography column (GE),
and peak fractions were collected. The molar extinction coefficient at
280 nm was predicted using the ProtParam tool (https://web.expasy.
org/protparam/). Purified protein was formulated to SO M in 1x
PBS, flash-frozen in liquid nitrogen, and stored at —80 °C for future
use.

2.3. Cross-Linker Synthesis. Cross-linkers were synthesized by
elaborating a oligo(ethylene glycol) core molecule. Amino-PEG-
amine molecules with a varying number of ethylene glycol repeats
were purchased from BroadPharm. Cross-linker cores were elaborated
with two ligands, phosphonate and benzyl chloropyrimidine units, via
amide coupling of the core amine to the carboxylate on the ligand in
one pot. The synthesis of the two ligand groups is described in greater
detail in the Supporting Information (pp S34—S41). All chemicals
involved in the synthesis of target compounds were reagent grade
unless stated otherwise. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-meth-
yl-morpholinium chloride (DMTMM), N-methylmorpholine
(NMM), and anhydrous dimethyl sulfoxide (DMSQO) were purchased
from Sigma-Aldrich. Amino-PEG,-amines (n = 7, 9, 11) were
purchased from Broadpharm. The heterobifunctional linkers were
then purified by HPLC and verified by MALDI-TOF MS and ESI-
TOF MS. Cross-linker was stored frozen in pure DMSO at a
concentration of 10 mM.

2.4. Megamolecule Synthesis and Purification. Megamole-
cules are synthesized as previously described.”® All reactions were
performed at a concentration of 1—100 yM protein in PBS with an
equal molar ratio of all reactive substrates for 15 min at room
temperature. Protein concentration did not affect coupling yield. For
the dimer structures, a one-step synthesis was used, where sfGFP
fusion, cross-linker, and mVenus fusions were incubated together
(Figure 1B). For higher order oligomeric structures, a multistep
convergent synthesis was used (Figure S1). First, fluorescent protein
fusions were incubated with cross-linker. Excess linker was removed
by serial dilution and concentration in 10 kDa molecular weight cutoff
spin concentrators (Millipore). Next, cutinase-SnapTag protein was
added to form the dimer intermediate. Dimer intermediate was then
purified by size exclusion chromatography. This process of linker
conjugation, cross-linking with cutinase-SnapTag, and purification by
SEC was repeated to form the trimer intermediate. To create the
trimer FRET megamolecule, an mVenus intermediate dimer was
incubated with cross-linker and sfGFP—cutinase fusion and purified
by SEC. To create the tetramer FRET megamolecule, an mVenus
intermediate dimer was incubated with cross-linker and sfGFP—
cutinase intermediate dimer and purified by SEC. To create the
pentamer FRET megamolecule, an mVenus intermediate trimer was
incubated with cross-linker and sfGFP intermediate dimer and
purified by SEC. To create the hexamer FRET megamolecule, an
mVenus intermediate trimer was incubated with cross-linker and
sfGFP intermediate trimer and purified by SEC. Megamolecules were
purified by size exclusion chromatography using a Superdex 200
column (GE) on an AKTA pure FPLC unit (GE) using PBS + 0.02
w/w% NaNj as the mobile phase. Peak fractions were pooled, and
purity was assessed by SDS-PAGE.

To determine the partition coefficient of megamolecules, purified
samples were analyzed by size-exclusion chromatography using a

Superdex 200 Increase column (GE) on an AKTA pure FPLC unit
(GE) using PBS + 0.02 w/w% NaNj as the mobile phase. Peak
elution volumes, V,, were determined for three technical replicate
injections. A protein standard mixture of four proteins ranging from
15 to 600 kDa (Sigma) was analyzed by the same method. The void
volume, V;, was determined by injection of 2 MDa dextran blue
(Sigma), and the column volume, V,, was determined by injection of
2% acetone in water. The partition coefficient, K, is calculated using
eq 1. Data were fit using a power law model.

V%
VY% O]
2.5. Dynamic Light Scattering Analysis (DLS). Megamolecule
samples were diluted to 1 #M in PBS and passed through a 0.2 ym
filter. Dynamic light scattering data were collected on a Zetasizer
Nano ZS at 25 °C. Samples were equilibrated in the instrument for $
min before sample acquisition. Each replicate entailed averaging over
10 acquisitions that lasted 10 s each. Four technical replicates were
performed, and the mean and standard deviation were reported. The
mean of the most intense peak from the intensity particle size
distribution represents the megamolecule species and was reported.

2.6. SDS-PAGE Analysis. Proteins and megamolecules were
analyzed for size and purity by SDS-PAGE. 1-5 ug of sample was
loaded on a 4—15% Tris-glycine precast gel (Biorad) and separated
for 30 min at 200 V, and stained with Coomassie-R-250.

2.7. Protein Mass Spectrometry. Megamolecule samples were
prepared for LC—MS analysis by dilution to 1 #M in water. LC—MS
analysis was performed on an Agilent 1200 series HPLC connected to
an Agilent 6210A time-of-flight (TOF) mass spectrometer. A 10 uL
injection of each sample was captured on a C18 trap column (Waters)
and eluted using a gradient from 5% to 95% acetonitrile and 0.1%
formic acid in water with a flow rate of 0.25 mL/min. Data were
analyzed with Agilent MassHunter Qualitative Analysis B.04.00, and
spectra were deconvoluted using a maximum entropy deconvolution
calculation.

2.8. Steady-State Absorption and Emission Measurements.
All of the measurements were performed at room temperature.
Concentrations ranging from 2.0—3.5 uM were used for the
spectroscopic investigation. Absorption spectra were measured using
an Agilent 8432 UV-—visible absorption spectrophotometer. The
emission spectrum measurements were performed with a Varian Cary
Eclipse fluorescence spectrophotometer. The fluorescence quantum
yields of the samples were calculated using a known procedure,”* and
Coumarin 153 in ethanol (¢ = 0.501) was used as the standard.”
Fluorescence quantum yields values were obtained according to the

following equation:
2
X
; ]
st

Grady

Gradgp
where the subscripts ST and X denote standard and sample,
respectively; ¢ is the fluorescence quantum yield; Grad is the
gradient from the plot of integrated fluorescence versus absorbance;
and # is the refractive index of the solvent.

2.9. Two-Photon Excited Fluorescence Measurements. The
method for two-photon experiments has been previously de-
scribed.”**” Two-photon excited fluorescence measurements were
performed using a mode-locked Ti:sapphire laser, which is tunable
from 700 to 900 nm delivering 110 fs output pulses at a repetition rate
of 80 MHz. Emission scans were performed at 820 nm excitation
while scanning the emission in the 400—800 nm range at ~50 mW,
but the exact emission detection wavelength during the power
dependence scan was selected by the emission wavelength that
produced the highest number of counts. Excitation power from the
laser was varied using a variable neutral density filter. Two-photon
power-dependent fluorescence intensity was utilized to determine the
two-photon absorption cross section through a comparative
method.”® Coumarin 153 in ethanol was used as the standard
(cross section 99.45 GM at 820 nm).** Absorption spectra were taken

Py = ¢ST[
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before and after each experiment to ensure that there was no
appreciable photodegradation due to laser irradiation.

2.10. Time-Resolved Fluorescence Measurements. The time-
correlated single photon counting (TCSPC) technique, which has
been described previously, was used to study the long decay
component of the investigated samples.”” The laser used for the
TCSPC measurement was a Kapteyn-Murnane (KM) mode-locked
Ti:sapphire laser. The output beam wavelength from the KM laser
was 800 nm, with a pulse duration of ca. 30 fs. The output beam was
frequency-doubled using a nonlinear B-barium borate crystal to obtain
2400 nm beam. A polarizer was used to vary the power of the 400 nm
beam that excites the sample. Focus on the sample cell (quartz
cuvette, 0.4 cm path length) was ensured using a lens of focal length
11.5 cm. Collection of fluorescence was carried out in a direction
perpendicular to the incident beam into a monochromator, and the
output from the monochromator was coupled to a photomultiplier
tube, which converted the photons into counts. The instrument
response function (IRF) has been determined by measuring the
scattering signal of a silica gel water dispersion and was found to have
a full width at half-maximum of 1 ns. Deconvolution of the IRF was
operated by FluoFit software during fitting of the single photon
counting results.

The femtosecond time-resolved fluorescence experiments were
performed using an ultrafast fluorescence up-conversion setup that
had previously been described.’**™*> A mode-locked Ti:sapphire
femtosecond laser (Spectra Physics Tsunami) was used to generate 80
fs pulses at 800 nm with a repetition rate of 82 MHz. This mode-
locked laser was pumped by a 532 nm continuous light output from
another laser (Spectra Physics Millennia), which has a gain medium of
neodymium-doped yttrium vanadate (Nd:YVO4). A 400 nm
excitation pulse was generated by a second harmonic p-barium
borate crystal, and the residual 800 nm beam was made to pass
through a computer-controlled motorized optical delay line. The
polarization of the excitation beam was controlled by a Berek
compensator. The power of the excitation beam varied between 33
and 36 mW. The fluorescence emitted by the sample was up-
converted by a nonlinear crystal of f-barium borate by using the
residual 800 nm beam, which had been delayed by the optical delay
line with a gate step of 6.25 fs. By this procedure, the fluorescence can
be measured temporally. The monochromator is used to select the
wavelength of the up-converted beam of interest, and the selected
beam is detected by a photomultiplier tube (R152P, Hamamatsu,
Hamamatsu City, Japan). The photomultiplier tube converts the
detected beam into photon counts, which can be read from a
computer. Coumarin 30 was used for calibrating the laser. The sigma
parameter from Gaussian fit of the instrument response function
(IRF) (measured from Raman signal of water) was found to be 110 fs
for the fluorescence up-conversion. Lifetimes of fluorescence decays
were obtained by fitting the fluorescence decay profile to the most
accurate fit. Multiexponential decay function fits in OriginPro 9.1
were necessary for the data analysis.

2.11. Molecular Dynamics Simulations. The initial structures
of fusion proteins were predicted using the Phyre2 prediction model*
and were built using Robetta.>* The protein sequences are exactly the
same as in the experimental setup. Implicit solvent AMBER GBS force
fields®® were used for the simulations. For the linker molecules, the
partial charges were calculated using GAMESS™® with the HF/6-31G*
basis set, followed by the RESP”’ fitting procedure. Bond, angle,
torsion, and Lennard-Jones parameters for the linker molecules were
taken from the General Amber Force Field.*® Each system was
equilibrated as follows. First, the system was minimized with 1000
steps of steepest descent. The system was then gradually heated from
100 to 300 K in 200 ps using Langevin dynamics with a collision
frequency of 1 ps™'. A 10 kcal mol™" A™> Cartesian restraint was
applied to the protein and linker during the heating. The restraints on
the protein and linker then were gradually removed starting with a 10
kecal mol™" A~ Cartesian restraint for 200 ps, followed by 1 kcal mol™
A2 Cartesian restraint for 200 ps, and last 1 kcal mol™ A~ Cartesian
restraint on the protein backbone for 200 ps. After equilibration, a 200
ns production run at 300 K was performed. All MD simulations were

15734

performed using GPU-implemented pmemd in Amber 16.*
Probability plots excluded the first 100 ns of the simulation to
account for equilibration.

3. RESULTS

3.1. Synthesis and Characterization of Megamolecule
Structures. We synthesized linear protein scaffolds of varying
size to study the effect of distance on energy transfer between
two fluorescent protein domains. Megamolecules were
assembled by the sequential combination of modular,
orthogonal building blocks of two classes, fusion proteins
and site-specific cross-linkers (Figure 1A). The fusion proteins
had either cutinase or SnapTag connected to either stGFP or
mVenus fluorescent proteins. Cutinase and SnapTag are
enzymes that each react with an irreversible inhibitor to
form stable covalent adducts with a nucleophilic residue in the
active site. The reactions are chemoselective, in that each
enzyme forms a covalent adduct exclusively with its cognate
ligand. The nucleophilic residue Ser120 of cutinase forms a
covalent adduct by displacement of the 4-nitrophenyl group in
a phosphonate moiety to form a stable phosphonate ester
adduct. The nucleophilic residue Cys14S of SnapTag forms a
covalent adduct by displacement of a chloride in a benzyl
chloropyrimidine moiety to form a stable thioether adduct.
Reaction of sfGFP—cutinase and mVenus—SnapTag with a
heterobifunctional cross-linker yielded a covalent linear
heterodimeric structure where the two fusion proteins are
cross-linked through the nucleophilic residues of cutinase and
SnapTag. We used as the donor sfGFP and as the acceptor
mVenus (Figure 1B). The distance between these chromo-
phores was predicted to be approximately S nm. We tested
three cross-linkers having oligo(ethylene glycol) spacers from
7—11 monomers (EG7, EG9, and EG11), which were expected
to maximally vary the cross-linker length by ~1 nm*’ (Figure
1C, left). We also tested oligomers where nonfluorescent
spacer protein(s) were placed between the terminal donor and
acceptor domains and were expected to increase the
megamolecule length by ~5 nm per spacer protein. In this
study, oligomers from dimer to hexamer were generated and
tested (Figure 1C, right; see Figure S1 for the synthetic route
of oligomers).

A list of the seven megamolecules we prepared is presented
in Table 1, together with the labels used for each of them
throughout the Article (see also the description of each
megamolecule structure in Figure 1). These molecules were

Table 1. List of Fluorescent Protein Megamolecules Tested

hypothesized end-to-end length

megamolecule name (nm)
1 mVenus—SnapTag 3
2 sfGFP—cutinase 3
3 equimolar mixture of N/A

1 and 2

4 dimer; EG7 linker 8
S dimer; EG9 linker 8.5
6 dimer; EG11 linker 9
7 trimer; EG7 linker 13
8 tetramer; EG7 linker 18
9 pentamer; EG7 linker 23
10 hexamer; EG7 linker 28

“See the Supporting Information (p S15) for an explanation of the
hypothesized distances.
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purified by size-exclusion chromatography (Figure S3), and
analyzed by SDS-PAGE (Figure 2A) and mass spectrometry
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Figure 2. Characterization of FRET megamolecules. (A) SDS-PAGE
analysis of megamolecule structures. (B) Plot of partition coefficient
(K,,) for megamolecules and globular protein standards, as
determined by size-exclusion chromatography. Slope for globular
proteins = —0.435 + 0.008; slope for megamolecules = —0.92 + 0.03.
Three technical replicates are plotted for each sample. (C) Plot of the
intensity hydrodynamic diameter of megamolecules as determined by
dynamic light scattering. The mean and standard deviation for four
technical replicates are plotted. For both data plots, megamolecule
data points are labeled with their corresponding number in bold.

(Figure S4). All species were produced with high purity and
were confirmed to have the correct molecular weight to high
precision (Table S1). The structure of the linear mega-
molecules is compact and nonglobular.”” We confirmed that
fluorescent megamolecules had a similar structure by size-
exclusion chromatography. The hydrodynamic radius of
megamolecules increased with each successive addition of
the spacer protein (4, 7—10), as measured by the partition
coefficient (Figure 2B). In addition, the slope of this fitted line
showed that the megamolecules are anisotropic and adopt a
nonglobular structure (—0.92 + 0.02 for megamolecules versus
—0.435 + 0.008 for globular proteins). The dimer mega-
molecules (4—6) had indistinguishable hydrodynamic radius,
suggesting that the dimer megamolecules may have similar
structures in solution. These results were confirmed by
dynamic light scattering, which also showed an increasing
relationship between oligomeric state and megamolecule size
(Figures 2C and S17). The intensity mean hydrodynamic
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diameter increased linearly from the dimer (4) at 15.0 + 0.4
nm, to the hexamer (10) at 32.4 + 1.3 nm (Table S5).

3.2. Steady-State Absorption. UV—visible absorption
spectra of all samples revealed characteristic protein absorption
at 280 nm due to aromatic amino acid residues in the
megamolecules (Figure 3). The mVenus chromophore in 1
had an absorption maximum at 515 nm, consistent with
previous reports.”’ The sfGFP chromophore in 2 had
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Figure 3. UV-—visible absorption spectra of all samples: (A)
Monomeric samples and the equimolar protein mixture; (B) each
dimer conjugate with varying cross-linker lengths; and (C) each
oligomeric state of the megamolecules from dimer to hexamer.

DOI: 10.1021/jacs.8b08208
J. Am. Chem. Soc. 2018, 140, 15731-15743


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08208/suppl_file/ja8b08208_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08208/suppl_file/ja8b08208_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08208/suppl_file/ja8b08208_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08208/suppl_file/ja8b08208_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08208/suppl_file/ja8b08208_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b08208

Journal of the American Chemical Society

absorption maxima at 400 and 496 nm, due to the protonated
and deprotonated forms of the chromophore.””® Samples 3—
10 showed absorption maxima at 280, 400, and 515 nm. The
absorption maxima at 400 and 515 nm are contributions from
the sfGFP—cutinase and mVenus—SnapTag chromophores,
respectively. The spectra for the equimolar mixture and all of
the linked conjugates overlapped well with one another in the
visible range, suggesting that the fluorescent protein
chromophores absorb light similarly in all megamolecules.
However, the peak at 280 nm increased relative to the S15 nm
peak with increasing oligomeric state. This is expected as
increasing the oligomeric state will increase the number of
aromatic residues, but will not increase the number of
fluorescent protein chromophores. The UV—visible absorption
spectra for the EG7 linker (13) and the cutinase-SnapTag
spacer protein did not show significant absorption in the visible
range and likely do not contribute to energy transfer (Figure
S53).

We calculated molar extinction coefficients for each sample
at 400 nm by using the extinction coefficient at 280 nm
predicted from the primary sequence (see Table S2). All
samples containing the sfGFP—cutinase protein fusion
exhibited similar molar extinction coefficients, indicating that
sfGFP absorption was not affected by its incorporation into a
megamolecule.

3.3. Steady-State Fluorescence. Emission spectra were
collected using 400 nm excitation for all samples to ensure
selective excitation of the donor. Visible excitation at other
wavelengths toward the red increases the probability of direct
acceptor excitation. Choosing excitation at 400 nm allows one
to maximize donor excitation while minimizing acceptor
excitation, as the spectrum shows a maximum for the donor
and a trough for the acceptor (see Figure 3A). The normalized
spectra are shown in Figure S6. The emission spectrum for 1
revealed a peak at 527 nm, whereas 2—10 showed peaks at 510
nm. For systems in which donor and acceptor were both
present in equimolar amounts, a shoulder in the red part of the
spectrum at ca. 525 nm appeared, suggesting emission by the
mVenus domain. In 3, where there was no linkage between
donor and acceptor, a small increase in fluorescence at
approximately 540 nm relative to 2 was observed. Practically
only donor emission is revealed for the equimolar mixture,
indicating low direct acceptor excitation. Also, this result
demonstrates that no significant energy transfer takes place for
the equimolar mixture. In dimeric megamolecules (4—6), the
ratio of the height of the 510 nm peak to the intense 525 nm
shoulder was approximately 1 to 0.92. In 7, the trimeric
megamolecule with a protein spacer, the ratio of the heights
between the main peak at 510 nm and the shoulder at 525 nm
was approximately 1 to 0.69, indicating less emission from the
mVenus domain in the trimer than in the dimers. The shoulder
at ca. 525 nm for the larger oligomer megamolecules (8—10)
was lower than that for the trimer, indicating that the larger
megamolecules had lower levels of emission by the mVenus
domain.

To measure fluorescence quantum yields, all samples were
excited at 400 nm. The calculated value of 0.65 for 2 agreed
with the literature value.” The calculated value for 1 (0.17) was
much lower than expected (0.57),* likely due to excitation in
a region with low absorption by the fluorophore. Quenching of
sfGFP fluorescence was observed in the equimolar mixture (3)
and the EG7 dimer (4), such that the fluorescence quantum
yield was 0.20 for both samples. The decreased quantum yield

of the equimolar mixture is attributed to collisional quenching
of sfGFP—cutinase by other mVenus—SnapTag molecules in
solution. The decreased quantum yield of the EG7 dimer
suggests that energy is transferred from the sfGFP domain to
the mVenus domain within the megamolecule. The dimeric
megamolecules with longer cross-linkers (S and 6) and the
trimeric megamolecule (7) had quantum yields of 0.078—
0.079, evidence of greater quenching than in the dimeric EG7
megamolecule. The quantum yields were higher in the larger
oligomeric megamolecules (8—10), suggesting less quenching
of stGFP fluorescence due to less efficient energy transfer to
the mVenus domain. The fluorescence quantum yields for
these three samples followed a decreasing trend with increasing
oligomeric size, which also may be due to increased
nonradiative deactivation in the more flexible megamolecules.

The distance between sfGFP and mVenus was calculated
using Forster theory. Fluorescence emission spectra were fit
using a linear combination of Gaussian distributions (see pp
§20—-S23 in the Supporting Information for a detailed
description of the fitting procedure), and the relative
contributions of stGFP and mVenus to the emission spectrum
of each megamolecule were calculated. The ratio of these
contributions yielded the efficiency of energy transfer, Epggr
(Table 2). The energy transfer efficiency, ~30%, was not

Table 2. Mean Values of Epgpr for Megamolecules”

no. sample P r (nm)

3 equimolar mixture 0.048 + 0.003 9.51 + 0.12
4 dimer, EG7 0.341 + 0.003 6.44 + 0.01
R dimer, EG9 0.329 + 0.003 6.50 + 0.01
6 dimer, EG11 0.342 + 0.003 6.43 + 0.11
7 trimer, EG7 0.180 + 0.004 7.43 + 0.03
8 tetramer, EG7 0.142 + 0.008 7.79 + 0.09
9 pentamer, EG7 0.113 + 0.00S 8.13 + 0.06
10 hexamer, EG7 0.158 + 0.009 7.63 + 0.08

“Uncertainty is represented as the standard error of fit. A minimum of
two replicate experiments were performed for each sample.

affected by cross-linker length (4—6). In addition, the energy
transfer efficiency was inversely proportional to the oligomeric
state in the regime of dimer to pentamer, decreasing from 34.1
+ 0.3% (4), 180 + 0.4% (7), 142 + 0.8% (8), and 11.3 +
0.5% (9). This result is consistent with the insertion of spacer
proteins increasing the distance between donor and acceptor.
However, the energy transfer efficiency for the hexamer (10)
was 15.8 + 0.9%, a slight increase from the pentamer. For all
oligomeric megamolecules, the energy transfer efficiency was
greater than the noncovalent equimolar mixture of donor and
acceptor (3; 4.8 + 0.3%). We calculated the Forster radius, R,
for the sftGFP—mVenus pair to be 5.77 nm using eq 2 (Figure
S7),** which agrees well with the reported literature value of
5.64 + 0.11 nm for green-yellow fluorescent protein pairs.’

0 1/6
Ry = 0.2108[K2®Dn_4 / I(A)e, ()A* da

0 2)
According to the Forster theory, the distance, 7, between the
donor and acceptor is a function of the energy transfer
efficiency and the Forster radius. The distance between donor
and acceptor was calculated using eq 3.*> These values are
presented in Table 2 for each structure.
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Figure 4. Molecular dynamics simulation for 4—6. (A) A representative snapshot taken from the trajectories of 4. (B) Distance from cutinase
Ser120 to SnapTag Cys14S as a function of time. The cutinase and SnapTag proteins aggregated within 10 ns. (C) Distance between sfGFP and

mVenus chromophores as a function of time.
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r= Ro[ - 1]
Egrer (3)

To understand the lack of dependence of the cross-linker
length on steady-state energy transfer efliciency, we performed
all-atom molecular dynamics simulations of 4—6 to probe
possible conformations. We built a molecular model from a
homology model of each fusion protein (Figure S2) and varied
the cross-linker length. The simulation results showed that the

15737

cross-linker directs aggregation of sfGFP—cutinase and
mVenus—SnapTag within 10 ns and forms a protein—protein
contact between cutinase and SnapTag for all of the linker
lengths (Figure 4A,B), such that the cutinase-SnapTag distance
is 3.3—3.5 nm and independent of the linker. We also
measured the distance between the sfGFP and mVenus
chromophores during the simulation trajectory, and found
the values fluctuate within the range of ~6—9 nm for all dimers
(Figure 4C). However, the probability distribution varies for
the dimers, such that for interchromophore distances less than
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6 nm, shorter linker lengths populate closer conformations.
The average stGFP—mVenus distance for 4, 5, and 6 was 7.75,
7.11, and 7.87 nm, respectively. To compare the simulated
interchromophore distance with the experimental results, we
calculated an adjusted distance (r,) by weighting n measure-
ments of the interchromophore distance (r) by the inverse
sixth power of r (eq 4). The adjusted distance values for 4, §,
and 6 were 6.84, 6.92, and 7.54 nm, respectively, which is
consistent with the small r dependence of the probability
distributions in Figure 4C. These values are similar to the
experimental values of 6.4—6.5 nm (Table 2); however, the
small increases in interchromophore distance seen in the
calculations, especially from 5 to 6, are not captured in the
steady-state experiments.

(4)

Several structural differences between each dimeric mega-
molecule were observed (Figure S12). The distance and angle
fluctuations can be quite large on the 1—100 ns time scale,
such that the ¢ weighting of the steady-state experiments
misses many dynamic features of the distribution in Figure 4C.
To further understand the conformations of 4—6, we built a
geometric model composed of four vertices for each protein
domain and three edges for each polypeptide linker or cross-
linker (Figure SI12A). Again, no significant difference was
observed for the length of the cross-linker edge between
cutinase and SnapTag for all dimer megamolecules, which was
3.3—3.5 nm (Figure 4B). However, the length of the two
polypeptide edges (between sfGFP and cutinase, and mVenus
and SnapTag) was both variable and different for each dimer,
ranging from 4.5—6.5 nm for the sfGFP—cutinase edge and
4.2—6.5 nm for the mVenus—SnapTag edge (Figure S12D,E).
In particular, the mVenus—SnapTag distance increases system-
atically from 4 to 6 (Figure S12E). In addition, the angles
between each neighboring edge were also both variable and
different for each dimer, ranging from 50° to 150° for the angle
between the sfGFP—cutinase polypeptide edge and the cross-
linker edge (6) and from 50° to 100° for the angle between the
mVenus—SnapTag polypeptide edge and the cross-linker edge
(¢). Finally, the angle between the two polypeptide edges ()
was variable and different for each dimer, ranging from —120°
to 120° (Figure SI2F—H). A systematic difference between
the dimers is that the y angle switches from negative to
positive (Figure S12H). Taken together, the interchromophore
distances agreed well with the steady-state fluorescence data,
although structures of 4—6 were not superimposable.

3.4. Two-Photon Excited Fluorescence. Two-Photon
excited fluorescence (TPEF) spectra were measured by
exciting all samples at 820 nm and S0 mW of power (see
Figure S13). The two-photon excited fluorescence spectra of 1
and 2 revealed maxima at 527 and 510 nm, respectively. The
spectrum of 3 also revealed a peak at 510 nm, although it is
wider than that of 2 by approximately 150 cm™ (see full width
at half maximum, fwhm, in Table 3). The two-photon excited
fluorescence spectra of the dimeric megamolecules (4—6)
revealed maxima at 510 nm and a peak widening of
approximately 390 cm™’, relative to 2. The spectrum of the
trimeric megamolecule (7) showed a peak at 510 nm and a
peak widening of approximately 250 cm™, relative to 2. For all
samples, the TPEF spectra of each molecule showed trends
similar to the steady-state emission spectra. A key difference,

Table 3. Two-Photon Absorption Properties of
Megamolecules at 820 nm Excitation

TPEF fwhm TPA cross-

no. sample TPEF A, (nm) (em™) section (GM)

1 mVenus— 527 1150 17
SnapTag

2 sfGFP— 504 1270 88
cutinase

3 equimolar 510 1420 162
mixture

4 EG7 dimer 510 1660 142

) EG9 dimer 510 1660 437

6 EG11 dimer S10 1660 326

7 trimer 510 1520 642

8 tetramer 504 1420 172

9 pentamer 504 1420 187

10  hexamer 504 1420 113

however, was that the shoulders observed in the steady-state
spectra were manifested as broadening in the TPEF spectra,
due to the lower wavelength resolution (fluorescence counts
are collected every 7 nm in the TPEF experiment).

In a two-photon excited-fluorescence experiment, the
fluorescence intensity should have a quadratic dependence
on excitation power."* As expected, a log—log plot of intensity
(counts per second) versus beam power (mW) gave a linear fit
with a positive slope of two for all samples tested (Figure S14),
indicating that they all contained two-photon-absorbing
fluorophores. Using this information, and the corresponding
y-intercept of the plot,”> we calculated two-photon absorption
cross sections for each sample (Table 3). For 1 and 2, the
calculated cross sections were 17 and 88 GM, respectively. The
calculated TPA cross sections of the dimeric and trimeric
megamolecules (4—7) were 142, 437, 326, and 642 GM.
Because the emission detected was that of the donor, these
values represent enhancements of the cross section of sfGFP in
the presence of mVenus in the megamolecules. For these
samples (4—7), we see an enhancement of the TPA cross-
section of sfGFP by a factor of 1.6, 4.9, 3.7, and 7.3,
respectively. The TPA cross sections for the larger
megamolecules (8—10) exhibited values of 172, 187, and
113 GM, respectively, representing enhancements in the cross-
section of sfGFP by factors of 2.0, 2.1, and 1.3, respectively.
Therefore, in all megamolecules, we observed larger two-
photon absorption cross sections than in sfGFP—cutinase.

3.5. Time-Correlated Single Photon Counting. Time-
correlated single photon counting (TCSPC) was used to study
the long-lived component of the fluorescence decay kinetics of
the samples. This experiment was performed under 400 nm
excitation to achieve selective excitation of the donor.
Fluorescence of 3—7 was detected at 527 nm, the acceptor
peak emission wavelength, to observe emission from the
acceptor in the samples upon donor excitation. The decays
were plotted as the log of fluorescence intensity versus time,
and then fitted to a linear decay to give the decay lifetime
(Figure S15). These lifetime values are summarized in Table
S3. Investigation of the emission wavelength effect on the
lifetime obtained in the case of the trimer (see Table S4)
confirmed that detecting emission at the acceptor peak is an
appropriate choice. It allows one to obtain the same decay time
revealed for longer emission wavelengths but with a better
signal-to-noise ratio in the recorded kinetics. The fluorescence
lifetime of the equimolar mixture 3 (3.36 ns) was shorter than
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Table 4. Time-Resolved Fluorescence Up-Conversion Data for Megamolecules

no. sample Aem(nM) A,
1 mVenus—SnapTag 527 0.60
2 sfGFP—cutinase 510 —0.17
3 equimolar mixture 510 —-0.14
527 -0.20
4 dimer EG7 527 —0.12
S dimer EG9 527 -0.28
6 dimer EG11 527 —0.27
7 trimer 527 —0.60
8 tetramer 527 —-0.82
9 pentamer 527 —-0.29
10 hexamer 527 —0.18

7(ps) Ay 7,(ps) A3 73(ps)”
9 0.28 200 0.44 3530
8 0.42 200 0.6 3060
10 0.51 180 0.60 3360
2 0.44 210 0.57 3360
2 0.64 250 0.44 3530
3.7 0.64 360 0.40 3470
36 0.78 500 0.40 3470
60 0.90 230 0.57 3440
0.70 0.25 74 0.78 3390
54 0.55 430 0.51 3340
3.6 0.16 140 0.81 3270

“During the fluorescence up-conversion data fitting, 73 was fixed to the value obtained by the time-correlated single photon counting experiments

(see Table S3).

that of the acceptor 1 (3.53 ns) and longer than that of the
donor 2 (3.06 ns), suggesting a low level of energy transfer.
The fluorescence lifetime for 4 matched that of acceptor 1,
with a decay time of 3.53 ns, pointing to significant energy
transfer. The fluorescence lifetimes of 5—7 were slightly
shorter (3.44—3.47 ns) than that of 1, again suggesting
significant energy transfer. The fluorescence lifetimes of 8—10
were shorter (3.27—3.39 ns) and similar to that of 3.

3.6. Femtosecond Time-Resolved Fluorescence Up-
Conversion. Ultrafast fluorescence dynamics were inves-
tigated by fluorescence up-conversion. We again note that in
megamolecules having both donor and acceptor, there was
selective excitation of the donor, as the experiment was
performed upon 400 nm excitation of the samples. The best
correlation of the experimental decays was achieved with a
triexponential fit, setting the long component of the decay
equal to the corresponding lifetime found in TCSPC
experiments. The lifetimes and the amplitudes for the three
exponential components of all samples are summarized in
Table 4.

3.6.1. Monomers/Unlinked Donor and Acceptor (1-3).
Fluorescence of 1 and 2 was collected at their respective
emission peaks and served as standards. Kinetics for the
equimolar mixture (3) were measured at 510 and 527 nm to
detect any differences in the properties of 1 and 2 in the
presence of one another (Figure 5). Negative amplitude in the
exponential decay function of 2 indicated a rise-time of 8 ps,
due to excited-state proton transfer within the fluorophore
region of the fluorescent protein,’and not related to energy
transfer. No rise-time was found in 1. The rise-time of 3 at 510
nm fluorescence detection was 10 ps, similar to 2, suggesting
that the dynamics of stGFP in the presence and absence of
mVenus were similar to one another. A rise-time of 2 ps was
found for 3 at 527 nm detection, likely due to the influence of
the intense fluorescence of the donor even at the acceptor
emission wavelength.

3.6.2. Linked Conjugates (4—10). Fluorescence kinetics for
megamolecules 4—10 were collected at 527 nm to determine if
fluorescence of the acceptor was observed when only the
donor was excited (Figure 6). In the case of the trimer,
investigation at the donor emission wavelength revealed small
donor quenching as expected for a low efficiency energy
transfer (see Figure S16 and Table S4). The initial amplitude
A; was negative for all samples, indicating a rise-time. Rise-
times calculated from this experiment indicate energy transfer.
Additionally, 4—7 showed a trend of increasing rise-time (2,
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Figure S. Time-resolved fluorescence decay curves of 3 overlaid with
(A) sfGFP—cutinase and (B) mVenus—SnapTag.

3.7, 36, and 60 ps) and amplitude (—0.12, —0.28, —0.27, and
—0.60) with increasing megamolecule size, with 7 showing the
longest rise-time. From the rise-time values, energy transfer
rates (kgpgr = 1/7;) were computed, which exhibit values of
5.0, 2.7, 027, and 0.16 x 10" s! for 4—7, respectively. This
trend of rise-times did not hold for larger oligomeric
megamolecules (8—10), which featured shorter rise-times
(0.70, 5.4, and 3.6 ps).

4. DISCUSSION

In this investigation, the first clear indication of energy transfer
in these protein megamolecules came from the steady-state
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Figure 6. Time-resolved fluorescence decay curves at 527 nm for (A)
each of the three dimer samples as compared to 1; (B) the EG7 dimer
and trimer conjugate as compared to 1; and (C) 8—10 as compared
to 3.

fluorescence spectra. Here, significant emission from the
acceptor protein was observed for the megamolecules. This
points to excitation energy being transferred to the acceptor

after absorption by the donor. In addition, we observed
fluorescence quantum yield quenching in the megamolecules
with respect to the donor protein. Another requirement of
energy transfer is coupling between the dipoles of donor and
acceptor groups.46 In our two-photon absorption experiments,
we verified this coupling between the fluorescent proteins in
the megamolecules. The two-photon absorption cross section
of a molecule is squarely proportional to its change in
transition dipole moment.* Thus, a larger cross section
implies a larger change in transition dipole moment. We would
expect to see the strength of the interaction between donor
and acceptor proteins weaken as the distance between them
increases, and we should observe significantly smaller cross
sections as we increase megamolecule size. However, this is not
the case, as we see an increase in the two-photon absorption
cross section in larger megamolecules up to the trimeric
species. For this trend to be observed, the donor and acceptor
dipoles in these megamolecules must be strongly coupled to
one another.

Cooperative two-photon absorption enhancement has been
repeatedly observed in multichromophoric systems with
respect to the isolated chromophores. This has usually been
revealed in conjugated branched or conjugated dendritic
structures as a result of through-bond coherent coupling
between chromophoric subunits. However, TPA enhancement
has also been reported for multichromophoric compounds
where two or more chromophores are linked through
nonconjugated, covalent linkers (e.g, saturated bonds).”
This has been justified considering through-space interactions
between the monomeric subunits in the dimers. In our
opinion, through-space interactions between sfGFP and
mVENUS should be considered to rationalize the TPA cross
section enhancement observed in the megamolecules with
respect to the fluorescent protein monomers. In a previous
work, Clark et al. discussed the case of amyloid peptides
labeled with the GFP chromophore.”® The exhibited TPA
dependence on peptide aggregation was explained considering
the relative orientations of the transition dipole moments.
According to the model used for this work, a decrease or an
increase in TPA probability with shorter separations was
expected depending on parallel or linear orientation of the
transition dipole moments of the peptides, respectively. In our
opinion, the increase of TPA cross section upon increasing
megamolecule size observed in the dimers and in the trimer
here investigated can be explained considering a parallel
orientation of the transition dipole moments of the donor and
acceptor chromophores in these conjugates. Further insight
into the dynamics of the donor—acceptor interaction was
investigated by time-resolved experiments.

Our femtosecond time-resolved fluorescence up-conversion
data showed energy transfer between donor and acceptor
fluorescent proteins across tunable distances in these large
protein megamolecules. A trend of increasing rise-time upon
increasing megamolecule size was observed for dimeric and
trimeric species (4—7), indicating a slower energy transfer rate
with increasing megamolecule size. Thus, the time-resolved
behavior gives clear evidence for an increase in energy transfer
length upon increasing megamolecule size and achieves long-
range energy transfer in megamolecules. Interestingly, we still
observed energy transfer in the larger conjugates even though
the hypothesized distance between donor and acceptor in 7—
10 was greater than 10 nm, outside of the normal FRET range.
To understand the reason behind such behavior, the ultrafast
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spectroscopy results should be considered in conjunction with
the steady-state data.

Energy transfer efficiencies computed from the steady-state
spectra were found to be quite low (<33%), as is expected for
long donor—acceptor distances. Additionally, efficiencies were
insensitive to a change in the cross-linker length of the dimers
(4—6). The dimers were also indistinguishable by size-
exclusion chromatography (Figure 2B). However, both of
these measurements sample molecular conformations at long
time scales (>us). To understand the lack of effect of the
cross-linker length on energy transfer efficiency, we performed
an all-atom molecular dynamics simulation of each dimer
megamolecule to understand dynamics on the ns time scale.
Each trajectory resulted in the formation of a non-native
protein—protein contact between the cutinase and SnapTag
domains, independent of cross-linker length. The cross-linker
drove this interaction by restraining the diffusion of SnapTag
and cutinase. For the dimers, the Forster-adjusted interchro-
mophore distances compared well with the experimental values
of 6.4—6.5 nm. This is consistent with the bent U-shaped
structure determined by molecular dynamics simulations
(Figure S12), although we note that the calculations clearly
show the r~¢ weighted distance increasing in going from 4 to 6,
consistent with the time-resolved results. The trimer
megamolecule (7) was calculated to have a donor—acceptor
distance 1.0 nm greater than the dimers based on steady-state
fluorescence, much shorter than hypothesized. These results
imply a bent conformation for the trimer megamolecule, as
would be expected from the simulations of the dimers. In
addition, the tetramer, pentamer, and hexamer all exhibited
similar low energy transfer efficiencies. Such behavior suggests
that steady-state measurements were not sensitive to potential
differences in chromophore distance for 8—10. Interestingly,
the hydrodynamic radius increased with oligomeric state by
both size-exclusion chromatography (Figure 2B) and dynamic
light scattering (Figure 2C), suggesting that the solution phase
size of these molecules is increasing. However, conformations
with shorter interchromophore distances are more heavily
weighted in FRET measurements, and conformational
fluctuations during the excited state lifetime may bias energy
transfer measurements to shorter length scales. Taken together,
this implies that the hydrodynamic radius of the ensemble of
conformations is increasing with oligomeric state, but the
conformations of each oligomer with short interchromophore
distances and the probability of these states are similar. These
results suggest a dynamic bent structure, with end-to-end
lengths shorter than hypothesized. From the simulation data,
we built a geometric model of dimer megamolecules (4—6)
(Figure S12A). The shape of these structures is a relatively
constrained and dynamic U-shaped structure. We modeled the
four protein domains as vertices and the three linkers
(polypeptide and cross-linker) as edges. The distance between
cutinase and SnapTag was similar for the three structures,
while all other geometric measurements showed differences
between structures, as well as dynamics in the same structure.
The effect of the cross-linker length on the structure had
effects distal from the cross-linker; for example, the distance
between the mVenus and SnapTag domains in the fusion
protein showed a strong effect on cross-linker length, although
these domains are connected though a polypeptide linker that
did not change chemically between the dimers (Figure S12E).
Each structure featured small fluctuations on the nanosecond
time scale of <1 nm between adjacent protein domains (Figure
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S12C—E), and <50° between linkers (Figure S12F—H),
suggesting structural constraints that restrict megamolecule
dynamics. Thus, it is likely that the cross-linker drives a
protein—protein contact between cutinase and SnapTag that is
different for each dimer, such that the fluorescent protein
domains access different conformations in the different dimers,
leading to differences in the interchromophore distance and
the angle of the dipole moments. The MD simulations show
that megamolecules exhibit constrained structural dynamics
with large fluctuations on the nanosecond time scale.

The steady-state fluorescence measurements showed no
difference in energy transfer efficiency between the three
dimers (4—6); however, we observed an increasing time
constant (7;) with increasing cross-linker length by time-
resolved fluorescence spectroscopy, suggesting a greater
interchromophore distance.”” While these results may seem
incompatible, we note that the measurements capture different
phenomena. The steady-state fluorescence experiments meas-
ure the average fluorescence intensity over the nanosecond
lifetime of the donor—acceptor system, while the time-resolved
experiments measure energy transfer on the picosecond time
scale’™' and which is largely dominated by distances and
transition dipole directions where the energy transfer rate is
high.52’53 On the basis of the results in Figures 4 and S12, these
structures with fast transfer rates are infrequently sampled.
Further, we found large fluctuations in structure on the
nanosecond time scale in the simulations. This means that the
time-resolved measurements average over a broad distribution
of donor—acceptor distances and transition moment directions
that are accessible within picoseconds of the ultrafast
excitation, while nanosecond fluctuations of the excited
megamolecule are not significant. This should suppress energy
transfer for 6 as compared to 4 in the time-resolved
measurements, as 6 involves larger interchromophore dis-
tances. In contrast, the nanosecond fluctuations (that lead to
short donor—acceptor distances) are likely to play a more
important role in the steady-state experiments. In this case, the
energy transfer efficiency is less dependent on cross-linker
length, as a fluctuation that leads to a short donor—acceptor
distance is more likely on the nanosecond time scale than on
the picosecond time scale. In future work, it will be important
to perform excited-state dynamics studies to quantify this
conclusion.

5. CONCLUSIONS

This Article reports the synthesis and characterization of
megamolecules that incorporate fluorescent donors and
acceptors, and where the defined connectivity and large sizes
enabled a structure—function study of energy transfer across
long and tunable distances. Two-photon absorption measure-
ments revealed strong dipole—dipole coupling between donor
and acceptor proteins in the megamolecules. Additionally, our
time-resolved results showed an increase in energy transfer
length upon increasing megamolecule size. Even though,
according to our synthetic strategy, the theoretical lengths are
outside of the FRET range, we still observed energy transfer in
the larger megamolecules. Our results suggest that the
flexibility and conformational dynamics of the megamolecules
create favorable orientations between donor and acceptor
proteins in which energy transfer occurs. The dynamic
behavior of these structures on the 1—100 ns time scale
allows for long-range energy transfer in the large protein
megamolecules.
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