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ABSTRACT: De novo protein design has advanced such that many
peptide assemblies and protein structures can be generated
predictably and quickly. The drive now is to bring functions to
these structures, for example, small-molecule binding and catalysis.
The formidable challenge of binding and orienting multiple small
molecules to direct chemistry is particularly important for paving
the way to new functionalities. To address this, here we describe
the design, characterization, and application of small-molecule:-
peptide ternary complexes in aqueous solution. This uses α-helical
barrel (αHB) peptide assemblies, which comprise 5 or more α
helices arranged around central channels. These channels are
solvent accessible, and their internal dimensions and chemistries
can be altered predictably. Thus, αHBs are analogous to “molecular
flasks” made in supramolecular, polymer, and materials chemistry. Using Förster resonance energy transfer as a readout, we
demonstrate that specific αHBs can accept two different organic dyes, 1,6-diphenyl-1,3,5-hexatriene and Nile red, in close proximity.
In addition, two anthracene molecules can be accommodated within an αHB to promote anthracene photodimerization. However,
not all ternary complexes are productive, either in energy transfer or photodimerization, illustrating the control that can be exerted
by judicious choice and design of the αHB.

1. INTRODUCTION

Natural enzymes catalyze chemical reactions with high
substrate specificity, product stereoselectivity, and substantial
accelerations of reaction rates. Designable and tunable enzyme-
like catalysts would have wide-ranging applications in basic
science, chemical synthesis, and the biotech and pharmaceut-
ical industries. Despite considerable advances in the past four
decades,1−6 truly de novo peptide and protein design for small-
molecule binding and efficient catalysis remains a significant
challenge.7−9

Early de novo structural design used straightforward
patterning of hydrophobic and polar residues to deliver
peptide assemblies that mimicked simple protein architec-
tures.1,3 Some of these have been embellished with metal-
binding sites leading to catalysis.3,10,11 These minimal
approaches gave way to rational design, in which sequence
design was augmented by sequence-to-structure/function
relationships garnered from natural proteins to produce a
wider variety of robust peptide and protein designs.1,12 Such
designs have also been functionalized to yield hydrolases and
various metalloenzymes among other activities.11,13−17 In
parallel with these developments, computational protein design
has emerged to deliver methods for backbone constructions,
for fitting de novo sequences onto these scaffolds, and for
assessing the quality of the models ahead of experiments.11,18

Early computational protein design also introduced modeling

of protein−ligand interactions.19 This led to natural protein
scaffolds being repurposed for binding and catalysis.20−22

Currently, the field is undergoing another step-change with the
application of deep-learning methods to generate de novo
protein sequences, structures, and functions.5,23−25 This has
allowed the design of complex structures with tailored binding
functions, in some cases with nanomolar affinity and sub-Å
accuracy.7,8,26 However, overall success rates of completely de
novo small-molecule binders and enzymes remain low and
usually require screening of large libraries and/or further
optimization via directed evolution.6−9

Despite this trajectory and advances in rational and
computational design, there are very few successful examples
of bringing two or more ligands together into a fully de novo
designed protein binding site.27,28 However, with many
cofactor-like catalysts available,29 reactions in aqueous
solutions could be accelerated by confining and orienting
multiple small molecules within minimal binding sites to direct
chemistry between them.
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Although catalysis by confinement is observed in natural
enzymes,30 the concept of “molecular flasks” has been
exploited broadly in supramolecular and polymer chemistry,
where reactions in aqueous solution are accelerated by
encapsulating guest molecules in micelles,31 organometallic
cages32,33 or ordering of molecules by crystallization.34,35

Perhaps the most biomimetic are the organometallic cages, as
the shape and size of a hydrophobic pocket controls ligand
binding and regio- and stereoselectivity of a reaction, including
new reactions not possible in free solution.32,33 Examples of
reactions catalyzed by these cages include regioselective 1,3-
dipolar cycloadditions, and a novel Diels−Alder reactivity
between inert arenes and N-substituted maleimides.32

Over the past decade, a range of oligomeric α-helical barrels
(αHBs) has been designed based on self-assembling
peptides.36−38 Similarly to molecular flasks,39 these αHB
assemblies have solvent-accessible lumens that can bind small
molecules, including reporter fluorescent dyes such as 1,6-
diphenyl-1,3,5-hexatriene (DPH) and 1-[6-(dimethylamino)-
2-naphthalenyl]-1-propanone (prodan).37,40 The αHBs
present interesting de novo scaffolds because of their stability,
controllable oligomeric states and lumen sizes, robustness to
mutation, and the potential to functionalize the internal
channels for small-molecule binding and catalysis by
incorporating both proteinogenic and noncanonical amino
acids.13,41

Inspired by the simplicity of molecular flasks, here we
explore if αHBs can controllably bind two different small
molecules and orient them for catalysis. By combining ultrafast
spectroscopic methods to monitor Förster resonance energy
transfer (FRET) and molecular dynamics simulations, we
demonstrate that specific αHBs can accommodate two
different organic dyes, DPH and Nile red in close proximity.
In addition, two anthracene molecules can be bound within the
αHBs to promote or inhibit anthracene-dimer formation.

2. RESULTS AND DISCUSSION

2.1. αHBs Can Encapsulate Pairs of Small Molecules.
The lengths and widths of the channel in hexameric and
heptameric αHBs (∼46 × 7 Å and ∼46 × 8 Å, respectively)
are larger than ligands such as DPH (∼14 × 4 Å).37 Therefore,
we hypothesized that it should be possible to bind multiple
copies of such ligands within a single channel simultaneously,
and potentially in conformations leading to productive
interactions. We chose to probe possible ternary complex
formation through FRET. DPH was chosen as a potential
FRET donor as it binds to multiple αHBs with μM affinities,
characterized by a large increase in DPH fluorescence
intensity.41 However, none of the dye molecules studied to
date that bind αHBs have appreciable overlapping absorption
with DPH emission and, thus, are not suitable as FRET
acceptors.37,41 We identified three potential DPH-FRET
acceptors with favorable characteristics for αHB binding:
Methyl orange, Coumarin-7 and Nile red.42

Modeling with AutoDock Vina43 predicted strong binding
for Coumarin-7 (−9.0 kcal mol−1) and Nile red (−9.2 kcal
mol−1) with the heptameric αHB (CC-Type2-[IaVd], PDB
code 6g66). Although it still docked within the hydrophobic
channel, Methyl orange was predicted to bind the αHB more
weakly (−6.7 kcal mol−1, Figures S3 and S4). Consistent with
these predictions, experimentally, both Coumarin-7 and Nile
red bound the heptameric αHB with μM affinities and showed
signatures of FRET with donor DPH (Figures 1 and S5).

Conversely, Methyl orange did not bind or show any FRET
signal. Nile red was selected as a FRET acceptor for further
study as its emission was the most intense and its fluorescence
maxima significantly red-shifted from the peak of DPH’s
emission (Figure 1).
With this potential FRET pair in hand, we screened a wider

set of αHBs for Nile red binding and FRET efficiency. We
restricted the screen to 15 open αHBs with hexameric to
octameric oligomeric states and luminal hydrophobic aliphatic
and/or aromatic residues (Table S1).41 As a negative control,
we included a 3-helix bundle without a channel (PDB code
4dzl).37 This screen confirmed Nile red binding to all 15 αHBs
through steady-state emission spectra. Like DPH, the Nile red
fluorescence intensity was significantly increased when
incubated with the αHBs as compared to the control (see
Figures S6 and S7).
The screen identified 10 peptides that showed FRET

between DPH and Nile red (Figures 2a and S8). We were
unable to rationalize the different FRET efficiencies from
peptide sequences alone. However, αHBs with the highest
FRET efficiencies could be identified from predicted ternary-
complex energies and distances from docking simulations
(Figure S9).

Figure 1. Nile red and Coumarin-7 are FRET acceptors with DPH
donor in the presence of an αHB. (a) Surface and cartoon
representation of the heptameric αHB crystal structure (PDB code
6g66). The hydrophobic channel is depicted by red sticks. (b−d)
Steady-state emission spectra after DPH excitation within the
heptamer with (b) Nile red, (c) Coumarin-7, and (d) Methyl orange.
Conditions: λex = 352 nm, 3 μM potential acceptor 3 μM DPH, 5 μM
peptide assembly, HEPES, 10% v/v MeCN, pH 7. Key: DPH
emission spectrum, blue line; acceptor emission spectrum, broken
black line; mixed DPH + acceptor emission spectrum, red line.
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We selected the two αHBs that generated strong steady-state
FRET signals for further characterization: heptameric CC-
Type2-[IaVd] and octameric CC-Type2-[IaId]−I17 V-I21F
(PDB codes 6g66 and 9f5a). Strong steady-state FRET was
also observed with peptide #13 (Figures 2a and S8, Table S1),
but this was not investigated further as we were unable to
crystallize this peptide and fully confirm its structure. Both
selected barrels bound DPH and Nile red with low μM
affinities, and we did not observe strong cooperativity or
competition between the ligands (Figure S10). 2D excitation−

emission data showed that FRET occurred from all vibronic
states of the lowest energy DPH absorption band (Figure
2b,c), as evident from the strong “cross-peaks” in the upper left
quadrants of the correlation maps.
As a control for experiments described below, we chose a

hexameric αHB (CC-Type2-[SgLaId]; PDB code 4pn9), which
showed strong emission from DPH and Nile red individually
but did not exhibit FRET (Figures S6−S8). Despite μM
affinities for both ligands (Figure 2d), DPH could displace Nile
red from this αHB, as evident from a strong decrease in Nile
red fluorescence intensity (Figure S12). This barrel illustrates
how cavity shape and size alone can lead to specificity between
two ligands with similar physical and chemical properties.
Finally, we used analytical ultracentrifugation to confirm that

the oligomeric states of the barrels with bound ligand matched
those observed by crystallography (Figure S13). For simplicity,
henceforth we refer to the three αHB peptides CC-Type2-
[SgLaId], CC-Type2-[IaVd] and CC-Type2-[IaId]−I17V-I21F,
as the hexamer, heptamer and octamer, respectively.
2.2. αHBs Increase Energy Transfer Rate between

DPH and Nile Red. To characterize the interaction between
DPH and Nile red in αHBs further, we measured the time
scales of energy transfer between the donor (DPH) and

acceptor (Nile red) dyes as these are highly sensitive to the
intermolecular separation distance. This used time-correlated
single-photon counting (TCSPC) and transient absorption
(TA) spectroscopy performed on ternary complexes with the
heptamer and the octamer αHBs.
First, we measured the fluorescence lifetimes for each dye

individually in the barrels. Direct excitation of DPH at 352 nm
yielded average fluorescence lifetimes of 15.9 ± 0.2 ns with the
heptamer, and 15.8 ± 0.2 ns with the octamer (Table S5 and
Figure S17). For Nile red, the corresponding control
measurements used 535 nm light to selectively excite the
dye. This yielded fluorescence lifetimes of 4.10 ± 0.2 ns (with
the heptamer) and 4.2 ± 0.2 ns (octamer) (Table S6 and
Figure S19). In the presence of DPH, these increased to 4.9 ±

0.2 ns and 5.1 ± 0.2 ns, respectively (Table S7 and Figure
S19). This increase in Nile red’s fluorescence lifetime and
small changes in the steady-state spectra (Figure S14) suggest
that DPH alters the binding environment of Nile red in the
αHBs.
Consistent with the hexamer providing a more hydrophobic

environment due to its smaller channel radius, control
measurements of each dye showed even longer fluorescence
lifetimes: 4.9 ± 0.17 ns for Nile red and 19.8 ± 0.17 ns for
DPH (Tables S5 and S6). Overall, when bound to the αHBs,
the fluorescence lifetimes of DPH and Nile red are at least as
long as those previously reported in nonpolar solvents,
indicative of binding within enclosed hydrophobic environ-
ment.44−47

Next, we measured the time scale for energy transfer
between DPH and Nile red after direct and selective
photoexcitation of DPH at 352 nm. Analysis of these data
yielded FRET time constants of 0.98 ± 0.2 ns for the heptamer
and 1.3 ± 0.2 ns for the octamer (Figures 3a and S22). Using

Figure 2. Screening for αHBs that coencapsulate DPH and Nile red. (a) Apparent steady-state FRET efficiency for the 15 screened peptides with

the heptamer in blue (#1); the octamer, green (#2); the hexamer, red (#4); and the remaining peptides, orange. Eapp =
I acceptor

I acceptor I donor

( )

( ) ( )+

. 2D

excitation−emission spectra and the saturation binding curves for the top two hits: (b) the heptamer, (c) the octamer, and (d) a negative hit, the
hexamer. F/Fmax: normalized fluorescence at 450 nm (DPH, blue) or 593 nm (Nile red, red). Fluorescence conditions: 3 μM Nile red, 3 μM DPH,
5 μM peptide assembly. Saturation binding curve conditions: 0.5 μM DPH or Nile red, 0−30 μM peptide assembly, data are the mean of three
independent repeats, and error bars represent the standard deviation from the mean. All data collected in HEPES, 10% v/v MeCN, pH 7. See Table
S1 for peptide biophysical data and sequences. See Figure S8 for the steady-state FRET spectra.
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the Förster equation (eq S6), the internuclear distance
between DPH and Nile red was estimated as 3.3−3.9 nm for
the heptamer, and 3.1−3.9 nm for the octamer (Figures S24
and S25). These are well within the length of the hydrophobic
channels at ∼4.6 nm and demonstrate successful encapsulation
of both DPH and Nile red within the same barrel. As
anticipated from steady-state fluorescence experiments (Figure
2d), no evidence for FRET was observed in the hexamer from
TCSPC measurements (Figures S17−S21 and Tables S5−S7).
The relative amplitude of the fluorescence rise component in

the TCSPC measurements was surprisingly small despite
sizable cross-peaks in 2D fluorescence maps and negligible
direct excitation of Nile red (Figures 2 and S8). This implies
that most Nile red molecules undergo energy transfer on time
scales faster than the instrument response function (IRF) for
the TCSPC experiment (170 ps).
To probe the possibility of faster FRET dynamics in αHBs,

transient absorption (TA) spectroscopy with 3 orders of
magnitude higher time resolution (IRF ∼ 280 fs), was applied
to the complexes with heptameric and octameric barrels
(Figure 3b−d). Spectral assignments of the main features of
the TA data are given in Figure S26. Critically, a negative signal
centered at 590 nm rose within the first few picoseconds
associated with stimulated emission from Nile red with both
the heptamer and octamer (see kinetics in Figure 3c,d). The
delayed rise originates from prompt energy transfer between
DPH and Nile red, and subsequent fluorescence from Nile red.
In contrast, control measurements that directly excited Nile
red (Figure S26) showed this band immediately (Figure 3c,d)
confirming the delayed rise must be from energy transfer.

Analysis of the data returned fast energy transfer time
constants between DPH and Nile red: 10.4 ± 2.4 ps (Figure
3c and Table S9) in the heptamer, and 7.9 ± 5.7 ps (Figure
S28 and Table S9) in the octamer, reconciling the high energy
transfer efficiency determined from steady state emission
measurements. A secondary ∼1 ns rise in the stimulated
emission signal was not evident within the TA data, as would
be expected from TCSPC measurements. We suggest that this
is because the ∼1 ns FRET component corresponds to a
minority population, which is only observed in TCSPC
measurements due to the technique’s sensitivity to only
fluorescence and higher signal-to-noise ratios.
We rationalize these different observations by the presence

of two conformationally different states present in both of the
investigated αHBs: 1) a dominant population where DPH and
Nile red are in close proximity facilitating rapid energy transfer
on a ∼10 ps time scale; and 2) a minor population where DPH
and Nile red are located ∼3 nm apart within a barrel and
undergo a slower energy transfer with a time constant of ∼1 ns
(Figure 3e).
2.3. Molecular Dynamics Simulations Indicate Favor-

able Stacking between Dyes. To investigate the two states
proposed from ultrafast spectroscopy measurements further,
we used docking and molecular dynamics (MD) simulations to
explore the DPH and Nile red binding conformations within
the αHBs. Three 0.5 μs MD simulations of a DPH:Nile
red:heptamer complex were initiated from three distinct poses.
The latter were generated by simultaneously docking DPH and
Nile red into the αHB crystal structures using AutoDock Vina
(Figure S29).43 The MD simulations indicated that the

Figure 3. TCSPC and transient absorption measurements reveal ultrafast FRET between DPH and Nile red. (a) Fluorescence decay in the
heptamer for DPH (blue) and Nile red (red) after excitation at 352 nm. (b) Wavelength resolved transient absorption of the heptamer for DPH
and Nile red after 352 nm excitation for 8 different pump−probe time delays. ΔmOD: change in milli-optical density. (c) Kinetics obtained by
integration over the Nile red stimulated emission signal for the heptamer with Nile red after 535 nm excitation (black circles) and the heptamer
with DPH and Nile red using 352 nm photoexcitation (red circles), and overlaid fits (solid lines). (d) Early time dynamics of the data shown in (c)
illustrating the difference between photoexcitation of DPH or Nile red on the Nile red stimulation emission kinetics. (e) Kinetic model of FRET
and radiative decay pathways determined for DPH and Nile red in the heptamer. Similar time constants were obtained for the octamer (Tables S5−
S9). TCSPC conditions: 3 μM DPH and Nile red, 5 μM peptide assembly, HEPES, 10% v/v MeCN, pH 7. TA conditions: 10 μM DPH and Nile
red, 15 μM peptide assembly, HEPES, 10% v/v MeCN, pH 7. For TCSPC fitting parameters and time-resolved emission spectra, see Tables S5−
S8, Figures S22 and S23. For TA fitting parameters and wavelength resolved transient absorption, see Table S9 and Figure S26.
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complexes were stable, with DPH and Nile red remaining
either fully π-stacked within 3.5 Å or slipped-stacked within
10.0 Å distances (measured from their centers of mass)
throughout simulations in the heptamer (Figure S30). The
overall αHB conformation did not change significantly from
the determined X-ray crystal structure through the trajectories,
with the majority of Cα backbone root-mean-square fluctuation
≤0.5 Å (Figures S31−S34). Similar results were obtained for
the octamer αHB (Figures S35−S40).
Since the ligand movement along the channel (z) axis was

slow (Figures S33 and S39), metadynamics simulations were
initiated for the three docking poses within the heptamer to
ensure that local minima of the energy landscape were
explored. The distance between DPH and Nile red was used
as a bias variable and sampled from 1.5 to 40 Å to observe
many conformations along the entire channel. After 1 μs, all
three simulations converged to the same free-energy surface
irrespective of the starting position of the simulation (Figure
4a). The free-energy surface had 2 deep minima with 3.5 and
10.0 Å separations, corresponding to the distances observed
with docking and traditional MD simulations (Figures 4a and
S29). Shallower local minima were also observed between 20−
30 Å. For the octamer, we observed a broad global minimum at
4.1 Å and a shallower minimum around 20 Å (Figure 4b). The
closer internuclear distance between DPH and Nile red
matched well with the ∼10 ps ultrafast energy transfer time
constant between the dyes observed in TA spectroscopy. The
shallower higher energy minima at greater dye separations will
have a lower population at room temperature, and thus
represent a small percentage of the total sample, which possibly
correspond to the conformations that undergo slower ∼1 ns
dynamics, as extracted from TCSPC measurements.
2.4. αHBs Encapsulate Anthracene and Promote Its

Photodimerization. Encouraged by the successful demon-
stration of energy transfer between DPH and Nile red with
clear co-occupancy of the dyes in the heptameric and
octameric barrels, and the modeling indicating intermolecular
π-stacking (Figure 4), we investigated if similar interactions
could be promoted and exploited in αHBs for different
hydrophobic molecules. Anthracene was chosen as, when
preorganized into a π-stacked dimer, it undergoes a well-
characterized [4 + 4] cycloaddition reaction upon UV-

irradiation at 365 nm. This is readily followed spectroscopically
even at μM concentrations, as photodimerization reduces
anthracene emission.
In silico docking of two anthracene molecules with the

heptamer predicted two poses: a potentially reactive π-stacked
dimer with a 3.5 Å separation, and a slip-stacked conformation
(Figure 5a). Starting from these poses, 0.5 μs MD simulations
revealed the ternary complex to be highly dynamic, with

Figure 4. Free energy landscape sampling the distance between DPH (blue) and Nile red (red) within the αHBs. (a) The heptamer has two
minima at 3.5 Å (−93 ± 5 kJ mol−1) and 10.0 Å (−92 ± 1 kJ mol−1). (b) The octamer shows a broad global minimum at 4.1 Å (−94.6 ± 2 kJ
mol−1). 3 ×1 μs simulations were started independently from the starting poses in Figures S29 and S35. Standard deviation from the mean is shown
in pale blue.

Figure 5. αHB channel dimensions control anthracene photo-
dimerization in aqueous solution. (a) Lowest energy AutoDock
Vina poses (both −18.7 kcal mol−1 dimer) for anthracene dimer in
the heptamer, showing reactive (1) and offset (2) conformations. (b)
Induced CD signal upon anthracene binding to the heptamer and the
hexamer. (c) Decrease in anthracene emission upon irradiation at 365
nm. Color key same as in (b): hexamer, red; heptamer, blue; trimer,
green; MeCN, purple; buffer, orange. (d) Proton NMR spectra
without illumination (top) and after 30 min of excitation at 365 nm
(bottom) for anthracene dimerization reaction within the heptamer.
Conditions: 14 μM anthracene, 7 μM peptide assembly, HEPES, 10%
v/v MeCN, pH 7, and peptides were removed before collecting NMR
data.
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anthracene molecules in an equilibrium between a monomer
and a π-stacked dimer (Figure S41). By contrast, docking with
the hexamer indicated that its diameter would be insufficient to
accommodate two fully π-stacked anthracene molecules
(Figure S42). Both barrels bound anthracene with low μM
affinities (Figure S43). Furthermore, we confirmed anthracene
encapsulation experimentally through cosedimentation during
ultracentrifugation (Figure S45), and by observing an induced
circular dichroism (CD) signal (Figure 5b). The latter is a
consequence of the Cotton effect, and only evident when
anthracene molecules are encapsulated in a chiral environment,
i.e. like the lumen of an αHB.48 As before, we used the trimeric
peptide as a control. For the trimer, anthracene cosedimenta-
tion was observed, but no induced CD signal was evident,
confirming only nonspecific interactions between anthracene
and the trimer peptide (Figures S43, S45, and 5b).
Based on modeling and the CD data, we hypothesized that

the heptamer could promote anthracene dimerization while
the hexamer should inhibit it. When mixed in a 1:2
(αHB:anthracene) ratio and irradiated with 365 nm light,
the photodimerization reaction proceeded to completion with
the heptamer as indicated by a decrease in fluorescence signal
over 30 min (Figure 5c). Complete conversion to the
photodimer product was confirmed by 1H NMR (Figure
5d). By contrast, no clear reaction was observed with the
hexamer (Figure 5c) other than a much slower, linear loss of
anthracene fluorescence similar to the buffer-only, acetonitrile,
and trimer controls. These experiments show how encapsula-
tion of the anthracene within the heptamer greatly accelerates
photodimerization, presumably by binding two anthracene
molecules in a complex primed for [4 + 4] cycloaddition. We
also tested the octamer in this reaction, although docking
predicted that its channel should be too wide for precise
anthracene π-stacking (Figure S46). Consistent with this, while
the octamer did promote the conversion, the loss of anthracene
fluorescence signal was linear, slower than with the heptamer,
and similar to the controls (Figure S47). This highlights that
not all αHBs are fully compatible with the transformation, and
that selectivity can be achieved by judicious choice of barrel,
which is best guided by modeling.

3. CONCLUSIONS

We have demonstrated the ability of the lumens of de novo
designed α-helical barrel assemblies (αHBs) to bind and
organize two ligands in conformations that accelerate the time
scales for two different photoinduced chemical processes. First,
we show that by exploiting different sizes and shapes of their
hydrophobic lumens, we can select αHBs that facilitate energy
transfer between two fluorophores, DPH and Nile red. Using
ultrafast spectroscopy, we demonstrate that the channels of
heptameric and octameric peptide assemblies are long enough
to encapsulate both dyes simultaneously, and wide enough to
juxtapose them for efficient energy transfer on picosecond time
scales. Molecular dynamics simulations predict that DPH and
Nile red bind in π-stacked complexes facilitating the observed
fast energy transfer. Moreover, by varying the internal diameter
of the structures (∼7 Å in the hexamer vs ∼8 Å in the
heptamer), we can select for barrels that instead of promoting
FRET, preferentially encapsulate only one of the dyes. These
two features�ligand encapsulation with (i) selective binding
and (ii) in reactive conformations�are the key features of
enzymes. Here, we achieve these features through shape
complementarity and nonspecific hydrophobic interactions

within symmetric peptide assemblies as compared to the more-
complex active sites found in natural enzymes. To illustrate the
potential of the αHBs in catalysis in aqueous buffers, we have
explored the generation of tightly packed anthracene dimers
that are primed for a photodimerization reaction. We find that
cycloaddition is accelerated within a heptameric αHB, but not
within the narrower hexamer. Again, as indicated by predictive
modeling, these behaviors appear to be controlled by the
relative sizes and shapes of internal lumens of the αHBs.
In the broader context of de novo peptide and protein design,

current approaches toward developing small-molecule binders
and catalysts often rely on deep-learning methods, which do
not necessarily enhance our understanding of protein function.
In contrast, we control binding and reactivity in a rational and
predictive manner by leveraging the concept of “molecular
flasks” borrowed from supramolecular chemistry.
Looking ahead, these peptide-based de novo designed αHBs

are thermostable and tolerate a large number of mutations in
their lumens,41 including to polar, charged, aromatic and
noncanonical side chains. As a result, a wide range of small
molecules could be encapsulated within the αHBs for
manipulation.41 Moreover, recently, we have shown that the
αHB peptide assemblies can be converted to thermostable
single-chain proteins by linking multiple helices together
through computational protein design.49 These single-chain
proteins are produced by expression from synthetic genes,
which opens possibilities for desymmetrization and function-
alization through further rational computational protein
design, and to improve activity using directed evolution.6,50

Thus, the αHB peptides and proteins offer an exciting platform
for combining the shape complementarity and confinement
offered by organic molecular flasks with the diversity of
binding-site geometries and substrate selectivity seen in natural
enzymes.
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