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ABSTRACT: The evolution of proteins from simpler, self-assembled peptides provides a powerful blueprint for the design of complex synthetic 
materials. Previously, peptide–metal frameworks using short sequences (≤ 3 residues) have shown great promise as proteomimetic materials 
that exhibit sophisticated capabilities. However, their evolution has been hindered due to few mutable residues and restricted choice of side-
chains that are compatible with metal ions. Herein, we developed a non-covalent strategy using π-stacking to assemble much longer peptides 
into crystalline frameworks that tolerate even previously incompatible acidic and basic functionalities, and allow an unprecedented level of pore 
mutations. Single-crystal X-ray structures are provided for all mutants to guide and validate rational design. These materials exhibit hallmark 
protein behaviors such as guest-selective induced-fit and assembly of multi-metallic units. Significantly, we demonstrate facile evolution of the 
framework to substantially increase affinity towards a complex organic molecule.

Tailored microenvironments allow efficient execution of im-
portant functions such as catalysis or selective binding. Though they 
are usually challenging to make in synthetic molecules, evolution has 
produced an enormous diversity of proteins bearing channels and 
cavities that can engage substrates with dynamic motions and pre-
cise ensembles of functional groups.1 Despite the sophistication of 
modern-day proteins, strong evidence suggest that they evolved 
from self-assembled aggregates of shorter, simpler peptides(<50 
amino acids2).3–7 This evolutionary hypothesis is an attractive syn-
thetic blueprint for designing complex and dynamic materials for ca-
talysis, separations, and drug delivery, and could fill a key gap be-
tween small molecule and protein assemblies.8–12 Moreover, pep-
tides and peptidomimetics are especially modular and efficient to 
synthesize by the technique of solid-phase peptide synthesis (SPPS), 
which makes them powerful building blocks.13–15  

Towards this end, peptide-metal frameworks made from short 
peptides (with 3 or fewer amino acids) have made remarkable ad-
vances, achieving complex pores that can discriminate between chi-
ral substrates, exhibit dynamic behavior, and perform catalysis.16–29 
Moving forward, longer peptides could allow greater variability and 
functionality, but control of secondary structure becomes a critical 
barrier. As a result the longest peptide known to support a porous 
coordination framework is based on Pro6, which leverages the 
unique rigidity of proline.16 More importantly, evolution of the 
pores, which requires having mutable sites, remains underdeveloped 
likely due to the limitations associated with both short peptides and 
metal-coordination bonds. The few amino acid positions not in-
volved in connecting the metal nodes (usually only one, thus far) 
poorly tolerate functionally-important polar side-chains (e.g. those 
bearing a carboxylic acid, N-donors, or S-donors) that potentially in-
terfere with metal binding, while mutations to non-polar residues 

tend to drastically re-structure the topology of the framework since 
they are involved in key packing interactions.23,25,30–34  

The use of longer peptides would greatly enhance evolvability of 
peptide-frameworks, but it involves both the endeavor of de novo 
peptide design and engineering of weaker interactions. Non-cova-
lent porous peptide lattices are rare, and their design rules and supra-
molecular reactivity are less established.35–39 Thus, there is a need for 
the rational design of non-covalent peptide frameworks, from which 
sequence variations can lead to the rapid evolution of sophisticated 
porous materials. 

Herein, we show that non-covalent, metal-free assembly of π-con-
jugated peptides (peptides hybridized with extended aromatic moi-
eties) can reliably form frameworks with highly variable, nanometer-
sized pores lined with functionality from six different residues. These 
materials are stable in water and several organic solvents and allow 
rational pore mutagenesis at three different sites, tolerating even 
acidic and basic functional groups. The frameworks are multifunc-
tional, capable of hosting organic and inorganic molecules. Cru-
cially, we demonstrate that evolution is easily accomplished, as illus-
trated by discovery of variant with high affinity for a complex organic 
guest. 

 

RESULTS AND DISCUSSION 
In order to construct functionally rich, porous peptide frame-

works that persist in a variety of environments, we incorporated sev-
eral design elements (Figure 1a): a stable secondary and tertiary 
structure building block, hydrophobic π-stacking residues to gener-
ate a lattice,40 and a number of mutable positions that point into the 
pore space. We targeted an α-helical secondary structure as it pro-
vides many unique positions for tuning enabled by the regular  



 

 

Figure 1. (a) Conceptual design of a network-generating building block. (b) Using an ideal α-helix geometry, residues were placed to enforce desired 
intermolecular interactions. (c) Synthesis of UIC-1 by solid-phase peptide synthesis (SPPS). (d) CD spectrum of UIC-1 in 1:9 H2O:MeCN showing 
α-helical structure. 

 
heptad arrangement of side chains (Figure 1b).41,42 To reliably en-
force helicity, we leveraged the conformational rigidity of the non-
canonical amino acid, 2-aminoisobutyric acid (Aib or B), which is 
known to strongly induce folding into a 310 or α-helix, with the latter 
being favored in longer peptides.43,44 Considering the arrangement 
of side-chains in an idealized α-helix (Figure 1b), positions a and d 
were chosen to display hydrophobic side chains derived from Leu or 
Aib to favor coiled-coil formation.45 To further promote lateral 
growth of the coiled-coils, positions b, e, and g were chosen to fea-
ture residues that have strong intermolecular interactions. In posi-
tion b and e, Leu and Aib were selected to promote hydrophobic 
packing, while adding Gln in position g could introduce interchain 
H-bonding. This leaves positions c and f theoretically pointing into 
the pores and are possible sites for pore engineering.  

Rigid, planar bipyridyl residues, BPE and BPH, cap the helix in 
positions c and g, respectively (Figure 1b, 1c), and are intended to 
be roughly perpendicular to the helical axis to provide sites for π-
stacking, and the pores are to be generated upon association with 
other π-stacked units. A coiled-coil interaction would produce two 
opposed pairs of bipyridyl moieties that can grow the lattice by π-π-
stacking. Peptides conjugated with large aromatic moieties have 
been shown to reliably engage in π-π stacking to form 1-D and 2-D 
extended assemblies, but a 3-D assembly has not yet been demon-
strated.46–49 Our design principles are culminated in the peptide se-
quence, UIC-1 (Figure 1c). UIC-1 was synthesized by SPPS (SI), 
which provided pure compound in ~1 day with 81% yield. As in-
tended, UIC-1 strongly folds into a helical structure in a 1:9 H2O: 
MeCN solution as confirmed by circular dichroism (Figure 1d) and 
2D NMR spectroscopy (Supporting Information).43   

UIC-1 is poorly soluble in pure water or MeCN but shows slightly 
improved solubility in 1:9 H2O: MeCN with a large temperature 

dependence. Crystalline blocks of UIC-1 were obtained from slow 
cooling of a refluxing saturated solution in 1:9 H2O: MeCN (SI for 
details). Single crystal X-ray diffraction (SC-XRD) of UIC-1 reveals 
a lattice of large, rectangular, infinite channels (widths of 1.5 x 1.1 
nm) running along the b direction (P21 space group, a=13.797 Å, 
b=13.456 Å, c=27.690 Å, α=90.00º β=99.58º γ=90.00º). In line with 
our design goals, π-π interactions, mediated by BPE and BPH, are a 
prominent feature of the framework, along with antiparallel coiled-
coil interactions. 

There are several key characteristics of this framework. Firstly, the 
structure of the peptide monomer exhibits a mixture of helical folds: 
α-helix between residues 2–7 and a more tightly twisted 310-helix be-
tween residues 7–9, with a slight bend at the junction of the two do-
mains (Fig. 2b) that is stabilized by an unforeseen intramolecular H-
bond between the side-chain of Gln8 and the carbonyl oxygen of 
Aib5. This serendipitous helical distortion allows BPH and BPE to 
adopt nearly parallel orientations that maximize π-π contacts. Sec-
ondly, running down the b axis are rows of alternating, interdigitated 
BPH and BPE residues. The two rings within the bipyridyl unit are 
essentially coplanar, and the average interplanar distance between 
stacked BPH and BPE is 3.4 Å, typical of parallel π-π stacking (Figure 
2d).50 The π-stacked rows are spaced along the a axis with the closest 
ring–ring distance of 1.36 nm, and are a significant structural ele-
ment as it connects chains along the three crystallographic axes. The 
connection of the peptide chains via the π stacks form a shelf-like 
substructure of the framework. These shelf-like units are arranged 
along the c direction via antiparallel coiled-coil packing of Leu and 
Aib residues to generate the full framework. Interestingly, the de-
signed lateral coiled-coil interactions (helical positions b and e) did 
not manifest, leading to large cavities between adjacent helices (Fig-
ure 2c) that are occupied by MeCN molecules. These cavities 
branch from the main channel of the framework further augmenting  



 

 

Figure 2. X-ray crystal structure of UIC-1. Solvent molecules (water and MeCN), and hydrogen atoms have been omitted for clarity. (a) Overview of 
framework demonstrating the infinite channels. Pore widths are measured from (BPE C18 to BPE C18, and B5 HB11 to B5 HB12) indicated in red 
dashed lines. α-helical regions are depicted using ribbons while gray, red, and blue rods designate carbon, oxygen, and nitrogen atoms respectively. (b) 
View of the peptide helical building block. Blue region denotes the α-helix domain, and the orange region denotes the 310-helix domain. Yellow dashed 
lines indicate H-bonds within the chain. (c) View of the channel along the b-axis to show the minor pores (shaded in darker blue). Amino acid residues 
defining the pore are labeled in white. (d) A section of the π-π stacking column; BPH (blue) and BPE (orange). (e) Residues involved in hydrogen-
bonds between separate chains. 

 
the complexity of the porous structure. Lastly, networks of inter-
chain H-bonding contribute to the stability of the framework and oc-
curs in three instances (Figure 2e): (1) between neighboring chains 
(side-chain of Gln8 and the backbone of Leu10), (2) across the pore 
(carboxamide of BPH with both side-chain of Gln8 and Ala4), and 
(3) between the helical termini (side-chain of Gln8 and backbone of 
Aib3, and backbones of Leu10 and Leu2). Thus, the sidechain of 
Gln8 plays a critical role, engaging in three different interchain and 
one intrachain (vide supra) H-bonding interactions.  

The composition of the pore is remarkable in that it is defined by 
six unique residues – BPE1, A4, B5, L6, B7, and BPH11 – which al-
lows potential for the pore to be unprecedently modular. Previous 
examples of peptide–metal frameworks could, at most, allow iso-
reticular mutations in one position, but most examples of mutations 
result in totally different framework topologies.17,18,21,24,31,51,52 We pre-
dicted that UIC-1 may be more rationally mutated to introduce new 
functional groups while preserving the general framework architec-
ture since it is based on a longer peptide (9 amino acids) and its side-
chains at positions at 4, 5, and 7 point unobstructed into the pore 
(Figure 3a). Those positions were mutated to a variety of amino ac-
ids that represent the breadth of functional group sterics and elec-
tronics: thioether (Met), hydroxyl (Ser), aromatic (4-iodo-Phe), 
carboxylic acid (Asp), and N-donor (His). 

An A4S mutation introduces a hydroxyl group and preserved the 
general framework structure, crystallizing in a nearly identical unit 
cell (Figure 3b). The Ser side-chain points directly into the large 
pore enabling the hydroxyl group to H-bond with a nearby O atom 

on BPE1. This result is noteworthy as it shows that introduction of a 
potent H-bond donor and acceptor sidechain does not interrupt the 
interactions that stabilize the lattice. However, a mutation to a thi-
oether-containing side-chain in the A4M mutant crystallized in a dif-
ferent, non-porous structure. Although mutagenesis simulations 
suggested that methionine’s sidechain could exist in the space of the 
pore, the SC-XRD of UIC-1-A4M revealed that attractive π-S inter-
actions between BPH/BPE with the thioether induced an alterna-
tive tightly packed crystal (Figure S26).53  

We hypothesized that methionine at positions 5 and 7, which are 
further away from bipyridine moieties, could maintain the frame-
work. Indeed, both UIC-1-B5M and UIC-1-B7M crystallized in a 
similar unit cell to UIC-1 and had the same framework topology. 
The main difference between UIC-1-B5M and UIC-1-B7M is that 
the Met side chain on B7M points more deeply into the minor crev-
ice and excludes the MeCN that had occupied that pore in UIC-1, 
whereas in UIC-1-B5M, the sidechain is angled more into the main 
channel (Figure 3b).  

Next, we explored whether more reactive acidic and basic func-
tionalities could display in the pore, which has not previously been 
demonstrated in peptide-metal frameworks (Figure 3b). The B5D 
mutation (UIC-1-B5D) introduces a carboxylic acid and success-
fully forms the correct framework. Asp5 points into the major pore 
and forms hydrogen bonds with two water molecules within the 
pore. Conversely, the B5H mutation (UIC-1-B5H) appends a basic 
N-atom donor pointing into the main channel. The His residue is  
 



 

 

Figure 3. X-ray crystal structures of the UIC-1 mutants showing pore views down the b and a axes. Mutated sites are highlighted in orange. 

 
neutral and hydrogen bonds with a water molecule and the amide 
carbonyl of BPE. 

Lastly, we tested whether UIC-1 could simultaneously tolerate 
multiple, functionally diverse mutations. A triple mutant (UIC-1-

A4S/B54-IF/B7M) consisting of hydrogen-bonding, aromatic, and 
thioether residues (mutations A4S, B54-iodoF, and B7M), remarkably 
crystallized in the same topology as observed in UIC-1. Both Ser4 
and 4-IPhe5 sidechains point into the main channel, while the 
sidechain of Met7 is directed into the minor pore  



 

 

Figure 4. (a) X-ray crystal structure of UIC-1⊂PhtBu showing the electron density map of PhtBu guest molecules within the main channel. (b) Electron 
density maps highlighting the drastic rotation of BPH11’s dihedral angle upon guest-binding in UIC-1. (c) Overlay of X-ray crystal structures of apo 
UIC-1 (orange) and UIC-1⊂PhtBu (blue). Upon guest-binding, BPH11’s N-N bond rotates while dragging an opposing helix upward to maintain a 
H-bond with Gln8. (d) Graphical illustration of UIC-1’s ability to perform an induced-fit mechanism upon PhtBu binding. The framework along the 
channel becomes corrugated as a direct result of helical translations during guest-uptake. 

 
(Figure 3b). Thus, UIC-1-A4S/B54-iodoF/B7M reveals the extensive 
modularity achievable via peptidic frameworks, where the pore can 
accommodate an unprecedented level of mutations of varying func-
tionalities. 

We postulated that UIC-1 would be a good candidate for host-
guest chemistry due to the size of its pores. Host-guest chemistry is 
a key milestone en route to materials that could act as artificial en-
zymes or highly selective absorbents. Additionally, stability in water 
is highly desirable, as it is an important trait for applications of po-
rous materials.54 As previously mentioned, several H2O and MeCN 
molecules are present in the large pore and minor crevices of UIC-1 
upon synthesis. This suggested that this material could tolerate 
aqueous and organic environments, and indeed the crystals showed 
no obvious physical changes when soaked in H2O or certain organic 
solvents (acetonitrile, ethyl acetate, benzene, tetrahydrofuran, and 
dichloromethane), even after several weeks. The synergy of hydro-
phobic and hydrophilic interactions revealed by the crystal structure 
of UIC-1 provides a rationale for the stability of this framework in a 

variety of solvents. Only highly polar organic solvents such as 
MeOH, dimethyl sulfoxide, and N,N-dimethylformamide are able 
to dissolve the framework.  

Given the large pore dimensions, we challenged UIC-1 to absorb 
decently sized, aromatic guests. First, UIC-1 was soaked with a neat 
tert-butylbenzene (PhtBu) solution for several days. SC-XRD shows 
that UIC-1 maintains its crystallinity and contains three molecules 
of PhtBu per UIC-1 molecule (Figure 4a). Two of these guests are 
arranged in a highly ordered fashion throughout the main channel 
without any disruption of π-π stacking between BPE and BPH or the 
peptidyl backbone. The third PhtBu molecule nestles itself in the mi-
nor pore, which exists in two orientations with 41% and 59% occu-
pancies, either with the aromatic ring or t-butyl group inserted into 
the pocket, respectively. Addition of PhtBu also expels all but one 
water molecule, which is H-bonded to BPH. 

Notably, the pores of UIC-1 greatly reshape upon binding of 
PhtBu. In UIC-1⊂PhtBu, the N–N bond in BPH rotates by nearly 
140º, which in turn causes a strong corrugation bipyridyl π-stacking  



 

 

Figure 5. (a) Single-crystal UV-vis spectroscopy of variants after soak-
ing with Nile red. (b) Quantification of Nile red uptake by UV-vis spec-
troscopy (see Supporting Information for details). 

in the main channel. The C–N–N–C torsion is −54º (−φ state) and 
+85.6º (+φ state) for the apo and bound states, respectively. Since 
BPH hydrogen-bonds to two other chains (vide supra), this extreme 
rotation results in a significant displacement of the helices (~2.6 Å) 
(Figure 4b and 4c). Thus, the binding of PhtBu but UIC-1 is con-
sistent with an induced-fit binding mechanism (guest binding trig-
gers conformational changes in host) (Figure 4d) commonly used 
by proteins to enhance selectivity and is also seen in some metal-or-
ganic frameworks.55,56 An alternative “conformational selection” 
mechanism, which has been previously observed in peptide-metal 
frameworks,20,22 is less probable in this case as the crystal structure of 
UIC-1 shows no electron-density for alternative conformations re-
sembling those in UIC-1⊂PhtBu (Figure 4b).57 

We then tested the adsorption of iodobenzene, PhI, a slightly 
smaller guest than PhtBu. Surprisingly, SC-XRD identifies only one 
PhI molecule with 67% total occupancy embedded within the minor 
pore of UIC-1 (Supporting Information). However, no electron 
density from additional PhI was found in the large channel despite 
the fact that this crystal was soaked in neat PhI indicating that PhI is 
highly disordered within the larger pore. Only 30% of the BPH exists 

in the +𝜑 conformation, suggesting that UIC-1 and PhI are not well-
matched hosts and guests, and induced-fit happens to a far lesser ex-
tent than with PhtBu. The level of helical displacements is also less in 
UIC-1⊂PhI, which only moved the opposing helix by 1.1 Å (vide 
supra). This is noteworthy given the slight size differences between 
PhI and PhtBu, and showcases how UIC-1 can distinguish between 
these two similar molecules using induced-fit.  

Given that UIC-1 could accommodate up to three benzene-type 
molecules per peptide, we tested whether a larger molecule could fit, 
like Nile red, which has four-fused sp2 rings decorated with heteroa-
toms. Crystals of UIC-1, UIC-1-B5M, UIC-1-B7M, and UIC-1-
B5D were soaked in a solution of Nile red in MeCN (~1 mg/mL), 
and they took on different shades and intensities of purple or pink 
depending on the mutant (Figure 5).58 UV-vis absorption spectra of 
individual crystals showed that UIC-B5D has a much higher affinity 
for the dye than rest of the variants, which is also consistent with the 
much darker appearance of the crystals (Figure 5 and S25). Though 
SC-XRD did not show clear density for Nile red in the pore (possibly 
due to high disorder), we propose that the aspartic acid residue of 
B5D mutant better interacts with the dye via hydrogen-bonds to O 
or N atoms of Nile red. This result is a proof-of-principle that the 
pores of UIC-1 can be readily mutated to evolve desired properties. 

 

Figure 6. (a) X-ray crystal structure showing the arrangement of Ag+ 
ions within UIC-1-B7M⊂2AgNO3. Ag sites are colored by occupancy 
(red-blue gradient). The major (69 and 60% occupancy) and minor (31 
and 40% occupancy) Ag sites are indicated by red and blue spheres, re-
spectively. Ag–Ag distances are labeled. (b) Bond distances of Ag–lig-
and interactions.  

 



 

Lastly, we tested whether the bipyridine motifs, which are well-
established strong metal-binding ligands, could coordinate transi-
tion metal ions to the framework. Demonstrating that metal ions can 
bind to the protein-like framework creates opportunities to mimic or 
model metalloprotein active sites. Initial attempts of soaking crystals 
with 0.1 M CoCl2 or CuCl2 in water showed no binding of Co(II) 
(by SC-XRD), whereas prolonged exposure to excess Cu(II) de-
graded the crystals. However, UIC-1-B7M soaked with 0.1 M 
AgNO3 showed high incorporation of Ag(I) ions (two Ag per pep-
tide), as determined by SC-XRD. Ag(I) ions are chelated by BPH 
and BPE residues and are disordered over a major and minor site 
(major site occupancies of 69% and 60%; minor site occupancies of 
31% and 40%) (Figure 6a). The major Ag sites form [Ag2]2+ clusters 
having an Ag–Ag distance of 3.446 Å, which is within the range of 
argentophilic interactions.59 Ag–ligand distances and angles are con-
sistent with previous examples (Figure 6b).60,61 We hypothesize that 
favorable Ag(I) uptake could be due to the lower Coulombic repul-
sions of the +1 ion and the ability to form argentophilic interactions. 
The ability for the framework to host catalytically-active metal ions 
and even multi-metallic assemblies considerably expands the func-
tional space of this material.62  

 

CONCLUSIONS 
We have reported a robust strategy to significantly advance the ca-

pabilities of peptide-frameworks. By enabling mutagenesis of multi-
ple distinct positions in the channel, the number of pore environ-
ments grows exponentially. Notably, we show that π-stacking by pol-
yaromatic residues is a reliable, metal-free interaction that will be 
useful for future designs of non-covalent frameworks.40 The π-stack-
ing, metal-free strategy is critical for tolerating useful functional 
groups containing carboxylic acids, N- and S-donors, which are 
rarely compatible with metal-coordination frameworks. Further-
more, the flexibility afforded by non-covalent assembly facilitates 
conformationally dynamic, protein-like engagement with guest mol-
ecules. Though non-covalent forces drive framework assembly, 
metal ions can also be added post-synthetically to create metallopro-
tein-like active sites.  

Most crucially, while previous peptide-frameworks had few op-
portunities for mutagenesis, the materials reported herein are readily 
evolvable, as illustrated by the identification of a variant that can 
strongly bind a complex organic molecule. The speed and ease of 
peptide variation, combined with the plurality of mutable residues in 
UIC-1 provides a reliable mechanism going forward to discover 
novel functions by rational or combinatorial design. 
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