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            Abstract
Metalâ€“organic frameworks (MOFs) are crystalline synthetic porous materials formed by binding organic linkers to metal nodes: they can be either rigid1,2 or flexible3. Zeolites and rigid MOFs have widespread applications in sorption, separation and catalysis that arise from their ability to control the arrangement and chemistry of guest molecules in their pores via the shape and functionality of their internal surface, defined by their chemistry and structure4,5. Their structures correspond to an energy landscape with a single, albeit highly functional, energy minimum. By contrast, proteins function by navigating between multiple metastable structures using bond rotations of the polypeptide6,7, where each structure lies in one of the minima of a conformational energy landscape and can be selected according to the chemistry of the molecules that interact with the protein. These structural changes are realized through the mechanisms of conformational selection (where a higher-energy minimum characteristic of the protein is stabilized by small-molecule binding) and induced fit (where a small molecule imposes a structure on the protein that is not a minimum in the absence of that molecule)8. Here we show that rotation about covalent bonds in a peptide linker can change a flexible MOF to afford nine distinct crystal structures, revealing a conformational energy landscape that is characterized by multiple structural minima. The uptake of small-molecule guests by the MOF can be chemically triggered by inducing peptide conformational change. This change transforms the material from a minimum on the landscape that is inactive for guest sorption to an active one. Chemical control of the conformation of a flexible organic linker offers a route to modifying the pore geometry and internal surface chemistry and thus the function of open-framework materials.
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                    Fig. 1: The structural flexibility of ZnGGH in the context of a conformational energy landscape.[image: ]


Fig. 2: Chemical triggering of guest adsorption.[image: ]


Fig. 3: Linker conformation directs pore shape and internal surface chemistry.[image: ]


Fig. 4: Conformational energy landscape and selection of an active minimum in ZnGGH.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Synthesis and crystal structure of ZnGGH-1â‹…(DMF-H2O).
a, Schematic representation of ZnGGH-1â‹…(DMF-H2O) synthesis from glycineâ€“glycineâ€“l-histidine and Zn(OAc)2. The tripeptide is deprotonated at the C-terminal acid and the imidazole side chain. The resulting anion acts as a tetratopic linker and coordinates to four Zn2+ cations, thus forming a three-dimensional (4,4)-connected net. b, Top, structural representation of ZnGGH-1â‹…(DMF-H2O) viewed along the b axis reveals the parallelogram-shaped one-dimensional pores. Centre, the rigid layers of the framework are composed of the histidine residue. Each histidine links three Zn2+ cations; two of them are bridged by the imidazolate side chain, and the third is bound to the carboxylate group. Bottom, ZnGGH-1â‹…(DMF-H2O) viewed along the a axis shows the undulating shape of the rigid layers, which are interconnected by the flexible glycineâ€“glycine chains.


Extended Data Fig. 2 The structural transformations of ZnGGH and the experimental workflow for triggered guest adsorption.
a, Eight distinct crystal structures are produced by exchanging the molecules that occupy the pores of as-made ZnGGH-1â‹…(DMF-H2O). b, Experimental procedure for the adsorption of dioxane by ZnGGH-2 with (left) and without (right) triggering by DMF. Adding DMF during the dioxane-adsorption experiment produces a structural transformation and allows dioxane to access the ZnGGH framework. In the absence of DMF, dioxane does not access the pores of ZnGGH-2. PXRD and 1H-NMR data are shown in Fig. 2. The small amount of dioxane measured in the non-triggered adsorption is assigned to surface species that are not removed during the required work-up procedure.


Extended Data Fig. 3 Structure and linker conformation of ZnGGH-2â‹…(DMSO).
ZnGGH-2â‹…(DMSO) is produced by treating ZnGGH-1â‹…(DMF-H2O) with pure DMSO. This reaction is reversible: ZnGGH-2â‹…(DMSO) is transformed to ZnGGH-1â‹…(DMF-H2O) after treatment with a DMF/H2O 3/1 (v/v) mixture. The linker in ZnGGH-2 adopts a twisted conformation, distinct from the straight conformation adopted in ZnGGH-1, which causes the pore window to shrink from 4.9 Ã… to 4.5 Ã…. The twisted conformation directs the glycineâ€“glycine amide group inside the pore, where it forms a hydrogen bond with DMSO via the NH group of the central glycine. By contrast, the glycineâ€“glycine amide group in ZnGGH-1â‹…(DMF-H2O) is directed along the pore direction and does not form a hydrogen bond with the DMF molecule. From top to bottom are shown parts of the structures at increasing magnification.


Extended Data Fig. 4 Structure, linker conformation and DMF orientation in ZnGGH-3â‹…(DMF) and ZnGGH-1â‹…(DMF-H2O).
ZnGGH-3â‹…(DMF) is produced by treating ZnGGH-1â‹…(DMF-H2O) with pure DMF. This reaction is reversible: ZnGGH-3â‹…(DMF) is transformed back to ZnGGH-1â‹…(DMF-H2O) after treatment with a DMF/H2O 3/1 (v/v) mixture. In both structures, the DMF molecule is hydrogen-bonded to the same proton of the terminal NH2, but its orientation changes by about 90Â° between structures 1 and 3. This change in DMF orientation is associated with repositioning of the terminal glycine between the two structures through conformational change of the tripeptide.


Extended Data Fig. 5 Structure and linker conformation of collapsed ZnGGH-9.
The collapsed structure ZnGGH-9 is produced by removing the solvents from ZnGGH-1â‹…(DMF-H2O). In ZnGGH-9, the linker adopts two very similar folded conformations. These conformational changes are realized by the torsions Ï†2 of histidine and Ïˆ of the central glycine.


Extended Data Fig. 6 Three clusters of conformationsâ€”straight, twisted and foldedâ€”are observed in ZnGGH structures, with the â€˜straightâ€™ cluster divided into four subgroups.
a, We applied dPCA to the linker conformations of the nine experimentally observed ZnGGH structures, grouping them into three clusters: straight, twisted and folded (Fig. 4a). As identified by dPCA, the main variance in linker conformation comes from the torsions Ï†2 of histidine and Ï‰ of Glyâ€“His (contributing to the first principal component, PC1) as well as torsions Ï†1 and Ïˆ of the central glycine (contributing to the second principal component, PC2). b, The straight cluster is the most populated, containing six different conformations. dPCA applied to these six conformations shows that they further separate into four subgroups (Fig. 4b). The main contribution to the principal components is from the torsions Ï†1 and Ïˆ of the central glycine.


Extended Data Fig. 7 Comparison of the structures of ZnGGH-5â‹…(H2O-DMF), ZnGGH-1â‹…(DMF-H2O) and ZnGGH-3â‹…(DMF).
ZnGGH-5â‹…(H2O-DMF) (centre) is produced by treating ZnGGH-1â‹…(DMF-H2O) with H2O/DMF = 5/3 (v/v). This structure combines the hydrogen bonding seen in ZnGGH-3â‹…(DMF) (left) and ZnGGH-1â‹…(DMF-H2O) (right). Although the linker conformations in these three structures belong to the same cluster (straight), the diversity between them (Extended Data Fig. 7b) is enough to produce different sets of hydrogen bonds, demonstrating the variety of structural subgroups shown by the second dPCA in Fig. 4b. ZnGGH-5â‹…(H2O-DMF) has the maximum number of three possible intraframework hydrogen bonds (see Supplementary Table 4). There are two hydrogen bonds between the flexible glycineâ€“glycine chain of the linker: one between glycineâ€“glycine amide groups (green shading) is characteristic of ZnGGH-3, and another between the terminal NH2 and the glycineâ€“histidine amide group (yellow shading) is characteristic of ZnGGH-1. The hydrogen bond between the histidine carboxylate and glycineâ€“histidine amide (pink shading), in the rigid part of the framework, is present in every ZnGGH structure.


Extended Data Fig. 8 Comparison of hydrogen-bond patterns between ZnGGH-6â‹…(F) and ZnGGH-7â‹…(FA).
The furfural (F) and furfuryl alcohol (FA) guests produce two distinct structures, ZnGGH-6â‹…(F) and ZnGGH-7â‹…(FA) respectively. Although these structures feature peptide conformations that place them in the â€˜straight linkerâ€™ cluster (Fig. 4a), they present different hydrogen-bond patterns, placing them in distinct subgroups in Fig. 4b. ZnGGH-6â‹…(F) exhibits the same three intraframework hydrogen bonds as ZnGGH-5â‹…(H2O-DMF), and the carbonyl group of furfural forms a hydrogen bond with the terminal NH2. By contrast, in ZnGGH-7â‹…(FA), the hydroxyl of furfuryl alcohol is hydrogen-bonded to the glycineâ€“glycine amide group and to the terminal NH2, while the flexible Glyâ€“Gly chain of the linker has been rotated towards the guest to form these interactions, thereby disrupting two of the three intraframework hydrogen bonds observed in ZnGGH-6â‹…(F): one between the Glyâ€“Gly amide groups (green circle) and one between the terminal NH2 and the Glyâ€“His amide group (purple circle). The only intraframework hydrogen bond that is present in ZnGGH-7â‹…(FA) is between the histidine carboxylate and the Glyâ€“His amide (black circle).


Extended Data Fig. 9 Structure and linker conformations of ZnGGH-4â‹…(H2O).
ZnGGH-4â‹…(H2O) is produced by treating ZnGGH-1â‹…(DMF-H2O) with H2O. In ZnGGH-4â‹…(H2O), the linker adopts two conformations. Conformation I (pink) is a straight conformation similar to that found in ZnGGH-1â‹…(DMF-H2O), and conformation II (green) is a twisted conformation similar to that found in ZnGGH-2â‹…(DMSO).


Extended Data Table 1 Characteristic dimensions of ZnGGH structuresFull size table
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