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Abstract

Herein we describe a designed protein building block whose self-assembly behaviour is dually
gated by the redox state of disulphide bonds and the identity of exogenous metal ions. This protein
construct is shown-through extensive structural and biophysical characterization—to access five
distinct oligomeric states, exemplifying how the complex interplay between hydrophobic, metal-
ligand, and reversible covalent interactions could be harnessed to obtain multiple, responsive
protein architectures from a single building block.

Graphical Abstract

One protein construct
Five structural states

28 want
Aant

+ M

+ reductant
+ M
—_—

chelating motifs
hydrophobic surface
covalent handle

The propensity of a single protein sequence to form multiple conformations or assembly
states has been crucial for the generation of structural and functional diversity during
evolution.1=3 For instance, protein folds such as the Rossman, four-helix bundle, and Bappp
motifs have been repeatedly used as modular building blocks for larger architectures or
quaternary assemblies with a wide variety of functions.#-6 Similarly, obtaining multiple
structural outcomes from a single protein sequence also is a prerequisite for building
switchable systems that transduce external stimuli into functionally relevant changes to

their tertiary folds or quaternary assembly states.”~19 Inspired by such natural examples,
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there has been great interest in designing proteins that can alter their conformations or alter
their assembly states in response to different stimuli, such as ligand binding,11: 12 metal
coordination,3 14 phosphorylation,1>: 16 and cysteine oxidation/reduction.1’- 18 While there
have indeed been several examples of such artificial multi-state systems,3 11-20 the ability
to design proteins that respond to more than one type of stimulus or to obtain more than
two structurally distinct states from a single protein sequence/structure has been limited
(Figure 1a).21 This is primarily due to the fact that most protein design strategies involve the
implementation of extensive noncovalent interactions (in particular, hydrophobic packing)
to obtain single, stable structures that correspond to deep free energy minima.21-24 This
strategy not only restricts the potential of structural diversification but lowers the potential
for the resulting protein architecture to be stimuli-responsive and reconfigurable.

Due to their simultaneous strength and reversibility, metal-ligand and disulphide bonding
interactions represent promising conduits for the design of protein constructs that can
access multiple structural states in a stimuli-responsive manner..18: 25-28 \We have previously
exploited metal coordination, disulphide bonding, and hydrophobic packing to construct
cytochrome (cyt) cbsgp-based assemblies with diverse conformations, oligomeric states

and metal coordination environments.13. 29-34 MBPC1, an early designed variant of cyt
cbsen, was shown to form different assemblies with distinct oligomeric states and structures
based on the coordination preferences of exogenously added metal ions.13: 22 One of these
assemblies, the Zn-directed tetramer Zn,:MBPC1,4, served as a structural template for the
computational design of a hydrophobic interface (highlighted in cyan in Figure 1b) on

the surface of MBPC1.31 Owing to the designed interactions between the hydrophobic
surface residues, the resulting variant, RIDC1, formed a considerably more stable Zn-
directed tetramer (Zn,:RIDC1,4) with a nearly identical structure to that of Zn,;MBPC1,.3!
Importantly, Zn,:RIDC1, served as a starting point for designing assemblies with functions
that ranged from selective metal binding and metal-based allostery to /n vivo enzymatic
activity.32. 35 36

In the course of our previous studies, we observed that single mutations of the RIDC1
construct alter the assembly outcomes.3”: 38 One RIDC1 variant, “9RIDC1, formed a redox-
dependent but metal-independent tetramer (C9RIDC1,) stabilized by both hydrophobic and
Cys96-Cys96 disulphide bonding (Figure 1b, S1a).37 A second RIDC1 variant, A74RIDC1
(wherein a metal binding residue Asp74 was mutated to Ala) assembled into a Zn-dependent
trimer (Zn,:A7RIDC13) stabilized by hydrophobic packing interactions and tetrahedral,
Zn:His, coordination sites that had not been observed in other RIDC1 variants (Figure

1b, S1b).38 Here, with the aim of developing a protein construct that can respond to

redox and metal-based stimuli to access multiple structural states, we combined the A74

and C96 mutations to generate A74/C9RIDC1 (Figure 2). We found that the interplay
between hydrophobic, metal-ligand, and covalent interactions enabled this variant to form
five discrete structural states in a redox- and metal-responsive fashion (Figure 2).

We surmised that in the oxidized state of A74/C96RIDC1 (AT4/C96RIDC19%), the
Cys96-Cys96 disulphide bonds would enforce tetramerization, as observed in the
case of C9RIDC1.37 Indeed, both in the absence and presence of metal ions (Co'!,
Nil!, cul!, zn!"), AT4/C98RIDC1% formed a tetrameric species in solution in near
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quantitative yields as determined by sedimentation velocity-analytical ultracentrifugation
(SV-AUC) measurements (Figure S2). The crystal structures of Co!'!-, and Zn!'-bound
[AT4/C98RIDC19%], are nearly identical to one another, with a root-mean-square deviation
(RMSD) of 1.24 A between all a-C’s (Figure S3-S5). On average, the buried surface area
(BSA) of the metal-bound tetramers is about 40% smaller (1018 AZ2) than that of the apo
structure (1388 A?) (Table S1). This indicates that the tetrameric assembly undergoes a
significant structural change upon metal binding, with an average RMSD of 2.55 A between
apo and metal-bound structures (Figure S3). Both Co and Zn-bound [A74/C9RIDC19%],
tetramers contain two C,-symmetry-related coordination sites, with E81 and H77 residues
from two different monomers serving as ligands. (Figure S4-7). The [A74/C9RIDC19%],
structures illustrate that simultaneously exploiting the flexibility of and structural constraints
imposed by disulphide bonds and hydrophobic packing interactions can engender a flexible
protein assembly with well-defined metal coordination sites (Figure 2, S4-7).

We next turned to the reduced form of our construct, A7#/C96RIDC1"¢d, with the hypothesis
that the lack of disulphide-mediated interfacial constraints could allow it to access different
oligomeric states upon metal coordination. A74/C98R|DC1"¢d was obtained by adding 5-fold
excess of the reductant tris(3-hydroxylpropyl) phosphine (THPP). At a protein concentration
of =200 pM and up to 5-fold excess of metal ions, Fe!!, Ni!' and Cu'! addition to
ATAIC9BRIDC1e led primarily to trimeric species in solution, whereas Zn!' and Co'!
addition yielded tetrameric or higher-order assemblies (Figure S8, Table S2). All metal-
directed A74/C98RIDC1ed oligomers could be completely disassembled by the addition of a
mixture of ethylenediaminetetraacetic acid (EDTA) and dipicolinic acid (DPA) (Figure S8).

The crystal structures of Fe!'-, Ni'-, Cu'l-, and Zn'!-directed assemblies of A74/C9%6R|DC1red
were determined at resolutions of 1.6 A to 2.7 A (Table S3). These structures revealed a
correspondence between the oligomerization states observed in solution and crystals for the
Fell (n=3), Ni!' (n=3) and Zn'! (n=4) complexes (Figure S5h, S9-10). By contrast, there
was a deviation in the case of the Cu'l-directed A74/C9%RIDC1"d assembly (n=4 in crystals
vs. n=3 in solution) (Figure S11). A closer look at the latter structure showed that all four
Cu centres in the tetrameric assembly adopted a tetrahedral coordination geometry, strongly
suggesting that they were in the +1 oxidation state and thus reduced by the excess THPP
present in the crystallization solution (Figure S7a, S11, Table S4). In light of the complex
redox equilibrium that exists between Cu ions, Cys-disulphide bonds, and THPP, we decided
to focus our further analyses on Fe!!, Ni'' and Zn!' complexes of A74/C96R|DC1red,

Interestingly, the Fe'l- and Ni'!-directed assemblies, while both trimeric, adopt different
structural conformations and metal coordination environments (Figure 3). The Fej:
[A74/C98RIDC1"ed]5 complex features two protein monomers with their C-termini projecting
downward and one monomer with its C-terminus projecting upward, resulting in an
antiparallel, “up-up-down” arrangement similar to that observed for Zn,:A’*RIDC15 (Figure
2, 3a, S9, $12).38 The two Fe!! centres, termed Fel and Fe2, are distinct from one another,
with Fel in a square pyramidal geometry formed by five His residues and Fe2 in a similar
geometry but with three His and two aqua ligands (Figure 3a, S6a, S9).
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By contrast, the Niy:[A74/C98RIDC1"e%]5 assembly has C; symmetry with an all-parallel,
“up-up-up” arrangement of protein monomers and two octahedral, hexa-His-coordinated
Ni!! centres (Figure 2, 3b, S6c, and S10). The structure of Niy:[A74/C9RIDC1"d]5 is nearly
identical to that of the previously characterized Ni,:MBPC13 assembly (RMSD = 0.66 A,
Figure $12).13 While buried surface area and Rosetta interface calculations predict that

the “up-up-up” trimer is less stable compared to the “up-up-down” configuration based
purely on interfacial hydrophobic interactions (Table S1, S5), we propose based on DFT
calculations of the metal coordination sites that the stability of the two octahedral Ni'':Hisg
coordination motifs is sufficiently high to favour the assembly of the “up-up-up” trimer
(Figure S13-14, Table S6; also see Supplementary Discussion).

In contrast to the Fe!l and Ni'l-directed assemblies, the crystal structure of the Zn'!-directed
assembly revealed a tetrameric, D;-symmetric architecture (Zns:[A74/C9RIDC1¢d],) in
which the free Cys96 residues coordinate the metal ion (Figure 4a, S5b). The assembly
features four identical, tetrahedral His,GluCys coordination sites (Figure 4a, S7b). Each
antiparallel dimer is oriented about 75° with respect to the other (Figure 4b). This canted
arrangement contrasts with the nearly collinear arrangement (6 = 21°) of antiparallel dimers
in Zn,: [AT4/C98RIDC19], (Figure 4b). Taken together, the Zn,:[A74/C98RIDC1ed], and
Zn-bound [A74/C98RIDC1°X], structures illustrate the dual functional role of cysteine as

a metal coordinating ligand and covalent handle, which is critical to redox signalling in
biological systems.10: 3940 Our results demonstrate that A74/C9%6RIDC1ed can adopt three
unique architectures in the presence of different metal ions (Figure 2—4), exemplifying
how metal coordination preferences and hydrophobic packing can collectively influence
assembly outcomes.

The ability of a single protein construct to assemble into and interconvert between
multiple structural states is crucial for generating functional diversity and the generation
of switchable systems.1: 2:8:9. 41 Herein, we have demonstrated that a designed protein
(AT4C98RIDC1) can be subjected to redox- and metal-based stimuli to obtain five
structurally distinct assemblies (Figure 2). The large structural diversity of A74/C9%6RIDC1
assemblies can be attributed to an intricate interplay between metal-ligand, disulphide
bonding, and hydrophobic interactions. While potentially serving as starting points for
engineering downstream functions, the dynamic A74/C9%RIDC1 assemblies also pave the
path to the generation of multistate protein switches.

Supplementary Material
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(a) General workflow to design a multi-stimuli responsive protein construct. A and B
represent different stimuli. (b) Cartoon schemes of previously designed cytochrome cbsgp
variants.
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Structural states of A74/C9RIDC1 obtained through the addition of redox and/or metal-based
stimuli. Hydrophobic mutations are highlighted in cyan. Ox. = oxidant, red. = reductant.
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Fig. 3.
Assembly properties of Fe- and Ni-directed A74/C9%RIDC1 trimers. (a) SV-AUC profile

of 200 uM AT4C9RIDC1 following the addition/removal of 5 equiv. Fe!//monomer
(left). Crystal structure of Fe,:[A74/C9%RIDC1"d]; (PDB ID: 7RWY), highlighting Hiss
and Hiss coordination sites (right). (b) SV-AUC profile of 200 uM A74/C9%R|DC1
following the addition/removal of 1 equiv. Ni'//monomer (left). Crystal structure of Niy:
[A74/C9BRIDC1"d]5 (PDB ID: 7RWU), highlighting the Hisg coordination sites (right).
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Fig. 4.
(a) Crystal structure of Zn,:[A74/C9%RIDC1ed], (PDB ID: 7RWX), highlighting one of

four identical tetrahedral Zn coordination sites featuring Cys96 in the primary sphere.
(b) Cartoon depictions of Zn,:[A74/C98RIDC1ed], (left) and Zn,:[A74/C9RIDC1%], (right)
illustrating significant conformational differences between the two assemblies.
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