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SYNTHETIC BIOLOGY

Metal ion-regulated assembly of designed

modular protein cages

Jana Aupi¢'t, Fabio Lapenta?t, Ziga Strmsek’, Estera Merljak'?3,

Tjasa Plaper'3, Roman Jerala'?*

Coiled-coil (CC) dimers are versatile, customizable building modules for the design of diverse protein architectures
unknown in nature. Incorporation of dynamic self-assembly, regulated by a selected chemical signal, represents
an important challenge in the construction of functional polypeptide nanostructures. Here, we engineered metal
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binding sites to render an orthogonal set of CC heterodimers Zn(ll)-responsive as a generally applicable principle.
The designed peptides assemble into CC heterodimers only in the presence of Zn(ll) ions, reversibly dissociate by
metal ion sequestration, and additionally act as pH switches, with low pH triggering disassembly. The developed
Zn(Il)-responsive CC set is used to construct programmable folding of CC-based nanostructures, from protein
triangles to a two-chain bipyramidal protein cage that closes and opens depending on the metal ion. This demonstrates
that dynamic self-assembly can be designed into CC-based protein cages by incorporation of metal ion-responsive
CC building modules that act as conformational switches and that could also be used in other contexts.

INTRODUCTION

Metal ion binding is integral for function, folding, and formation
of quaternary complexes of many proteins (I, 2). Understanding
metal-protein interactions is, therefore, an important piece of the
protein folding puzzle. Because metal coordination can be easily
regulated via changes in the concentration of a competing chelator
or pH, metal ion binding and unbinding events often trigger
conformational changes, a cornerstone of many natural regulatory
mechanisms. Conformational changes induced by metal ion bind-
ing regulate muscle contraction (3), ion channel flux (4), DNA
binding affinity of transcription factors (5-7), and mediate ubiquiti-
nation (8). Designing metal binding sites into protein scaffolds is,
therefore, an attractive strategy toward achieving designed protein
complexes with externally controllable assembly/disassembly,
mimicking natural molecular machines.

Coiled coils (CCs) have been proven to be suitable building
blocks for designing modular protein nanostructures (9-11). CC
sequences are characterized by a heptad repeat pattern, commonly
denoted as abcdefg, where hydrophobic residues are located at posi-
tions a and d, while other positions are predominantly occupied by
polar amino acid residues (12). Assembly of individual peptide
chains into a left-handed superhelix is mediated by hydrophobic
interactions between amino acid residues at a and d positions, and
salt bridging between residues at e and g positions. Residues at b, c,
and f positions primarily do not affect oligomerization properties but
contribute to the thermodynamic stability of the CC assembly (13).
Thanks to the insights into the rules governing the sequence-structure
relationship in CCs, it is feasible to precisely design the number and
the orientation of o helices in a CC assembly by carefully selecting
interacting residues (14).
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By correctly combining CC-forming peptides or linking them to
other oligomerizing units, diverse CC-based nanostructures can be
created (9-11). We have previously shown that CC dimers can
be used to design mono- and multimeric protein cages of different
polyhedral shapes (15-19). This strategy, termed CC protein origami
(CCPO), is based on the concatenation of orthogonal CC-forming
peptides (20) into one or several polypeptide chains that self-assemble
into the desired fold determined by the pattern of pairwise interac-
tions between the CC-forming modules.

That CCs can also be engineered to bind metal ions with high
selectivity and affinity has been first demonstrated more than three
decades ago (21, 22). Initial design attempts focused on Zn(II) bind-
ing sites; however, subsequent work has shown CCs can be adapted
to bind a diverse array of metal ions (23-27). Moreover, multiple
structurally diverse binding sites could be incorporated into a
single-peptide scaffold (28-30), with some designs mimicking
natural metalloenzymes both in structure and function (31, 32).
Because metal binding can be coupled to protein folding and
assembly, many of the hitherto designed metal binding peptides
assumed a well-folded structure only in the presence of metal ions
(22, 33-35), in effect acting as metal-regulated conformational
switches. The designs reported so far were based, with few excep-
tions (36, 37), not on CC dimers but on CC trimers and higher-
order a-helical bundles with metal ions buried in the cavity
between multiple helices. Recently, we demonstrated that a mono-
meric peptide could be transformed into a conformational switch
by incorporating a His residue at the e position in its final heptad
(34). The peptide, named SwitCCh, formed a parallel CC homodimer
only in the presence of Zn(II) ions. While CCs and a-helical
bundles can act as conformational switches individually, they could
also be applied to program conformational flexibility and regulated
self-assembly into larger protein nanostructures. For example, it
has been recently shown in a study by Tezcan and co-workers that
four-helix bundles can serve as building blocks for designing larger
cage-like architectures with metal-mediated assembly (38). Simi-
larly, by incorporating Zn(II)-dependent CC dimers into CCPO
cages, it might be possible to reversibly regulate their folding and
(dis)assembly.
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Here, we use rational metal-site engineering to design a
four-member set of orthogonal Zn(II)-dependent heterodimeric
CCs. The designed set is applied to construct single-chain CCPO
triangular folds with dynamic Zn(II)-dependent folding. Compar-
ing different design variants, we show that the temperature where
Zn(II) ions have a substantial effect on the secondary and tertiary
structure can be fine-tuned by CC building block selection and
rational mutation of residues at b, ¢, and fheptad positions. Last, we
demonstrate the design of a metal ion-regulated self-assembly of a
multimeric CC-based bipyramidal protein cage.

RESULTS

Design of Zn(ll)- and pH-responsive CC modules

Most of the hitherto designed orthogonal CC sets are composed of
heterodimeric pairs, due to clear design rules for their creation (39).

Here, we used the orthogonal peptide pairs P3:P4, P5:P6, and P7:P8
from the NICP CC toolkit (20) as scaffolds for the design of orthogonal
Zn(II)-responsive CC heterodimers. Orthogonality was encoded
into the original set by strategically matching polar Asn residues at
different a heptad positions and by using different charge patterns
of Glu and Lys residues at e and g positions (20). The metal binding
sites were designed to closely mimic their natural counterparts. In
natural proteins, Zn(II) ions are predominantly coordinated by
four or three tetrahedrally arranged amino acid residues, most
frequently Cys and His, with the average distance between Zn(II) and
the coordinating atom of approximately 2 A (40, 41). Accordingly,
we introduced three His residues into each peptide pair: two into
the first peptide and one His residue into the second peptide
(Fig. 1, A to D, and table S1). His residues were placed at one of the
interacting d positions in each pair, where they replaced the di-
merization promoting Ile residue, therefore destabilizing peptide
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Fig. 1. Design and biophysical characterization of the Zn(ll)-responsive orthogonal dimeric CC set. (A to D) Sequence and design models for CC34s,3H3 (A),
CC5651p3H2 (B), CC5654p3H3 (C), and CC78s1p,3H2 (D). Heptads with negatively and positively charged residues at e:g positions are colored red and blue, respectively,
while heptads containing the ZnHis3 motif are shown in gray. Model CC structures were built with the ISAMBARD software package (57). (E to H) CD spectra in the absence
and presence (200 uM) of Zn(ll) ions for individual peptides and peptide pair mixtures (20 uM). CD signal is shown as mean residue ellipticity (MRE). (I to L) MRE at 222 nm
as a function of temperature in the presence and absence of Zn(ll) ions. Experimental data (dots) were fit with a thermodynamic two-state model (blue line) to determine
the melting temperatures (Tr,). (M to P) Normalized CD signal at 222 nm (gray bars) after consecutive additions of equimolar amounts of Zn(ll) and EDTA for CC34s,3H3
(M), CC5651b3H2 (N), CC5654p3H3 (0), and CC78s4p3H2 (P). The data are shown as means + SD (n = 3). (Q) Protein-protein interaction matrix in the presence of Zn(ll) ions.
Propensity for interaction was estimated from MRE at 222 nm.
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interaction in the absence of Zn(II) (fig. S1). In each pair, one of the
peptides contained an additional His at a neighboring e position
to achieve tighter Zn(II) binding, because the homodimeric peptide
SwitCCh, where coordination was mediated by only two His resi-
dues, displayed a relatively low Zn(II) binding affinity [dissociation
constant (Kq) ~ 400 pM] (34). To probe the effect of binding site
placement within the four-heptad peptide on conformational switch-
ing, we positioned the ZnHis; motif into the second [CC56s,3H2
(Fig. 1B) and CC78sp3H2 (Fig. 1D)], third [CC34s,3H3 (Fig. 1A) and
CC56sub3H3 (Fig. 1C)], or fourth heptad [CC34gp,3H4 (table S1)].
In addition, residues at the b, ¢, fheptad positions were modified to
promote salt bridging, thus increasing o-helical propensity and
stability (13). Last, we created model structures of designed peptide
pairs with ISAMBARD to confirm His residues were at an appro-
priate distance for Zn(II) coordination (Fig. 1, A to D).

The secondary structure of the designed peptide pairs was
analyzed using circular dichroism (CD) spectroscopy (Fig. 1, E to H).
In the absence of metal ions, the peptide pairs were predominantly
unfolded with the exception of CC34gy,3H4 that contained the
Zn(II) binding site in the fourth heptad, close to the C-terminal end
(fig. S2). Peptide pair CC34syp,3H4 was, therefore, not examined
further. For other peptide pairs, the addition of Zn(II) ions resulted
in a large increase in ellipticity at 208 and 222 nm, characteristic for
the formation of helical structures (Fig. 1, E to H). To confirm
the observed increase in helicity was not due to the formation of
homo-oligomeric species, individual peptides were investigated. No
Zn(IT)-dependent changes in secondary structure were observed,
confirming that both peptide partners were needed for the forma-
tion of a-helical CCs. In addition, CD spectroscopy was used to
monitor temperature-induced unfolding (Fig. 1, I to L). In the
absence of Zn(II) ions, melting temperatures (Ty,) were below
20°C. Addition of Zn(II) ions caused a large increase in Tr,. Notably,
peptide pairs CC34gy,3H3 (Fig. 1I) and CC56gy,3H3 (Fig. 1K)
with the ZnHis; site in the third heptad were characterized by a
higher T, (42° to 43°C) than peptide pairs CC56g1,3H2 (Fig. 1]) and
CC78sup3H2 (Fig. 1L; Ty, = 32° to 33°C), where the binding site was
located in the second heptad in the center of the peptide.

Next, we used size exclusion chromatography coupled to multi-
angle light scattering (SEC-MALS) to confirm that Zn(II) ions
induced formation of CC dimers rather than higher-order species.
In the absence of Zn(II) ions, we observed two peaks in the chro-
matograms of peptide mixtures, corresponding to individual peptides
(fig. S3). Addition of Zn(II) ions to the mobile phase resulted in
peptide pairs eluting in a single peak whose mass corresponded to a
dimer as designed (fig. S4).

Zn(II) binding affinity was determined by monitoring ellipticity
at 222 nm as a function of Zn(II) concentration (figs. S5 and S6).
For all peptide pairs, ellipticity increased until Zn(II):CC molar
ratio was approximately 1:1, after which saturation was observed.
This indicated a single Zn(II) ion bound into each designed
heterodimer. Kgs, calculated by fitting a two-state model to experi-
mental data (see the Supplementary Methods), were in the low
micromolar region with Zn(II) binding strongest to CC34sy,3H3
(Kqg=1% 0.1 uM). We observed CC formation also after the
addition of other divalent metal ions [Ni(II), Co(II), and Cu(II)];
however, the Kgs were 10- to 300-fold higher (figs. S7 to S9).

Next, we examined whether metal-induced self-assembly could
be reversed either by the addition of a strong metal chelator such as
EDTA or by decreasing the pH, which affects the protonation state
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and coordination ability of His residues. Upon EDTA addition, the
CCs promptly disassembled, reflected in the decrease in ellipticity
at 222 nm to levels observed before Zn(II) addition (Fig. 1, M to P).
Moreover, switching between the monomer and dimer state could
be repeated reversibly for several cycles, without loss in amplitude.
In addition, all four peptide pairs exhibited pH-induced disassembly
atlow pH (fig. S10). For designs CC56su,3H2 and CC78spp3H2, the
transition was highly cooperative with a midpoint at pH 6, while for
CC34syp3H3 and CC56s1y,3H3, dissociation occurred over a broader
range of pH values with a midpoint at pH ~5. The reduced cooper-
ativity and lower transition pH values are most likely due to the
stronger association between peptide chains as reflected in thermal
stability, making His residues more resistant to protonation.

If the designed Zn(II)-dependent CCs were to be used for the
construction of modular CC nanostructures, they ought to display
high interaction specificity (Fig. 1Q). Pairwise all-by-all CD analysis
revealed each peptide formed a CC preferentially with its peptide
partner. Some cross-reactivity was observed at higher Zn(II) con-
centrations. While peptide P6gy,3H3 still preferentially bound its
partner P5gyp3H3, it displayed a homo-oligomerizing tendency and
weakly interacted with peptides P6syp3H2 and P4sy,3H3 (fig. S11).

To further probe the modularity of the binding site design, we
examined whether inserting the ZnHis; motif into the second and
third heptads of CC56gp, would result in a CC able to bind two
Zn(II) ions (table S1). While the resulting module CC56sy,6H was
unresponsive to Zn(II) ions, the individual peptide P6gy,6H displayed
homo-oligomerization in response to Zn(II) ions at high peptide
concentrations (fig. S12), indicating that insertion of a larger num-
ber of mutations results in less predictable CC pairing.

Tunable Zn(ll)-driven regulation of CCPO self-assembly

Because the development of synthetic protein cages and materials
with controllable and reversible self-assembly is one of the current
goals of protein design, we sought to use the Zn(II)-responsive CCs
to construct single-chain CCPO cages with inducible folding and
unfolding. As a case study, we used a triangular fold composed of
six peptide modules (Fig. 2 and table S2). The control construct
TRI6-control (Fig. 2A), composed of peptide pairs CC34gpp, CC56gm,
and CC78syp without Zn(II) binding sites, showed high helicity
(~75%; Fig. 2B) and high thermal stability (T}, = 82°C; Fig. 2C). CC
building blocks were then replaced with their Zn(II)-responsive
counterparts: CC34gpy,3H3, CC565,3H3, and CC78¢y,3H2. At 20°C,
the resulting design TRI6-1 (Fig. 2D) displayed a high a-helical
content (82%) that was independent of Zn(II) ion concentration
(Fig. 2, E and F, and fig. S13). Next, we used SEC-MALS to qualita-
tively evaluate the effect of Zn(II) ions on the tertiary structure. In
the absence of metal species, TRI6-1 eluted at approximately the
same retention time as the control assembly, indicating that the
design assumed a folded triangular state (Fig. 2G). Addition of Zn(II)
had a minimal effect on the retention time. Nonetheless, thermal
denaturation measurements revealed addition of Zn(II) ions sig-
nificantly increased the protein’s thermal stability, with Ty, increas-
ing from 37° £ 1°Cto 56° + 1°C (Fig. 2F). Zn(II) ions had the highest
impact on secondary structure at ~50°C, triggering a transition
from the unfolded to the folded state (Fig. 2H). Together, the results
show that while the insertion of the ZnHis; binding site into each
CC module did not prevent the formation of the triangular fold in
the absence of Zn(II) ions, it did diminish its stability, which could
however be partially recovered by the addition of Zn(II) ions.
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Fig. 2. Biophysical characterization of a Zn(ll)-responsive CCPO triangle. (A) Schematic representation of the CCPO triangle design TRI6-control along with the
arrangement of CC building blocks. (B) MRE as a function of wavelength in the absence and presence of Zn(ll) ions (yellow and red curves, respectively) observed for

TRI6-control. (C) MRE at 222 nm as a function of temperature in the absence and pr
two-state unfolding model was fit to experimental data (yellow and red curves, res

esence of Zn(ll) ions (gray and black dots, respectively) observed for TRI6-control. A
pectively) to determine the Tps. (D) Schematic representation of the CCPO triangle

design TRI6-1. (E) MRE as a function of wavelength in the absence and presence of Zn(ll) ions (yellow and red curves, respectively) observed for TRI6-1. (F) MRE at 222 nm
as a function of temperature in the absence and presence of Zn(ll) ions (gray and black dots, respectively) observed for TRI6-1. T,, was determined by fitting a two-state

unfolding model to experimental data (yellow and red curves, respectively). (G) SEC-

MALS was used to analyze the effect of Zn(ll) ions on the tertiary structure of TRI6-1.

The dotted line marks the retention time observed for the control construct. (H) CD spectra of TRI6-1 at different Zn(ll) ion concentrations observed at 50°C. CD profile
before the addition of Zn(ll) ions is shown in yellow, while the red curve corresponds to the CD profile observed at the highest Zn(ll) concentration.

To shift the temperature where Zn(II) ions control protein fold-
ing to a lower temperature range, we investigated several alternative
CCPO triangle designs, differing in CC building block composition
(Fig. 3, A and B, and figs. S13 and S14). After replacing the C-terminal
pair CC34syp3H3 with the homodimeric SwitCCh (34) (design
TRI6-2) and the central building block with CC56su,6H or the
homo-oligomeric P6gpy,6H (designs TRI6-3 and TRI6-4, respectively),
Zn(II)-dependent folding was observed at 37°C (Fig. 3, C to E, and
fig. S14). We further destabilized the triangular fold by modifying b,
¢, fresidues in the N-terminal CC module CC78gy,3H2 (13). In the
construct TRI6-5, we changed all b, ¢, fresidues to Ala, whereas the
design TRI6-6 contained in those positions polar negatively charged
residues (Fig. 3B). At room temperature, TRI6-5 displayed only low
helicity (36%), while TRI6-6 was unfolded (Fig. 3E). In both cases,
the addition of Zn(II) led to an increase in helicity (59 and 42%,
respectively) and a cooperative unfolding transition at 46° + 1°C
and 27° £ 1°C, respectively (Fig. 3, C and D). Greater degree of
unfolding in the absence of Zn(II) ions was also confirmed by
SEC-MALS measurements (fig. S14).

Aupi¢ et al., Sci. Adv. 8, eabm8243 (2022) 17 June 2022

To study the effect of Zn(II) ions on the tertiary structure of
selected triangular designs (fig. S15) in detail, we used small-angle
x-ray scattering (SAXS), which is particularly suitable to study
dynamic assemblies. The scattering curve of the control construct
(TRI6-control) matched well to a triangular model structure and
was characterized by a radius of gyration (Rg) of 2.85 + 0.05 nm
(Fig. 4, A and B), and a maximal particle distance (Dpax) 0f 9.7 £ 0.5 nm,
in agreement with the design (Fig. 4C). For TRI6-3, TRI6-4,
TRI6-5, and TRI6-6, we observed higher Dy, and Rg values in the
absence of Zn(II) (Fig. 4C). In comparison to TRI6-control, TRI6-6
was characterized by a twofold higher Dy, (21 £ 1 nm), a size
increase consistent with unfolding of a monomeric protein (42).
Kratky analysis further corroborated TRI6-control was well folded
and contained multiple domains connected with flexible linkers,
while other proteins were either partially or fully unfolded in the
absence of Zn(II) ions (Fig. 4D). We evaluated the degree of unfolding
in the absence of Zn(II) ions by the ensemble optimization method
(EOM) (43). Briefly, a large pool of unfolded random chain config-
urations was generated, after which a genetic algorithm was used to
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Fig. 3. Modulation of the response of the CCPO triangle to Zn(ll) through building block selection. (A) Schematic representation of the CCPO triangle design variants
along with a list of CC building blocks tested at each edge. (B) Arrangement of the peptide segments in the polypeptide chain for each design. (C) MRE at 222 nm as a
function of temperature (7) in the absence (left) and presence (right) of Zn(ll) ions. The color coding is as shown in (B). (D) T, in the absence (yellow dots) and presence
(red dots) of Zn(ll) ions for all designs. T,s were determined by fitting a two-state unfolding model to experimental data. The error bars depict the uncertainty of the fit.
(E) Effect of Zn(ll) addition on MRE at 222 nm at 20°C. Data are shown as means + SD (n = 3). Individual measurements are shown with yellow and red dots and correspond

to MRE observed in the absence and presence of Zn(ll) ions, respectively.

select the ensemble of structures best matching the observed SAXS
profile (fig. S16). Comparison of R distributions calculated from
the optimized ensembles indicated only TRI6-6 was completely
unfolded in the absence of Zn(II) ions, while other designs were
characterized by a more compact ensemble of structures (figs. S16
and S17). We repeated the SAXS measurements at different Zn(II)
ion concentrations. Addition of Zn(II) ions led to a well-defined
maximum at gR, = V3 in the Kratky spectrum coupled with a
decrease in the plateau at higher gR; values, which indicates that the
proteins acquired a more compact fold (Fig. 4D) (44). Furthermore,
R, values decreased as Zn(II) concentration was increased (Fig. 4E).
At higher Zn(II) concentrations, R, for TRI6-3, TRI6-4, and TRI6-6
showed a good agreement to the R, observed for the TRI6-control.
The most pronounced change was observed for TRI6-6, which
underwent a decrease in Ry from 4.8 + 0.2 nm to 3.0 = 0.1 nm.
Moreover, SAXS profiles at high Zn(II) concentration were similar
to that observed for TRI6-control (fig. S18), particularly in the case
of TRI6-4 and TRI6-6, suggesting these constructs assumed a trian-
gular shape (fig. S19).

To support the results of SAXS analysis, folding of TRI6-5 and
TRI6-6 was additionally monitored by Forster resonance energy
transfer (FRET). Because the N and C termini should come in close
proximity as the proteins fold, a pair of cyanine dyes (sulfo-Cy3 and
sulfo-Cy5) was attached at the termini, and the FRET ratio was
monitored as a function of Zn(II) ion concentration (Fig. 4F). For
both designs, increasing the concentration of Zn(II) ions led to a
notable rise in the FRET signal, indicating the distance between the
N and C termini decreased as the proteins folded, further cor-
roborating the designs assumed a triangular structure in the
folded state. To extract binding affinities for CC building blocks, a
global fit to FRET titration curves was performed (see the Supple-
mentary Methods). K4 values obtained for modules P6gy,6H and
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SwitCCh were in the low micromolar region (3 and 10 uM, respec-
tively). Notably, changing b, c, f sites to negatively charged amino
acids resulted in a Ky increase of approximately two orders of
magnitude from 20 nM for module CC784_sur3H2 to 6 uM for
CC78sn-sub3H2. In addition, we showed the triangular structures
could be reversibly folded and unfolded by sequestering Zn(II) ions
from solution by EDTA addition (fig. S20). Moreover, the addition
of other divalent metal ions did not result in a FRET increase, indi-
cating the designs selectively bind Zn(II) ions (fig. S21).

Metal ion-regulated assembly of a heterodimeric

CCPO bipyramid

Last, we examined whether the Zn(II)-dependent CCs could be
used to reversibly control the assembly process of multimeric CCPO
cages. As a proof of concept, we used the recently described
heterodimeric CCPO bipyramid SBP12¢y, (17), composed of two
tetrahedrally shaped domains that interact via a triangular interface
encompassing three CC dimer—forming peptide segments. We have
previously shown that the assembly of the two-chain protein
bipyramid could be regulated by proteolysis; however, that process
was unidirectional. Aiming to achieve a reversible, Zn(II)-regulated
self-assembly, we replaced the interfacing CCs with CC56gnp3H2,
CC56sup3H3, and CC78sup3H2, while keeping the rest of the
modules unchanged (Fig. 5A and table S2). We named the resulting
proteins SBP?"1 and SBP?"2 and produced them in Escherichia coli
(fig. S22).

We first analyzed the assembly of the two tetrahedral domains
by CD spectroscopy. Adding Zn(II) ions to an equimolar mixture of
SBP“"1 and SBP“"2 increased the o-helical content by 13% (Fig. 5B)
and the Ty, of the first unfolding transition by 5°C (Fig. 5C). This
suggests Zn(II) ions provided additional structural stabilization,
most likely to the interfacial segments. SEC-MALS measurements
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Fig. 4. Structural analysis of the Zn(ll)-dependent folding of CCPO triangles with SAXS. (A) A molecular model of TRI6-control. (B) Scattering intensity /(g) as a function
of the scattering vector g. Ry was 2.85 + 0.02 nm. Scattering profile for TRI6-control (black dots) was in good agreement (x = 2) with the theoretical scattering (violet curve)
calculated from a triangular structure shown in (A). (C) Pair distance (r) distribution function P(r) for TRI6-control (violet curve), TRI6-3 (yellow curve), TRI6-4 (green curve),
TRI6-5 (blue curve), and TRI6-6 (dark blue curve) in the absence of Zn(ll). The same color scheme is applied in each subsequent panel. (D) The addition of Zn(ll) ions led to
large changes in Kratky plots of all designs, demonstrating a transition to more folded structures. (E) Ry decreased with increasing Zn(ll) concentration. Error bars repre-
sent uncertainty in Ry determination. (F) Folding of TRI6-5 and TRI6-6 was monitored through Férster resonance energy transfer (FRET) between a pair of terminally at-
tached cyanine dyes. Global thermodynamic model fitting (solid curves) was used to determine the Kys for Zn(ll) ion binding to individual CC building blocks. Data are

shown as means + SD (n=3).

confirmed the tetrahedral domains assembled into a heterodimer
only in the presence of Zn(II) ions and were otherwise monomeric
(Fig. 5D). On the other hand, secondary structure, thermal stability,
and oligomerization state of each individual domain were not sig-
nificantly affected by Zn(II) ion addition (fig. $23). Next, we labeled
the tetrahedral domains at the interface with fluorescent dyes
sulfo-Cy3 and sulfo-Cy5 and monitored their association through
FRET (Fig. 5E). The addition of Zn(II) caused a strong increase in
the FRET signal. Although three binding sites were present at the
interacting interface, the plateau was observed after the addition of
two equivalents of Zn(II), indicating the binding of two metal ions
was sufficient to assemble the bipyramidal cage, as would be expected
for two rigidly interacting tetrahedra. Experimental data were fit to
a model that described the binding sites as identical (to avoid over-
fitting) but allowed for cooperativity (see the Supplementary Methods).
The determined Kgs were in the nanomolar range (K} = 90 + 10 nM,
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K3 =10 + 2 nM). Last, we examined the reversibility of the self-
assembly (Fig. 5F). The addition of EDTA to the solution of the
SBP?"1:SBP?"2-Zn (1) complex led to a decrease in the FRET signal,
indicating a disassembly of the bipyramidal cage. Moreover, Zn(II)/
EDTA-triggered cycling between the assembled and disassembled
state could be performed several times without a substantial loss in
the amplitude of the FRET signal. Only weak association was
observed in the presence of other divalent metal ions (fig. S24).

To confirm the heterodimer assumed a bipyramidal shape in
solution, we analyzed it with SEC-SAXS (Fig. 5G and fig. $25). Ry
and Dp,x were 4.2 £ 0.05 nm and 12.3 + 0.5 nm, respectively, in
agreement with values observed for the previously designed two-
chain CCPO bipyramid (4.0 and 11.8 nm, respectively) (17). To
investigate the possible conformational heterogeneity, an ensemble
of bipyramidal cage models was compared to the scattering profile.
A good fit was obtained with a single bipyramidal cage model,
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Fig. 5. Design and characterization of Zn(ll)-responsive self-assembly of the heterodimeric bipyramidal protein cage. (A) Schematic of the designed heterodimeric
bipyramidal cage with Zn(ll)-dependent self-assembly. (B) MRE as a function of wavelength observed for the SBP?"1:5BP?"2 complex in the absence and presence of Zn(ll)
ions. (C) MRE at 222 nm as a function of temperature in the absence (gray dots) and presence (black dots) of Zn(ll) ions. (D) SEC-MALS demonstrated that SBP?"1 and
SBP?"2 assembled into a heterodimer only in the presence of Zn(ll) ions (blue curve). The violet curve shows the elution profile of the equimolar SBP?"1:SBP?"2 mixture in
the absence of Zn(ll), while dashed lines correspond to individual subunits. (E) Self-assembly of tetrahedral subunits as a function of Zn(ll) ions concentration monitored
by FRET (blue symbols). Thermodynamic model fitting (black curve) was used to determine Kys. Data are shown as means + SD (n = 3). Error bars are smaller than data
points. (F) Reversible control of the assembly/disassembly with external stimuli. Data are shown as means + SD (n = 3). Blue symbols represent results of individual
measurements. (G) Scattering intensity /(g) as a function of the scattering vector g. The SAXS profile (black dots) fit well to a single bipyramidal cage model structure
(blue curve) shown in (H). The fit was evaluated using the chi metric (x). Ry was comparable to the previously reported bipyramidal cage design SBP12,. Data are shown
as means * SD (n = 40). (H) Best-fit model of the complex SBP?"1:SBP?"2 superimposed to the molecular envelope reconstructed from SAXS data using ab initio modeling.
The molecular envelope was obtained by refining the averaged envelope from 20 independent DAMMIF runs with DAMMIN (60).

suggesting that the tetrahedral domains assembled into a bipyramidal
shape as designed (Fig. 5, G and H, and fig. $25). Moreover, theoretical
scattering curves calculated for tetrahedral models of individual
subunits or open conformations of the bipyramidal cage did not
match the observed SAXS scattering curve (fig. $25). The molecular
envelope obtained with an ab initio reconstruction from SAXS data
overlapped reasonably well with the best-fit cage model (Fig. 5H
and fig. S26). The slight deviation between the envelope and best-fit
model might be due to the presence of an exposed central cavity, a
characteristic feature of CCPO cages or the partial flexibility of the
bipyramidal cage detected also in the Kratky plot (fig. S25).

DISCUSSION
One of the reasons the design of bridging metal centers has been
such a successful strategy for generating supramolecular complexes
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is the relative strength of the metal-ligand bond driving the assembly,
resulting in a robust design (45, 46). However, the oligomerization
state of the self-assembled structure does not depend only on the
preferred coordination geometry of the metal ion but also on non-
covalent interactions between residues that come in close proximity
as a result of the metal ion-mediated assembly, rendering the
design of supramolecular assemblies via metal coordination more
difficult (46). By incorporating ZnHiss, a frequently used motif in
metalloprotein design, into an orthogonal CC set, we harnessed the
importance of noncovalent interactions to design a set of four
orthogonal Zn(II)-dependent heterodimeric CCs that differ in
the pattern of electrostatic, hydrophobic, and metal chelating
interactions.

While our modular design strategy highlights how metal sites
can be used to guide CC self-assembly, the position of the binding site
in the peptide sequence importantly affected the Zn(II)-dependent
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self-assembly. Terminally positioned binding site did not provide a
sufficient perturbation to the hydrophobic seam to prevent CC
formation in the absence of metal ions, while placing the ZnHis;
motif in the second or third heptad, located centrally, resulted in
Zn(II)-controlled self-assembly. This suggests that the cluster of
hydrophobic interactions is more potently disrupted at its center.
CCs with the ZnHis; motif in the second heptad versus the third
heptad behaved somewhat differently. a-Helical content was higher
for CC pairs containing ZnHis; motif in the second heptad (62 and
66% for CC56su,3H2 and CC78sup,3H2; Fig. 1, F and H, respectively)
than if the binding site was present in the third heptad (55 and 50%
for CC34su,3H3 and CC56g1,3H3; Fig. 1, E and G, respectively).
Conversely, thermal stability was lower if ZnHis; was positioned in
the second heptad. In addition, peptide pairs that contained the
binding site in the second heptad displayed a somewhat weaker
Zn(II) binding affinity in comparison to peptide pairs with His
residues in the third heptad. We posit that the Zn(II) coordination
site to a certain degree represents a disruption in the CC motif.
Consequently, this affects the balance between binding affinity and
helical content, with more rigidly organized coordination sites
leading to higher Zn(II) affinity and thermal stability, but less heli-
cal assemblies. It is possible that the position of the ZnHis; motif in
the peptide sequence also affects the precise metal coordination
geometry. High-resolution structural characterization of the peptides
in complex with Zn(II) ions aimed at understanding the origins of
these differences is ongoing.

Successfully designed peptide pairs displayed a high degree of
orthogonality. Although CC56sy,3H2 and CC56su,3H3 displayed
some degree of cross-reactivity, on-target pairing was still preferred,
even though the two peptide pairs shared the same hydrophobic
and electrostatic pattern but differed in the position of the metal
binding site. This suggests the possibility of combining standard CC
noncovalent interactions with engineered metal sites to expand the
size of available orthogonal CC pairs, allowing for the design of
more complex CC-based nanostructures. However, insertion of
several mutations in a CC pair can disrupt the pairing specificity
imparted by the hydrophobic and electrostatic interaction pattern,
as in the case of CC564y,6H.

To explore the potential of the developed CCs as building blocks
for designing dynamic protein assemblies, the set was used to
construct a series of CCPO polyhedral cages. The initially designed
single-chain CCPO triangle composed of validated Zn(II)-responsive
CCs (CC78sup3H2, CC34s,3H3, and CC56s1,3H3) displayed Zn(II)-
dependent folding only at elevated temperatures. This reflects the
strong effect that connecting peptide pairs into a single chain has on
the thermodynamics of the assembly by reducing the loss in entropy
normally associated with dimerization. Because of the modular
nature of CCPO cages, we were able to reduce the temperature
range where Zn(II) ions controlled the folding equilibrium of the
CCPO triangle by modulating its stability at the level of individual
CC pairs. We demonstrated that several strategies can be used to
manipulate the stability of the triangular fold: building block
swapping, engineering of additional metal binding sites, or muta-
tion of solvent exposed b, c, f residues. To achieve Zn(II)-induced
folding of single-chain structures at room temperature, it was
necessary to destabilize all the building modules. This highlights the
strength of the CCPO design strategy, namely, that the properties of
individual CC modules can be tuned in a wide range; however, the
behavior of CCPO cages depends on the combination of selected
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CC modules and their cumulative contributions. Conversely, in the
case of the CCPO bipyramid, adjusting the stability of the Zn(II)-
responsive CC elements was not required.

Together, our results show the developed CC toolbox can be
used to regulate the assembly of both multimeric and monomeric
CCPO structures. The ability to reliably and reversibly control the
quaternary structure of CC-based cages will facilitate the design of
molecular machines for various applications, e.g., CC-based cages
for delivery and release of cargo in cellular environments with low
Zn(II) concentration or low pH [e.g., in the nucleus (47) or endo-
somes (48)]. In addition, because the N and C termini of CCPO cages
come into close proximity in the folded state, Zn(II)-dependent
CCPO triangles could be used to control the activity of split pro-
teins, whose function requires interaction between separate protein
halves, or as protein sensors of cellular Zn(II), where the ability to
modulate Zn(II) affinity could be particularly advantageous. Last,
we believe the developed set of CC conformational switches could
also be used to program dynamic properties into other previously
reported CC-based nanostructures (9, 11, 49) with minimal adapta-
tion and likely also in other contexts with CC modules serving as
the interaction interface. Because of their hetero-specificity, they
are particularly suited for labeling applications and as scaffolds to
govern intracellular trafficking, bring distinct protein domains in
close proximity, for example, to create biocatalytic cascades, or
perform information processing within cells (50).

MATERIALS AND METHODS

Materials

Chemicals were purchased from Sigma-Aldrich (Merck, Germany).
The peptides were purchased from Proteogenix (France). The
peptides’ N termini were protected by the acetyl group, while the
C termini were protected by amidation. Synthetic genes were
ordered from Twist Bioscience (CA, USA).

Design and modeling of CCPO structures
Models of CC pairs were generated with ISAMBARD CC modeling
package written in Python (51). Optimal structural parameters
(superhelix radius, pitch, and Crick angle) were found with a genetic
algorithm. BUDE force field was used to calculate the internal energy.
CCPO design strategy consists of covalently linking CC-forming
peptides into a single polypeptide chain that can fold into the
desired structure. For each new polyhedral shape, a topological
analysis has to be performed to find all Eulerian double paths, i.e.,
paths that visit each polyhedral edge exactly twice, providing a
blueprint for connecting the CC-forming peptides. In the case of
two-dimensional objects such as triangles, the solution is trivial.
There is a single possible double path, which circumvents the shape
twice. After choosing the appropriate building blocks as described
in the Results section, molecular models of CCPO triangles were
built using the CoCoPOD computational platform (16) available
at https://github.com/NIC-SBI/CC_protein_origami. CCPO bipyra-
mid with Zn(II)-dependent assembly was designed on the basis of
the previously reported bipyramidal cage SBP12gy, (17). The latter
was composed from two tetrahedral domains interacting via a trian-
gular interface, encompassing three CC pairs. To achieve Zn(II)-
directed assembly, the interfacial peptides were exchanged for
Zn(II)-responsive CC pairs. Bipyramid models were built using the
CoCoPOD computational platform (16, 17).
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Molecular cloning

Passages of plasmid propagation were carried out using the E. coli
strain DH5-a [F~ ¢80lacZAM15 A(lacZYA-argF) U169 recAl
endAl hsdR17(ri", mg") phoA supB44 X~ thi-1 gyrA96 relA1] (NEB,
MA, USA). Transformation was carried out via heat shock with
competent E. coli cells. Single colonies were propagated in the
presence of the antibiotic kanamycin (Goldbio, MO, USA), added
to Lysogeny broth (LB) media to reach 50 pg/ml.

All the proteins characterized in vitro were cloned in the expres-
sion vector pET41a(+) (Merck, Germany) between the restriction
sites Nde I and Xho I. The affinity tags at either the 5’ or 3" end were
cloned between the restriction sites Xba I and Nde I or Xho I and
Avr 11, respectively. The DNA sequences coding for the protein
constructs were optimized for E. coli codon usage and subsequently
purchased from Twist Bioscience (CA, USA). DNA sequences were
introduced in the expression vector either with Gibson assembly
(52) or via restriction with enzymes Nde I and Xho I (NEB, MA,
USA) and ligation with T4 ligase (NEB, MA, USA) according to the
manufacturer’s instructions. Gibson assembly was carried out with
the enzymes Taq Ligase, Phusion Polymerase, and T5 exonuclease
(NEB, MA, USA). DNA purification was carried out with Spin
Miniprep Kit (QIAGEN, Germany).

Proteins TRI6-1b, TRI6-2, and TRI6-2b were cloned with a
Strep-tag at their C-terminal end. Proteins TRI6-control, TRI6-1,
TRI6-3, TRI6-4, TRI6-5, TRI6-6, SBP“"1, and SBP“"2 were required
to be further purified and were, therefore, cloned with an additional
His-tag at the N termini. A TEV protease cleavage site was introduced
between the His-tag and the protein to allow for His-tag removal
after affinity purification.

Protein production

E. coli strain NiCO21(DE3) (53) was used for producing all the proteins
[can::CBD fhuA2 [lon] ompT gal (\ DE3) [dcm] arnA::CBD slyD::CBD
glmS6Ala AhsdS N DE3 = A sBamHIo AEco RI-B int::(lacI::PlacUV5::T7
genel) i21 Anin5] (NEB, MA, USA). Bacteria were grown at 37°C in
LB media supplemented with 50 ug/ml of kanamycin at 160 RPM
overnight. The precultures were then diluted to 0.1 OD in 1 liter of
LB media supplemented with kanamycin (50 ug/ml) and left grow-
ing at 37°C before reaching stationary phase. At OD values between
0.6 and 0.9, the cultures were induced with 1 mM isopropyl-B-p-
thiogalactopyranoside (Goldbio, MO, USA) and grown for 4 hours
in agitation (160 RPM) at 30°C.

At the end of the induction, the cells were resuspended in 12 ml
per liter of culture of lysis buffer [50 mM tris-HCI (pH 8), 150 mM
NaCl, 10 mM imidazole, Benzonase (0.06 pl/ml; Merck, Germany),
1 mM MgCl,, CPI (2 pl/ml; Protease Inhibitor Cocktails, Millex
Sigma-Aldrich, MO, USA), and 1 mM TCEP (Millex Sigma-Aldrich,
MO, USA)]. Cell lysis was completed by ultrasonication with a
Vibra-cell VCX (Sonics, CT, USA) on ice for a maximum of four
cycles of 1 min of total pulse time, at intervals of 1-s pulse and 3-s
pause (55% amplitude).

Alternatively, thermal lysis was applied for the proteins SBP"1
and SBP?"2. Cells were resuspended in 20 ml per liter of culture of
lysis buffer and incubated for 15 min at 95°C, subsequently cooled
in ice, and supplemented with an additional aliquot of 0.06 ul/ml of
Benzonase before centrifugation.

The cellular lysates were centrifuged at 16,000¢ for 20 min (4°C).
The soluble fraction was then filtered through 0.45-um filter units
(Sartorius Stedim, Germany). After filtration, soluble fractions of
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bacterial lysates were flown though a 5-ml HisTrap HP (Cytiva,
MA, USA) previously equilibrated with buffer A [50 mM tris-HCI
(pH 8.0), 150 mM NaCl, 10 mM imidazole, and 1 mM TCEP]. After
washing with buffer A, a gradient against buffer B [50 mM tris-HCI
(pH 8.0), 150 mM NaCl, 500 mM imidazole, and 1 mM TCEP] was
established.

TEV protease was produced following a standard protocol (17)
and used to cleave the His-tag after the first affinity chromatogra-
phy. Controlled proteolysis was performed overnight at 4°C with
addition of 10 ug of TEV protease per 1 mg of target protein.

Strep-tag affinity was performed according to the manufacturer
instructions with four StrepTrap HP 5-ml columns (Cytiva, MA,
USA) connected in series and conditioned with buffer C [50 mM
tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 1 mM TCEP].
After binding and washing, the protein was eluted with 2.5 mM
p-Desthiobiotin (Millex Sigma-Aldrich, MO, USA) dissolved in
buffer C.

For SEC, we used HiLoad Superdex 200 resin (Cytiva, MA, USA),
packed in a 26/600 XK column (Cytiva, MA, USA) equilibrated
with filtered and degassed SEC buffer [20 mM tris-HCI (pH 7.5),
150 mM NaCl, 10% glycerol, v/v, and 1 mM TCEP]. Samples were
injected into the column after concentration with centrifugal filters
(3K or 10K; Amicon-ultra, Millex Sigma-Aldrich, MO, USA) and
filtration in 0.22-um syringe filters (Millex Sigma-Aldrich, MO, USA).
The chromatography was run with an AKTA pure FPLC system
(Cytiva, MA, USA) in SEC buffer with a linear flow rate of
2.6 ml/min.

To remove the residual uncleaved protein, the sample was flown
through 2.5 ml of Ni-NTA resin (Goldbio, MO, USA) previously
conditioned in buffer A and eluted with buffer D [50 mM tris-HCI
(pH 8.0), 150 mM NaCl, 50 mM imidazole, and 1 mM TCEP].
Samples were analyzed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (54) in a Bio-Rad (CA, USA) mini-PROTEAN appa-
ratus in 12% or 15% discontinuous polyacrylamide gels containing
SDS, next to prestained molecular markers (Thermo Fisher
Scientific, MA, USA). Afterward, the gels were dyed with InstantBlue
(Millex Sigma-Aldrich, MO, USA). SDS-PAGE confirmed the
uncleaved protein remained bound to the Ni-NTA resin.

After the isolation process, any bound metal ions were removed
with dialysis. First, EDTA was added to the samples to reach 5 mM
final concentration. The sample was then dialysed against 1 liter of
tris-based buffer (50 mM tris, 150 mM NaCl, and 1 mM TCEP at
pH 7.5) containing 5 mM EDTA. The dialysis proceeded for at least
24 hours, with a buffer change after the first 6 hours. To remove
EDTA, the dialysis procedure was repeated, but without including
EDTA in the dialysis buffer (50 mM tris, 150 mM NaCl, and 1 mM
TCEP at pH 7.5).

The proteins were stored at —80°C after being flash frozen in
liquid nitrogen. Protein concentrations were determined measuring
absorbance at 280 nm using the extinction coefficients calculated
with ProtParam (55).

FRET experiments

Cysteine residues in selected protein constructs were fluorescently
labeled with Sulfo-cy3 and Sulfo-cy5 (Lumiprobe, MD, USA) via
thiol-maleimide coupling. Dyes were dissolved in 100 uM dimethyl
sulfoxide to approximately 5 mM final concentration. Dyes were
added to 1 ml of protein solution at 1 mg/ml in 10-fold molar
excess. SBP“"1 was labeled with Sulfo-cy3, while SBP“"2 was labeled
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with Sulfo-cy5. In the case of triangular designs, the dyes were first
mixed together and then added to the protein solution. The reac-
tion mixture was left overnight at 4°C. The labeled proteins were
purified on PD 10 disposable desalting column (Cytiva, MA, USA)
with tris buffer (50 mM tris and 150 mM NaCl, pH 7) used as the
mobile phase.

Fluorescents spectra were measured with multiplate fluorescence
reader Synergy Mx (Bio TeK, VT, USA) in 96-well plates. For trian-
gular constructs, 80 pl of protein solution (6.25 uM) was placed in
each well. Stock ZnCl, solution (30 mM ZnCl,, 50 mM tris, and 150 mM
NaCl, pH 6) was added to the wells to reach target Zn(II) concentra-
tion. Sample volume was adjusted to 100 ul by addition of tris
buffer. For the complex SBP“"1:SBP?"2, the proteins were mixed in
equimolar ratio in a final volume of 50 or 100 pul in 96-well plates at
a final concentration of 1.5 uM. The protein was titrated with ZnCl,
or other metals in a range of concentrations between 0.1 and
7 uM. Three independent samples were measured for each concen-
tration. FRET ratio was calculated as

In
IA + ID

FRET =

where I, is acceptor emission at 668 nm, and I is the donor emis-
sion at 563 nm upon excitation at 528 nm. The model fitting was
performed with Python package SciPy (56) and is described in
detail in the Supplementary Materials.

CD spectroscopy

CD experiments were performed on a ChiraScan instrument
(Applied Photophysics, UK). Temperature was controlled with a
Peltier thermal control block (Melcor, NJ, USA, now part of Laird
Technologies). For individual peptides and CC peptide pairs, CD
measurements were performed at 20 uM concentration. Samples of
CCPO triangles were measured at approximately 6 uM concentra-
tion. The proteins SBP“"1 and SBP?"2 were measured at a concen-
tration of approximately 10 pM. Samples were placed in a 1-mm
quartz cuvette, and ellipticity was measured between 200 and
280 nm with a 1-nm step size, 1-nm bandwidth, and 0.5 integration
time. Each spectrum was recorded three times. Helical content was
calculated from mean residue ellipticity at 222 nm (MRE,,;) as (57)

MRE;,
MRE}), x (1 -2

Helical content(%) =

where 7 is the length of the amino acid sequence, and MRE}), is
the theoretical mean residue ellipticity of an infinitely long helix
(=39,500 deg cm? dmol™) (57).

To compare the binding affinities of selected divalent metal ions
for CC peptides and CCPO triangles, CD titration experiments
were performed. Stock solutions of metal ions (30 mM ZnCl, at
pH 6, 30 mM NiCl, at pH 7, 30 mM CoCl, at pH 7, and 30 mM
CuCl, at pH 7) in tris buffer (50 mM tris and 150 mM NaCl) were
incrementally added to peptide or protein solutions, and CD spec-
tra were recorded after each addition. Thermodynamic analysis of
the obtained binding isotherms is described in the Supplementary
Materials.

Thermal stability was evaluated by following MRE;», as a func-
tion of temperature in the presence and absence of Zn(II) ions. The
temperature was increased from 4° to 90°C at a rate of 1°C/min with
ellipticity measured at 1°C increments. The effective temperature
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was recorded using a temperature probe placed inside the cuvette.
Tms were determined by fitting a thermodynamic model to experi-
mental CD data as described in the Supplementary Materials.

Size exclusion chromatography coupled to light scattering
SEC-MALS analysis was conducted with a high-performance liquid
chromatography system (Waters, MA, USA), coupled to a ultraviolet
detector, a Dawn8+ multiple-angle light scattering detector (Wyatt,
CA, USA), and a refractive index detector RI500 (Shodex, Japan).
Dissolved peptides were filtered through Durapore 0.1-pm centri-
fuge filters (Millex Sigma-Aldrich, MO, USA) and applied either to
a Biosep S2000 SEC 300 x 7.8 column (Phenomenex, CA, USA) in
tris buffer (50 mM tris at pH 7.5, 150 mM NaCl, and 1 mM TCEP)
or to a Superdex 75 increase 10/300 column (Cytiva, MA, USA) in
tris buffer supplemented with 100 uM ZnCl,. Protein samples were
filtered through Durapore 0.1-um centrifuge filters and applied
either to a Superdex 75 increase 10/300 column (Cytiva, MA, USA)
or to a Superdex 200 increase 10/300 column (Cytiva, MA, USA)
equilibrated in Hepes buffer (50 mM Hepes at pH 8, 150 mM NaCl,
and 1 mM TCEP) with or without ZnCl,. The triangular proteins
were injected at a concentration of approximatively 1 mg/ml, while
the proteins SBP“"1 and SBP“"2 were injected at a concentration of
approximately 0.5 mg/ml. Accordingly, a different concentration of
ZnCl, was added to the mobile phase, 500 uM for triangular proteins
and 20 uM for proteins SBP“"1 and SBP“"2. Analysis of the peaks of
interest was conducted with Astra 7.0 software (Wyatt, CA, USA).

Small-angle x-ray scattering

SAXS experiments were performed at the P12 beamline that is part
of the PETRA-III synchrotron (DESY, Hamburg, Germany). To
avoid absorption by Zn(II), x-ray wavelength was 1.38 A. Scattering
intensity was recorded in the range from 0.028 to 6.6 nm ™" with the
Pilatus 6M detector, placed 3 m from the sample. Batch measure-
ments were performed with the robotic sample handler (58) in
flow-through mode to avoid radiation damage. Sample volume was
40 pl. Buffer scattering was collected before and after each sample
and used for background subtraction. For each sample and buffer,
scattering was recorded over 40 frames lasting 0.05 s. Frames with-
out any radiation damage were automatically averaged (59). To
determine the structure of CCPO triangles in the absence of Zn(II)
ions, a dilution series consisting of at least four concentrations
(~1, 2, 4, and 8 mg/ml) was prepared and measured for each pro-
tein variant. In addition, scattering was recorded at different Zn(II)
concentrations (0, 30, 100, 300, and 500 uM). Before SAXS mea-
surements, 100 ul of protein sample (1 mg/ml) was dialyzed against
1 liter of Hepes-based buffer (50 mM Hepes, 150 mM NaCl, 1 mM
TCEP, and 10% glycerol, pH 7) at target ZnCl, concentration.
The structure of the complex SBP“"1:SBP?"2 was analyzed with
SEC-SAXS. Mobile phase (50 mM Hepes, 150 mM NaCl, 1 mM
TCEP, 100 uM ZnCl,, and 10% glycerol, pH 7.5) was flown through
the column (Superdex 200 increase 10/300; GE Healthcare, IL, USA)
at a flow of 0.4 ml/min. A total of 3600 scattering frames were
collected with exposure time of 0.995 s. ATSAS software (60) was
used for merging and data analysis. Ab initio modeling of molecular
envelopes was performed in two steps. First, 20 structures were
generated with DAMMIF and were subsequently averaged with
DAMAVER. The averaged model was lastly refined with DAMMIN.
PepsiSAXS (61) was used to compare experimental scattering pro-
files to model structures generated with the CoCoPOD software.
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EOM 2.0 was used to analyze the conformational flexibility of trian-
gular constructs in the absence of Zn(II) ions. A total of 10,000
random chain configurations were generated, and genetic algorithm
was run 50 times to obtain a good ensemble fit. The pool of partially
folded triangular structures, differing in the number of assembled
CC pairs, was generated with the CoCoPOD software. Because the
unpaired peptides likely do not have helical secondary structure, the
models were subjected to a short molecular dynamics (MD) optimi-
zation, run at an elevated temperature (500 K) to unfold the un-
paired peptides. The assembled CCs were treated as rigid bodies.
Models both before and after MD optimization, totaling 210 struc-
tures, were fit to experimental scattering profiles to identify a single
best matching structure.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8243

View/request a protocol for this paper from Bio-protocol.
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