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ABSTRACT: Previously, we adopted the construction
principles of metal−organic frameworks (MOFs) to design a
3D crystalline protein lattice in which pseudospherical ferritin
nodes decorated on their C3 symmetric vertices with Zn
coordination sites were connected via a ditopic benzene-
dihydroxamate linker. In this work, we have systematically
varied both the metal ions presented at the vertices of the
ferritin nodes (Zn(II), Ni(II), and Co(II)) and the synthetic
dihydroxamate linkers, which yielded an expanded library of 15 ferritin−MOFs with the expected body-centered (cubic or
tetragonal) lattice arrangements. Crystallographic and small-angle X-ray scattering (SAXS) analyses indicate that lattice
symmetries and dimensions of ferritin−MOFs can be dictated by both the metal and linker components. SAXS measurements on
bulk crystalline samples reveal that some ferritin−MOFs can adopt multiple lattice conformations, suggesting dynamic behavior.
This work establishes that the self-assembly of ferritin−MOFs is highly robust and that the synthetic modularity that underlies
the structural diversity of conventional MOFs can also be applied to the self-assembly of protein-based crystalline materials.

■ INTRODUCTION

Periodic protein arrays constitute a major component of the
cellular machinery and are widely utilized as platforms for nano-
and biotechnological applications due to their advanced
materials properties and precise display of diverse chemical
functionalities over the nm−μm scale.1−3 Accordingly, there
has been a growing interest in the construction of artificial
protein assemblies.4−7 These efforts have engendered innova-
tive design strategies and chemical approaches, which have led
to 0,8−11 1,12−15 2,12,16−18 and 3D19−23 assemblies with
complex structures and, in some cases, sophisticated24,25 and
evolvable functions,26 as well as emergent properties not yet
observed in biology.18,27 Despite these advances, the structural/
chemical heterogeneity of proteins still poses a substantial
challenge for designing supramolecular protein architectures
and arrays. While most design approaches are intended to be
generalizable, they still require adjustment of the protein
building blocks or the self-assembly procedures on a case-by-
case basis. In contrast, the thematically related field of
supramolecular chemistry has benefitted from synthetic access
to a large library of molecular building blocks and bonding
strategies,28,29 which can be mixed and matched to create
structural and functional diversity with relative ease. Such
synthetic versatility is aptly highlighted by metal−organic
frameworks (MOFs),30−40 a vast class of crystalline materials
composed of metal-based nodes and organic linkers that can be
combined in a modular fashion.
We recently adopted the construction strategies of MOFs to

create 3D protein lattices in which pseudospherical ferritin
molecules decorated on their outer surfaces with metal
coordination sites were bridged via ditopic metal-chelating
linkers (benzene-1,4-dihydroxamic acid; p-H2bdh or 1; Figure

1b).41 Despite the remarkable size mismatch between the p-
H2bdh linkers (ca. 9 Å long, 196 g/mol) and ferritin nodes
(120 Å across, >505 000 g/mol), their interactions were
sufficiently strong to dictate the arrangement of ferritin
molecules into the desired body-centered cubic (bcc) lattice.
This system introduced a new class of tripartite hybrid materials
whose self-assembly is dependent on each of its components:
protein, metal, and organic linker. In this study, we set out to
examine if the modularity that is inherent in conventional
MOFs and renders them particularly attractive as functional
materials also applies to protein−MOFs. Specifically, we asked
whether it is possible to synthetically modulate the formation
and structural parameters of protein−MOFs through discrete
molecular interactions.

■ RESULTS AND DISCUSSION
Construction of Ferritin−MOF Components.

Metal−Ferritin Nodes. To enable a modular construction
approach, we sought to diversify the metal and the organic
linker components of the ferritin−MOFs (Figure 1). As
previously described,41 the 24meric human heavy-chain ferritin
(which we refer to as ferritin in this report) provides an
attractive building block for protein−MOFs for two primary
reasons. First, from a structural perspective, ferritin possesses an
octahedral (432) symmetry reminiscent of many metal nodes
employed in archetypal MOFs,42,43 which could, in principle,
provide access to different lattice arrangements (e.g., simple,
face-centered and body-centered cubic) depending on the
surface location of engineered metal binding sites. Second,
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ferritin is inherently functional and catalyzes iron biomineral-
ization in its hollow interior (8 nm in diameter). The native
ability of ferritin to act as a molecular template and container
has in fact been exploited in numerous applications.44−50 We
previously showed that, upon assembly into MOFs, the ferritin
nodes are still capable of iron mineralization, whereby the high
lattice porosity allows for rapid diffusion of Fe and its uptake
into the individual ferritin nodes, likely through the C4
symmetric pores.41,51

In our initial studies, we deemed the C3 symmetric pores of
ferritin (essentially the eight vertices of a cube) as the most
suitable locations for the installment of metal anchoring sites
(Figure 1a). These corner locations allow for the installment of
surface-exposed tripodal coordination motifs that can bind
various metal ions with high affinity, while still presenting
outward-facing open coordination sites available for organic
linkers. While the C4 symmetric pores also permit stable, square
planar metal anchoring sites to be built, the appropriate
positions (residue 173 or 165) in these pores are somewhat
recessed from the protein surface and therefore not
immediately available as connection points for organic linkers.
Technically, tri- or tetradentate coordination sites could also be
incorporated onto the C2 symmetric surfaces of ferritin, but this
would require extensive design and engineering and result in
multiple metal binding sites on the same surface. To build
metal anchoring sites at the C3 symmetric pores, Thr122
residues lining the outer rim of these pores were replaced with
His. In our previous study, we established that the resulting
variant (T122Hferritin) bound Zn(II) ions in the expected
tetrahedral geometry with a tripodal base of three His side
chains and a single, solvent-bound coordination site pointing to
the protein exterior (Figures 1a and S1).41 We will hereafter
refer to this ferritin variant as Zn−ferritin.
In this study, we prepared the Ni− and Co−adducts of

T122Hferritin (Ni− and Co−ferritin) in a similar fashion as Zn−
ferritin (Table S1), whereby a large molar excess of Ni(II) or
Co(II) was added to ferritin solutions to saturate all available
metal binding sites within the protein cage, including the
installed tripodal coordination motifs at the C3 vertices. Ni−
and Co−ferritin were crystallized by vapor diffusion in the
presence of Ca2+, which selectively induces the formation of

face-centered cubic (fcc; F432 space group) lattices by joining
ferritin molecules across their C2 symmetric interfaces via
coordination to pairs of D84 and engineered Q86 residues.52

The crystal structures of Ni− and Co−ferritin were determined
at 1.79 and 1.95 Å resolution, respectively (Table S2; PDB IDs:
5UP7 and 5VTD). These structures confirm that Ni(II) and
Co(II) ions are anchored by the tripodal H122 coordination
motifs at full occupancy, with three aquo ligands completing
nearly ideal octahedral coordination spheres. Relative to the
tetrahedral Zn coordination sites in Zn−ferritin, in Ni− and
Co−ferritin, the His122 side chains have moved slightly to
accommodate the octahedral geometry, with NHis−M−NHis
angles of 95°−96°, NHis−M−OH2 angles of 94° (Ni) and
87° (Co), and OH2−M−OH2 angles of 75° (Ni) and 82°
(Co). The M−NHis distances are 2.1 Å for both species, and the
M−OH2 distances are 2.1 Å for Ni−ferritin and 2.2 Å for Co−
ferritin. These observations thus establish that Ni− and Co−
ferritin nodes are poised for coordinating bridging linkers.

Synthetic Linkers. With the three distinct metallo−ferritin
nodes in hand, we next prepared a set of five ditopic ligands
(1−5) bearing hydroxamic acid head groups (Figure 1b), which
have been previously reported.41,53−56 For the synthesis of
ligands 1 and 4 (benzene-1,3-dihydroxamic acid; m-H2bdh), we
followed published protocols.41,53 Ligands 2 (E-ethylenedihy-
droxamic acid or E-H2edh), 3 (naphthalene-2,6-dihydroxamic
acid or 2,6-H2ndh), and 5 (xylene-1,4-dihydroxamic acid or p-
H2xdh) were prepared by the amidation of the respective
dicarboxylate-bearing precursors with O-tritylhydroxylamine,
followed by deprotection with trifluoroacetic acid to furnish the
dihydroxamic acid ligands (see the Supporting Information for
details on linker synthesis and characterization). Hydroxamate
functionalities were chosen due to their high affinity for Zn(II),
Ni(II), and Co(II), as well as their sterically unencumbered
nature compared to other commonly used aromatic chelates
(e.g., polypyridyl or catecholate-type ligands), allowing for
unhindered access to the surface-anchored metal ions without
bias from peripheral contacts.
The primary differences between ligands 1−5 can be

described by two parameters. First, the interhydroxamate
spacing (i.e., the linker length) of these ligands ranges from
<7.0 Å in 2 to >11 Å in 3 and 5. Second, the ligands offer four

Figure 1. Modular components of ferritin−MOFs. (a) The ferritin node (metal ions at the C3 vertices are shown as teal spheres). Close-up views of
the Zn(II), Ni(II), and Co(II) coordination environments. Water molecules are shown as red spheres. 2Fo−Fc maps are contoured to 1σ. (b) Ditopic
hydroxamic acid linkers.
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different geometries in terms of the relative orientations of the
two hydroxamate head groups. Here, we define these
orientations with respect to the vector along the C−C bond
(highlighted in red in Figures 1b and S1) that appends the
hydroxamate moieties to the core of each ligand. In 1, the bond
vectors are collinear; in 2 and 3, they are parallel but offset; and
in 4, they form an obtuse angle. Finally, in 5, the vectors are not
fixed due to the rotational degrees of freedom about the
methylene spacers: they can yield parallel or bent orientations
but not collinear. Ligand 5 thus offers another variation among
the five linkers, namely increased conformational flexibility.
Self-Assembly of Ferritin−MOFs and Crystallographic

Characterization. Under previously established self-assembly
conditions,41 all 15 combinations of the three ferritin nodes
(Zn−ferritin, Ni−ferritin, and Co−ferritin) and five organic
linkers reproducibly yielded single-crystalline particles with
rhombic dodecahedral morphology (Figure S2). Self-assembly
of the crystalline lattices occurred within 12−24 h in aqueous
solutions containing 4.2 μM ferritin, 72 equiv (per 24meric
ferritin cage) of Zn(II), Ni(II), or Co(II) and 2 mM organic
linker at pH 9.5 and 23 °C. The sizes of these crystals ranged
from 5 to 200 μm. No crystals formed when any of the three
components (ferritin, metal, or linker) was omitted from the
self-assembly solutions, providing strong evidence for the
tripartite composition of the crystal lattices.
To understand the assembly of ferritin−MOFs in detail and

to examine the relationship between lattice symmetry and
metal/linker geometry, we pursued single-crystal X-ray
diffraction (sc-XRD) experiments. Ferritin−MOFs pose a
unique challenge in this regard in that the constituent building
blocks are very large molecules bridged by small linkers with
inherent flexibility and exceedingly small interaction footprints.
In terms of node/linker mass ratios, ferritin−MOFs (ca. 2500/
1) are akin to a lattice of regulation-size soccer balls held
together by wooden toothpicks. Remarkably, the total footprint
of hydroxamate−metal interactions (ca. 22 Å2 × 8 in bcc
arrangement) represents only 0.4% of the outer surface of a
ferritin cage (ca. 44,000 Å2). In a densely packed protein crystal
like that of the globular protein sperm whale myoglobin (PDB
ID: 5IKS, solvent content = 0.35), the fraction of the total
protein surface area engaged in lattice packing contacts is 16%.

In the case of a sparsely packed protein crystal (PDB ID: 1B5S,
solvent content = 0.89), this fraction is 8%, that is, 20-fold
higher than in ferritin−MOFs (PDB ID: 5CMR, solvent
content = 67%). These comparisons intimate that the ferritin−
MOFs should be quite dynamic and highly sensitive to external
perturbations and, at first glance, not conducive to high-
resolution structure determination by sc-XRD. Earlier screening
efforts led to single crystals of 1−Zn−ferritin which diffracted
to 3.8-Å resolution at best, with the great majority diffracting to
>6.0 Å.41 Here, we carried out a broader screen of the self-
assembly conditions, which enabled us to obtain midresolution
sc-XRD data for two ferritin−MOF variants and determine
their crystal structures (Table S1): 1−Zn−ferritin (improved
from 3.8 to 2.63 Å resolution, I432, a = 155.8 Å; PDB ID:
5UP8) and 5−Zn−ferritin (2.45 Å resolution, I4, a = 149.88 Å,
c = 162.23 Å; PDB ID: 5UP9).
In the bcc crystals of 1−Zn−ferritin, the C3 symmetry axes of

the individual ferritin molecules are perfectly aligned with the
crystallographic 3-fold symmetry axes that form the body
diagonals in the unit cells (Figure 2a). Consequently, the length
of each body diagonal (269.9 Å) is the sum of the diameters of
two ferritin molecules (i.e., 2 × 123.4 Å, as measured by the
distance between two Zn ions along the C3 axis within each
ferritin molecule) and twice the separation between the Zn ions
across the linker-mediated interface (i.e., 2 × 11.5 Å). Owing to
the cubic symmetry, each linker 1 is centered precisely at the
intersection of the crystallographic 2- and 3-fold symmetry axes.
This positioning, combined with the rotational averaging of
linker 1 about the 3-fold axis, gives rise to a diffuse electron
density for the linker, even at the considerably improved
resolution limit (Figure 2a).
These complications are eliminated in the case of the body-

centered tetragonal (bct) lattices of 5−Zn−ferritin which lack
crystallographic 3-fold symmetry and therefore present a
unique orientation of linker 5 between the two crystallo-
graphically nonequivalent Zn centers (Figure 2b). The
resultant, well-defined electron density allowed us to build an
unambiguous structural model of linker 5 and the Zn
coordination environments. This model confirms that the
hydroxamate head groups bind the Zn centers in a bidentate
geometry in the apical position, completing a pseudotetrahedral

Figure 2. sc-XRD structures for (a) 1−Zn−ferritin and (b) 5−Zn−ferritin. Zinc atoms are highlighted as teal spheres. 2Fo−Fc electron density maps
are contoured at 1σ (blue) and 3σ (orange). The body diagonals of the unit cells are shown as purple lines.
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Zn coordination geometry, with both Fe−O coordination
distances at 2.2 Å. The xylene moiety of the linker assumes a
nearly parallel orientation with respect to the ferritin−ferritin
interfacial plane, giving rise to a large (ca. 3.75 Å) lateral
displacement of the Zn ions from the body diagonal of the bct
unit cell, thereby yielding a considerable cubic-to-tetragonal
distortion (Figure 2b). Due to the flat orientation of the linker,
the interfacial spacing between the ferritin molecules (as
defined by the projected Zn−Zn distance) is reduced to 9.5 Å
from 11.5 Å observed in the cubic 1−Zn−ferritin lattices
(Figure 2). This compaction brings a small number of
interfacial side chains into a distance range (3.8−5 Å) where
electrostatic interactions between ferritin molecules may be
invoked (Figure S3). However, based on our observation that
all three components of ferritin−MOFs are necessary to form
crystalline lattices and the fact that body-centered lattices (i.e.,
I432 and I4) have otherwise not been observed with human

heavy-chain ferritin, we can safely conclude that linker-
mediated interactions are the driving force for the formation
of the observed ferritin−MOF lattices.

Characterization of Ferritin−MOFs by Small-Angle X-
ray Scattering. Although sc-XRD experiments can provide
highly detailed structural information, they also require atomic-
level registry between the constituents of a lattice, which can be
challenging to achieve in the case of ferritin−MOFs. Yet, as the
cartoons in Figure 2 illustrate, there is a rather simple
relationship between the crystallographic parameters of
ferritin−MOFs (i.e., symmetry and unit cell parameters) and
the linker-mediated protein−protein interactions. Thus, we
turned to small-angle X-ray scattering (SAXS) experiments
which can furnish the desired crystallographic parameters
without the need for sc-XRD-quality crystals and enable bulk
measurements that can help identify any heterogeneity in the

Figure 3. SAXS profiles of Zn−, Ni−, and Co−ferritin−MOFs mediated by linkers 1−5. Simulated diffraction patterns of the primary lattice are
shown in blue. Simulated patterns for any additional lattices are shown in orange or red. See Table 1 for the lattice parameters.
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crystalline samples which would be missed in sc-XRD
experiments.
All 15 ferritin MOFs produced well-defined SAXS patterns

(Figure 3), which allowed us to determine their lattice
symmetries and unit cell parameters (Table 1). All variants
possess bcc (cubic I) and/or bct (tetragonal I) symmetry and
possess unit cell dimensions that fall within 155 ± 10 nm.
These observations establish that each ferritin−MOF is formed
through the desired linker-mediated association of the metal
centers at the C3 vertices of ferritin nodes. Indeed, when the
metal-bound ferritins are treated with Ca2+ instead of the
linkers, a clear SAXS pattern for an fcc lattice is produced
(Figure S5), demonstrating the chemical selectivity of linker-
mediated ferritin self-assembly. To assess the accuracy of the
SAXS measurements, we compared the unit cell parameters of
1−Zn−ferritin determined by SAXS (bcc, a = 155.97 Å) to
those derived from sc-XRD (a = 155.81 Å), which revealed a
close correspondence between the two types of measurements.
An initial inspection of the SAXS data indicates that bulk

samples of most ferritin−MOF variants (10) consist of single,
body-centered lattices. However, certain metal/ligand combi-
nations (5) yield at least two distinct lattices (shown in
different colors in Figure 3 and separately listed in Table 1),
consistent with the expectation that ferritin−MOFs may be
inherently flexible and that subtle changes in the metal-linker
coordination and linker geometry can give rise to measurable
changes in the lattice parameters. The most prominent example
is provided by the simultaneous observation of three distinct
bct lattices of 1−Ni−ferritin whose unit cell parameters vary by
ca. 7% (mean dimension: 154.3 ± 10.0 Å). This variation
points to different extents of tetragonal distortion, i.e., the
difference between the a and c dimensions which is related to
the displacement of the linker-bound metal ions from the body
diagonals (see Figure S6 for structural models). In the bulk
samples of 4−Ni− and 5−Zn−ferritin crystals, both tetragonal
and cubic lattices are observed, meaning that the flexibility in
the linker geometry can allow the ferritin C3 axes to align with

or deviate from the body diagonals. It must be noted that the
unit cell parameters for the tetragonal sublattice of 5−Zn−
ferritin determined by room-temperature SAXS experiments (a
= 152.67 Å, c = 160.27 Å) show a smaller tetragonal distortion
compared to the sc-XRD case (a = 149.88 Å, c = 162.23 Å).
This points to a reduced lateral displacement and a ca. 1.1-Å
longer interfacial separation (projected Zn−Zn distance
estimated to be ca. 10.5 Å), which could be readily
accommodated by the tilting of linker 5 with respect to the
interfacial plane and bond rotations about the methylene
spacers (Figure S7). At this interfacial separation, there would
be no direct protein−protein contacts, suggesting that the
crystallographically observed interprotein contacts are a
consequence of the cryogenic temperatures used in sc-XRD
experiments.
A closer examination of the SAXS data reveals some trends

related to the metal and linker components of ferritin MOFs.
First, Zn− and Co−ferritin−MOF lattices are nearly identical
to one another in almost all instances but distinct from Ni−
ferritin−MOFs in the case of linkers 1, 4, and 5. Whereas linker
1 yields exclusively a cubic lattice with Zn− and Co−ferritin, it
produces tetragonal symmetry with Ni−ferritin. While the
primary lattices are nearly identical for linker 4, only the Ni−
ferritin forms an additional cubic lattice. The opposite trend is
observed with linker 5, where Ni−ferritin forms a single cubic
lattice while Zn− and Co−ferritin form a similar cubic (or near
cubic) lattice as well as a tetragonal lattice.
These observations can be ascribed to the similarities

between Zn(II) and Co(II) in terms of their coordination
preferences for a tetrahedral geometry (as well as similar ionic
radii and reactivity patterns),57 whereas Ni(II) typically tends
toward higher coordination numbers and octahedral geometry.
Thus, at least in some ferritin−MOF variants, the specific
combination of metal coordination geometry and the linker
structure dictate distinct outcomes in terms of the lattice
architecture. In the case of linker 1, we can propose a structural
model in which Zn(II) or Co(II) centers would accommodate a

Table 1. Unit Cell Parameters for Ferritin−MOFs Shown in Figure 3

aSimulated SAXS pattern is shown in orange in Figure 3. bSimulated SAXS pattern is shown in red in Figure 3. cThe additional peaks observed for
3−M−ferritin could be indicative of a primitive (P) tetragonal unit cell (see Figure S4).
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head-on (apical) hydroxamate coordination to complete a
pseudotetrahedral geometry. This geometry, combined with the
linearity of linker 1, would align the C3 axes of the connected
ferritin nodes to yield cubic lattice symmetry, as observed in the
crystal structure of 1−Zn−ferritin. In contrast, for Ni−ferritin,
whose octahedral Ni(II) centers would prefer a “side-on”
attachment by the hydroxamate moiety, the linear linker 1
would offset the ferritin C3 axes to yield a tetragonal lattice
(Figure S6). Conversely, the “bent” linker 4 could yield a cubic
or tetragonal lattice symmetry through side-on Ni(II)
coordination, while the apical Zn(II) and Co(II) coordination
leads to a tetragonal lattice. Such models are more difficult to
propose for linker 5, whose inherently higher flexibility could
be expected to dampen the influence of metal−hydroxamate
coordination geometry on the lattice structure. Regardless,
further sc-XRD characterization will be necessary to probe the
validity of these structural models.
Interestingly, linkers 2 and 3 always yield tetragonal lattices

regardless of the metal component they are paired with. Since
these two ligands display the same relative hydroxamate
orientations (“parallel but offset”), they also provide a valid
point of comparison in terms of how the linker dimensions
affect lattice metrics. Indeed, we observe that the longer linker 3
consistently produces a larger tetragonal distortion (|a − c| ≥
11.8 Å) than 2 (|a − c| ≤ 5.0 Å) for all metallo−ferritin nodes.
These observations indicate that synthetic linkers can also
modulate the unit cell dimensions of ferritin−MOFs.

■ CONCLUSIONS
Here we have reported the construction and characterization of
a large library of 3D, crystalline protein−MOFs through a
combination of three different metallo−ferritin nodes and five
synthetic linkers bearing hydroxamate head groups. Our results
establish that the metal ion and the synthetic linker
components can be varied in a modular fashion to influence
the structural parameters (i.e., lattice symmetries and unit cell
dimensions) of protein−MOFs, akin to conventional MOFs.
Despite the remarkable size discrepancy between the ferritin
nodes and the organic linkers, the self-assembly of the ferritin−
MOFs is highly robust, emphasizing the utility of metal
coordination interactions in controlling protein self-assembly.
Excitingly, by virtue of the flexibility of the linkers and/or the
fluxionality of metal-linker bonds, several ferritin−MOFs have
been observed to adopt multiple lattice conformations, which
suggests that they may display dynamic behavior. Some of our
immediate goals include the utilization of linkers whose lengths
approximate the dimensions of the protein nodes and
investigating the emergent functional/physical properties of
protein−MOFs (e.g., their potential dynamic nature) arising
from their unique, tripartite composition.
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