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ABSTRACT: We describe here the construction of a
three-dimensional, porous, crystalline framework formed
by spherical protein nodes that assemble into a prescribed
lattice arrangement through metal—organic linker-directed
interactions. The octahedral iron storage enzyme, ferritin,
was engineered in its C; symmetric pores with tripodal Zn
coordination sites. Dynamic light scattering and crystallo-
graphic studies established that this Zn-ferritin construct
could robustly self-assemble into the desired bcc-type
crystals upon coordination of a ditopic linker bearing
hydroxamic acid functional groups. This system represents
the first example of a ternary protein—metal—organic
crystalline framework whose formation is fully dependent
on each of its three components.

D esign of crystalline materials with tunable structural,
chemical, and physical properties represents a major goal
common to numerous scientific disciplines.l_4 Proteins are
especially attractive building blocks for crystalline materials as
they provide high chemical and structural diversity and possess
inherent functions such as catalysis, electron transfer, and
molecular recognition. Three-dimensional (3D) protein lattices
have been proposed as stable, porous scaffolds for carrying out
catalytic reactions under harsh, nonbiological conditions.™®
Importantly, the formation of ordered, 3D protein crystals is
the foundation as well as the rate-limiting step of protein
crystallography, providing a strong motivation for their rational
design. Yet, historically, the process of protein crystallization
has been largely carried out in a trial-and-error fashion.
Although effective methodologies have been developed for
facilitating protein crystallization,7’8 successes in obtaining 3D
protein crystals by design have been rare.””'" In contrast, the
ability to rationally engineer crystalline materials from small
organic and inorganic building blocks, though still challenging,
is considerably more advanced.”'””'* A prominent class of
these crystalline materials is metal—organic frameworks
(MOFs), which have attracted much attention due their
applications in separation, storage, and catalysis, etc.'”'>~*
The wide-ranging applications of MOFs are largely fueled by
their modular construction from metal centers (nodes) and
organic linkers (struts), which can be used in an interchange-
able fashion to create a vast library of structures.”** Following
the construction principles of MOFs, we demonstrate here the
rational design of a porous 3D protein crystalline framework

-4 ACS Publications  © 2015 American Chemical Society

assembled through metal- and organic linker-directed inter-
actions.

In MOFs, the lattice structure is dictated by the combination
of the inherent symmetries of both the metal nodes and the
organic struts.”””> We envisioned a system where the metal
node is a symmetrical protein that displays stable, surface-
anchored metal jons. This hybrid protein—metal unit could
then self-assemble into the desired 3D lattices via the
coordination of symmetric polytopic organic linkers. As an
appropriate protein scaffold, we selected the highly stable
human heavy-chain ferritin, which is a spherical, cage-like
protein with octahedral (432) symmetry (Figure 1).>%*’
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Figure 1. Scheme for metal/linker-directed self-assembly of ferritin
into 3D crystals. Surface-exposed binding sites for Zn** (gray spheres)
are engineered at the C; pores (magenta) through the T122H
mutation. In the presence of ditopic organic linkers, the resulting
T122Hferritin variant is expected to form a bec lattice.

This symmetry, resembling that of the metal nodes in some
quintessential MOFs (e.g, MOF-5,”* HKUST-1,"® MIL-53%"),
provides several surface sites lying at or near the C,, C;, and C,
rotation axes which could potentially be engineered for
anchoring metal ions. Upon inspection, we deemed the
amino acid position 122 (originally threonine) lining the C,
symmetric pores near the exterior surface (Figure 1) to be well-
suited for constructing a tripodal coordination motif for a metal
ion with tetrahedral geometry (e.g,, Zn**). The side chains at
these positions are oriented toward the center of the pores with
a-C distances of 10.2 A, which provides sufficient clearance for
substitution with histidine residues (T'**ferritin) to enable
metal coordination.

To probe the formation of the metal—protein node with the
desired coordination motifs, T***ferritin (12.5 uM) was
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crystallized by vapor diftusion in the presence of excess ZnCl,
(0.5 mM; to saturate all potential Zn binding sites within the
ferritin cage) at pH 8.5. This particular ferritin variant contains
the following mutations which eliminate all cysteine residues:
C90E, C102A, C130A.*° Also included was the mutation
K86Q, which was shown in a previous study by Lawson et al. to
promote the crystallization of ferritin in a face-centered cubic
(fcc) lattice through direct metal-mediated crystal packing
interactions.”’ These conditions yielded crystals with a
characteristic octahedral morphology (Figure 2a) and allowed

Figure 2. (a) Light micrograph of octahedral fcc crystals of
Zn-T"?ferritin. (b) Crystal structure of Zn-T'**ferritin, highlighting
the locations of engineered Zn (teal) coordination sites (magenta) in
the C; pores. (c,d) Closeup views of the engineered Zn coordination
sites (water: red sphere). The 2F,—F, map is contoured at lo.

the determination of the Zn-"'**ferritin structure at 1.93 A
resolution (F432 space group, a = b = ¢ = 180.21 A; Table S1).
This structure shows that the engineered His122 coordination
sites in the C; pores are occupied with Zn** ions (8 ions per
24mer, Figure 2b). Importantly, in the fcc arrangement, the
His122-Zn sites are far removed from crystal packing contacts
formed near the C, symmetry axes of ferritin (Figure S1). The
engineered Zn coordination sites in the C; pores possess a
near-ideal tetrahedral geometry formed by the &-N’s of the
three His122 side chains and a single water molecule (Figure
2c). The N(His)—Zn—N(His) and N(His)—Zn—OH, angles
are 109.6° and 109.4°, with Zn—N(His) and Zn—OH, bond
distances of 2.2 and 2.8 A, respectively. The distances between
the a-C’s at position 122 have increased from 10.2 to 10.7 A,
indicating that the C; pore has slightly expanded to
accommodate stable Zn** coordination. Importantly, the Zn-
bound water molecule protrudes out of the exterior ferritin
surface, indicating that it is poised for substitution by the metal-
binding moiety of an organic linker.

Given the large size of Zn-"'**ferritin nodes (12 nm
diameter) relative to organic linkers used in MOFs, an
appropriate linker-mediated supramolecular arrangement
would be one directed by a ditopic linker to yield a body-
centered cubic (bcc) lattice (Figure 1). We first examined the

linker-mediated self-assembly of Zn-T'**ferritin in solution
using dynamic light scattering (DLS). DLS measurements with
T1228feritin (33 uM monomer, 1.4 M 24-mer) in the presence
of excess Zn (75 yM) showed a monodisperse distribution of
hydrodynamic diameters (D,) centered at 13 nm, indicating
Zn*" alone does not mediate protein self-assembly (Figure 3a).
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Figure 3. DLS profiles for T**ferritin (1.4 4M) in the presence of (a)
Zn** (75 uM), (b) Zn** (75 uM) + H,bdc (1 mM), (c) Zn** (75 uM)
+ H,bdh (1 mM), and (d) Zn** (75 uM) + Hbmh (1 mM). All
samples were prepared in a solution containing S0 mM CHES (pH
8.5) and 150 mM NaCl.

The oft-used benzene-1,4-dicarboxylic acid (H,bdc)***”** was
chosen as the initial candidate for a linker since it is rigid, linear,
and water-soluble. We observed that the addition of excess
H,bdc (up to 1 mM) also did not result in significant changes
in particle size distribution (Figure 3b). This observation is
perhaps not surprising, as the carboxylate functionalities of
H,bdc likely do not provide a sufficiently high affinity for Zn*"
to hold together Zn-""**"ferritin nodes in an aqueous medium.
We surmised that the substitution of carboxylates with
bidentate hydroxamate moieties (frequently used as inhibitors
of Zn metalloenzymes)3'3_36 could provide the necessary Zn**
binding affinity while preserving the aforementioned properties
of H,bdc. Indeed, the addition of benzene-1,4-dihydroxamic
acid (H,bdh) to a solution of T'*?Hferritin and Zn>* led to the
complete depletion of the 13 nm diameter species and the
emergence of larger aggregates (>300 nm) (Figure 3c). When
benzenehydroxamic acid (Hbmh), which cannot act as a linker,
was used instead (Figure 3d), or when Zn*" was omitted
(Figure S2), no high-order species were observed. These
findings indicate that H,bdh is capable of inducing the self-
assembly of Zn-""**ferritin.

In order to obtain 3D Zn-""**ferritin crystals through bdh-
mediated interactions, we screened a wide range of solution
conditions (pH 5.5—9.5) at room temperature. We consistently
observed the formation of distinct, rhombic dodecahedral
crystals at pH 8.0—9.0 under the following component
concentrations: 1—12.5 uM T'Hferritin or @6A/T122Hferritin
(where the Q86A mutation is intended to eliminate the
possibility of fcc packing), 50—250 equiv of Zn*" (per 24-meric
ferritin unit; to saturate all possible Zn sites), 0.5—2 mM
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H,bdh. Crystal formation from bulk solution occurred rapidly
(<24 h) to form crystals up to 0.5 mm in size (Figure 4a).
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Figure 4. (a) Light micrograph of rhombic dodecahedral bec crystals
of bdh-Zn-T"**Hferritin. (b) The bcc packing of the bdh-
Zn-T"Mferritin lattice, mediated by bdh®*~ bridges across the C,
symmetric ferritin interfaces. (c) View of C; symmetric interfaces
between neighboring ferritin molecules, showing the lack of direct
protein—protein contacts and the presence of electron density
between engineered Zn>* ions (2F,—F. map: blue-10; F,—F, map:
green-36). (d) Closeup view of the three crystallographically related
bdh®~ rotamers that bridge neighboring ferritin cages; anomalous
difference map (76) calculated using Zn K-edge diffraction data is
shown in orange. (e) Modeled bdh-Zn coordination.

Consistent with DLS measurements, no crystals formed when
H,bdh was substituted with H,bdc or Hbmh or when any one
of the three components (protein, metal, or linker) was not
included in solution. When the missing component was
introduced into the two-component solutions, which had
been incubating overnight, rhombic dodecahedral crystals
rapidly emerged. Thus, the self-assembly of bdh-Zn-T"**"ferritin
crystals is robust and dependent on all three components in
solution.

Most of the bdh-Zn-T"?*Mferritin crystals displayed X-ray
diffraction >6 A, but after an exhaustive screen, we found a
crystal that provided sufficiently high resolution (3.79 A) for
structure determination (Table S1) (Figure 4). As designed,
this crystal has a bece lattice arrangement (1432 space group, a =
b = ¢ = 1553 A). An inspection of the initial molecular
replacement solution reveals a striking picture where ferritin
molecules appear to be suspended in the lattice without any
protein—protein contacts (Figure S3): the shortest atom-to-
atom distance between the neighboring Zn-""?*"!ferritin nodes
near their C; symmetry axes is >6 A (Figure 4c). The
engineered Zn®* ions, which lie on the crystallographic C; axes,
are at a separation of 11.2 A across the interface with some
electron density in the intervening region, consistent with the
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presence of a linker molecule (Figures 4c). Accordingly, we
were able to model a bdh?~ linker between the Zn>* ions, where
the linker is centered at the intersection of the crystallographic
C, and C; symmetry axes and slightly tilted with respect to the
latter (Figure 4d). Because the bdh>~ linker lacks three-fold
rotational symmetry, it cannot occupy a unique orientation with
respect to the two His122-Zn coordination sites that it bridges.
The ensuing rotational averaging of bdh®>~ about the crystallo-
graphic C; axis, coupled with the low resolution of the
diffraction data, gives rise to weak electron density for the
linker, particularly around hydroxylamine moieties that are
tilted furthest away from the C, axis. Nevertheless, a plausible
bidentate Zn-bdh coordination geometry can be modeled. In
this coordination geometry (shared by three crystallographically
related rotamers, Figure 4d), hydroxamate-Zn coordination
yields planar five-membered rings with Zn—O(carbonyl) and
Zn—O(hydroxylamine) distances of ~2.1 and 2.3 A,
respectively. The Zn—O(carbonyl) bond is directed nearly
parallel to the crystallographic C; axis, whereas the Zn—
O(hydroxylamine) bond points away from it (at a ~60° tilt)
and between the His122 side chains.

Although other supramolecular protein architectures have
been assembled through the use of synthetic organic groups
with metal coordinating functionalities®’ ~** or pre-existin
MOFs have been postsynthetically modified with proteins,”
the bdh-Zn-""**'ferritin system represents the first example of a
ternary protein—metal—organic crystalline framework where
each component is an integral part of the construction. The bcc
arrangement presents a relatively high packing density for a
spherical building block (packing factor = 0.68), yet the ferritin
hubs themselves are hollow, thus producing a highly porous
framework with a solvent content of 67%. As a result, bdh-
Zn-""Hferritin crystals are highly permeable to solutes,
allowing the ferritin hubs to perform their native enzymatic
activity within the lattice, which is the oxidation of soluble Fe*
into crystalline Fe**-oxide mineral (Figure S4). This in crystallo
enzymatic activity creates the future opportunity to template
crystalline inorganic materials in 3D with nanoscopic precision,
particularly if the stability of the frameworks can be improved.
More generally, the bdh-Zn-""**"ferritin crystals introduce a
new class of hybrid materials that combine the chemical and
structural versatility of metal ions, organic linkers, and protein
building blocks in a modular fashion.
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