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ABSTRACT: The use of biomaterials for the inclusion and
stabilization of biopolymers is an ongoing challenge. Herein, we
disclose three-dimensional (3D) coiled-coil peptide crystals with
metal ions that include and overgrow His-tagged fluorescent
proteins within the crystal. The protein guests are found within two
symmetry-related growth sectors of the crystalline host that are
associated with faces of the growing crystal that display ligands for
metal ions. The fluorescent proteins are included within this
“hourglass” region of the crystals at a notably high level, display
order within the crystal hosts, and demonstrate sufficiently tight
packing to enable energy transfer between a donor—acceptor pair.
His-tagged fluorescent proteins display remarkable thermal stability
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to denaturation over extended periods of time (days) at high temperatures when within the crystals. Ultimately, this strategy may
prove useful for the prolonged storage of thermally sensitive biopolymer guests within a 3D crystalline matrix.

KEYWORDS: coiled-coil, crystal, His-tagged protein, metal-dependent, thermal stability

Bl INTRODUCTION

Coiled-coil peptides have been used as building blocks to
generate a variety of higher-order assemblies,’ including
fibers,”~® nanoblocks,” spherical cages,g_12 nanotubes,”
crystals,"* ™' hydrogels,'””'" and three-dimensional (3D)
matrices.”’ In some cases, these assemblies have been loaded
with cargo, such as ﬂuorophores,z’m’zo dextrans,"? peptides,ll
and proteins.”'” Incorporating cargoes with a diverse range of
functionalities into such biomaterials with precise spatial
control is an important challenge in biotechnology.”' Proteins
represent a particularly intriguing cargo as they perform a wide
variety of functions,” but their complexity also makes their
inclusion within biomaterials in a fully folded form a
challenge.”>** Aggregation is a critical issue during the storage
of proteins, and at elevated temperatures, protein unfolding
followed by aggregation is a major mechanism for the loss of
function.””° Preserving the tertiary structure of proteins
within biomaterials could facilitate the development of robust
enzyme catalysts or eliminate the “cold-chain” storage and
transport barriers in biopharmaceutical development. The
isolation of proteins reversibly within crystalline biomaterials,
for example, could be a powerful means to confront these
challenges.

One method of ordering proteins has focused on
incorporating His-tagged proteins onto two-dimensional
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(2D) arrays on Ni—nitrilotriacetic acid (NTA) surfaces for
applications in high-throughput screening and cell culture.””**
There are also examples of proteins encapsulated within three-
dimensional (3D) crystals,” ™" and a limited number of these
studies have addressed the thermal stability of the protein.*>**
Kahr and co-workers, for instance, have investigated a-lactose
crystals as a host for green fluorescent protein (GFP).*>** GFP
was found localized to a specific growing face of the lactose
crystals at modest encapsulation levels ( 1:10°, GFP/lactose),
with enhanced protein stability at elevated temperatures (60
°C for 1 h).*” Protein crystals have also been used as hosts for
other proteins. For instance, cross-linked 3D crystals of the
Campylobacter jejuni (CJ) protein contain large pores that were
used to encapsulate horseradish peroxidase (HRP). HRP
displayed higher activity within the CJ crystals at an elevated
temperature (45 °C) than at room temperature, presumably
due to increased substrate penetration into the crystals.”® In an
effort to bridge these 2D and 3D experiments, herein, we
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describe 3D crystals of a ligand-modified coiled-coil peptide
and metal ions that serve as hosts for encapsulated His-tagged
fluorescent protein guests. Proteins were found included with
high loading levels in close proximity within the peptide/metal
ion crystals in an ordered manner. The proteins were released
through facile dissolution with chelators and displayed notable
thermal stability.

B RESULTS AND DISCUSSION

Metal-binding ligands within proteins and peptides have been
used to promote assembly into highly ordered 3D crystalline
materials, such as those formed from mutated cytochrome
by, T4 Iys.ozyme,”'1 ferritin,** nucleic acid-binding
proteins,43’44 and ligand-modified coiled coils with metal
ions.'*™' In this study, a trimeric coiled-coil peptide based on
the GCN4 leucine zipper (GCN4-p2L) was used that
contained ligands at the N-terminus (nitrilotriacetic acid—
NTA) and C-terminus (di-histidine—His,) for metal-pro-
moted assembly (Figure 1a). GCN4-p2L has been reported to
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Figure 1. Schematic representation of the GCN4-p2L peptide and
Zn(1I)-mediated assembly. (a) Sequence of GCN4-p2L with metal-
binding ligands. (b) Representation of the assembly of GCN4-p2L
upon the addition of Zn(Il) into hexagonal crystals shown with
scanning electron microscopy (SEM). P3 crystal faces are highlighted.

assemble into hexagonal crystals upon the addition of divalent
metal ions (Figure 1b), and X-ray analysis of the peptide
crystals displayed hexagonal packing of the coiled-coil trimers
with the ligands directed toward the growing P3 face (Figure
1b)."* We sought to explore if ligands positioned on the P3
face of these growing crystals could be used to bring His-
tagged protein cargo within the crystals in a metal-dependent
fashion. As such, we used green fluorescent protein (GFP) as a
model protein guest that may be incorporated and overgrown
within these peptide crystals. The dramatic increase in the size
of the potential cargo—from His-tagged fluorophore (fluo-
rescein molecular weight (MW) 332) used in our previous
studies'* to a His-tagged protein (GFP MW 27 000)—would
be a significant advancement if the latter was included within
the crystals. Additionally, the fluorescence of GFP is
dependent on proper folding,"* and its /3 barrel is somewhat
comparable in size to the trimeric coiled coil of GCN4-p2L,
which may facilitate overgrowth within the peptide crystal.**’

With these criteria in mind, we sought to incorporate
enhanced green fluorescent protein (EGFP) with an N-
terminal Hiss-tag into the GCN4-p2L crystals during their
growth. The peptide (I mM) and ZnCl, (1 mM) were
combined with EGFP (7.0 uM) in 3-(N-morpholino)-
propanesulfonic acid (MOPS) buffer (20 mM, pH 7.1)
(Figure 2a). A precipitate immediately formed that was
collected after 1 h and washed. First, scanning electron
microscopy (SEM) was used to monitor the overall
morphology; crystals of ~5 ym were obtained with a hexagonal
prism shape, which were similar to those observed without
EGFP (Figures 1b and S3). To determine if the folded EGFP
was located within the coiled-coil peptide crystals, we
employed confocal microscopy to achieve optical sectioning
and diffraction-limited resolution of EGFP incorporation. The
resultant crystal assemblies displayed a strong green
fluorescence that was mostly confined to two symmetrical
sections of the crystal in an “hourglass” orientation (Figure
2b). A low level of fluorescence was also observed outside of
the hourglass regions, perhaps due to EGFP having some
interactions with the coiled-coil peptides themselves.

Based on the crystal structure of the GCN4-p2L crystals, the
ends of the hexagonal crystals (the P3 face—Figure 1b) would
be decorated with the ligands from the termini of the GCN4-
p2L coiled coils. This would be the surface upon which the
His-tagged EGFP would bind to in a metal ion-dependent
manner as the crystal grew.

The observed hourglass pattern would form, therefore, when
the His-tag of EGFP bound to available metal-charged ligands
on the two symmetry-related, growing P3 faces at the ends of
the crystal. As those faces grow in area, so would the
subvolume associated with EGFP fluorescence. We addition-
ally evaluated the red fluorescent protein His-tagged mCherry
(7.0 uM), and crystals with red fluorescence in an hourglass
pattern were also obtained (Figure 2c,d). These data, in
addition to the SEM, demonstrate that these protein guests do
not preclude the formation of the hexagonal crystal
morphology when incorporated within the crystals. Impor-
tantly, the observed fluorescence indicates that EGFP and
mCherry were incorporated within the crystals in their
properly folded forms, indicating that large guests, such as a
protein, can bind to the P3 face and then be overgrown within
the peptide crystals.

Determining the levels of protein guest incorporated into the
GCN4-p2L/Zn*" crystals was essential to properly evaluate
their capabilities as vessels to hold proteins. A beneficial feature
of these peptide crystals is that they undergo facile dissolution
under mild conditions with chelators, so as to release and
quantitate the encapsulated EGFP within the crystals. The
crystals were treated with ethylenediaminetetraacetato
(EDTA) (10 mM) for 10 min for dissolution, and the levels
of peptide and protein were quantitated by ultraperformance
liquid chromatography (UPLC) and fluorescence spectrosco-
py, respectively, using standard curves. Through this analysis,
we found an ~200:1 ratio of peptide to protein or one protein
guest for every 60—70 coiled-coil units. Most of the
fluorescence was localized to the hourglass region that
accounts for ~50% of the total volume of the crystal.
Therefore, within the hourglass section of the crystal, there
is 1 protein guest for every 30—35 coiled coils. This is a
striking level of incorporation of the guest EGFP within the
intact crystal host.
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Figure 2. Incorporation of His-tagged proteins into hexagonal crystals. Schematic representation of the incorporation of (a) EGFP and (c)
mCherry. Brightfield (left) and fluorescence (right) confocal images of crystals formed from GCN4-p2L (1 mM) incubated in 20 mM MOPS pH
7.1 with ZnCl, (1 mM) and (b) EGFP (7.0 uM) or (d) mCherry (7.0 uM).

With this high level of inclusion of the guest protein, it may
be that the packing of coiled coils within the host crystal would
be disrupted as compared to crystals without guests. We
analyzed the crystals with small- and wide-angle X-ray
scattering (SAXS/WAXS) to look at their internal packing.
The SAXS/WAXS profiles of the crystals with and without
EGFP were very similar, with signals at the same g values
(Figure SS). These data indicate that the overall packing of the
host crystals is maintained in the open-packed hexagonal
arrangement and is not significantly altered by the inclusion of
the EGFP protein guest. It may be that the guest proteins are
not particularly ordered in terms of their distribution within
the crystal, thus not providing much of a signal in the SAXS/
WAXS experiment.

To study the protein organization within the crystals, we
turned to fluorescence polarization imaging. If the chromo-
phores of the fluorescent proteins are aligned in mostly one
orientation, as opposed to a random distribution, emission
anisotropy as a function of the angle of polarization would be
expected.’”"® When the GCN4-p2L crystals containing EGFP
were interrogated with a two-photon emission fluorescence
microscope with a rotating polarizer, the intensity of the
fluorescence emission was found to fluctuate as a function of
the angle of polarization (Figures 3 and S4). This indicates that
there is a level of order with regard to the orientation of the
EGFP molecules within the crystals. Taken together, these data
suggest that the hexagonal arrangement of the coiled coils
within the crystal was mostly maintained in the presence of a
protein guest, with additional order in the alignment of EGFP
proteins with respect to one another.

Simultaneous incorporation of EGFP and mCherry during
GCN4-p2L crystallization provides information about the
potential for concurrent protein delivery and proximities
between adjacent FPs. We initially used mCherry and EGFP
(7.0 uM of total protein) with a molar ratio of 5:1 of
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Figure 3. Intensity of a two-photon excitation (800 nm) fluorescence
signal of various GCN4-p2L/EGFP crystals as a function of the angle
of polarization of fluorescence emission. An angle of zero corresponds
to the same angle as the incident laser polarization. Each set of values
corresponds to a single crystal.

mCherry/EGFP since mCherry has a lower level of brightness.
Both proteins were incorporated into single-crystal lattices and
imaged by confocal microscopy (Figure 4ab). Substantial
overlay of green and red fluorescent signals demonstrated
colocalization of the protein guests (Figure 4c). We concluded
that some of the mCherry and EGFP are within diffraction-
limited spacings of about 250 nm.
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Figure 4. Simultaneous incorporation of two fluorescent proteins. (a)
Green fluorescence, (b) red fluorescence, and (c) green and red
overlay confocal images of crystals formed by GCN4-p2L (1 mM)
with EGFP (1.4 uM) and mCherry (5.6 uM) and ZnCl, (1 mM) in
MOPS buffer (20 mM, pH 7.1). (d) Reflection interference contrast
microscopy (RICM), Forster resonance energy transfer (FRET)
channel, and calculated FRET channel images of crystals formed by
GCN4-p2L (1 mM) with given concentrations of mClover3 and
mRuby3 in ZnCl, (1 mM) in MOPS buffer (20 mM, pH 7.1). (e)
Calculated Forster resonance energy-transfer (FRET) sensitized
emission of populations of crystals with the designated ratio of
mRuby3/mClover3. Error bars are from the standard error of the
mean.

Based on the measured peptide-to-protein ratio of ~35:1
within the hourglass segments of the crystals, we predicted that
two spectrally distinct fluorescent proteins could be in a close
enough proximity to enable Forster resonance energy transfer
(FRET). We incorporated the FRET pair mClover3 and
mRuby3, each with an N-terminal His-tag, into GCN4-p2L
crystals over a range of ratios, and either alone or together the
same hourglass fluorescence was observed with colocalization
(Figures 4b,c and S6—S8). These fluorescent proteins have
enhanced brightness and have a Forster radius on the order of
just over 6 nm.*”” To probe the interprotein distances within
the crystal by FRET, therefore, the donor, mClover3, ratio
within the crystals was fixed and the acceptor, mRuby3, was
doped up to a 1:15 molar ratio, respectively. The resulting
crystals were imaged in an epifluorescence configuration
(Figure 4d). As the incorporation of the acceptor mRuby3
protein was increased, a definitive sensitized mRuby3 emission
was measured. These data indicate a close packing of the guest
proteins within the hexagonally packed GCN4-p2L crystalline
host (Figure 4d,e).

Based on the X-ray crystal structure of the GCN4-p2L
peptide crystals and the data for His-tagged fluorescent protein
inclusion above, we have modeled how the guest protein may
be incorporated into the host crystal lattice. The honeycomb

hexagonal packing of the coiled-coil trimers within the crystal
produces a central cavity that is too small (~3 nm) for protein
binding (Figure Sb). The growing P3 face of the crystal would

Figure S. Depiction of the hexagonal honeycomb packing of GCN4-
p2L from the X-ray structure of the crystals'* (cyan) with models of
GFP (purple) (a) positioned at the end of a coiled coil and (b) over
the hexagonal channel and (c) demonstrating overgrowth of the
coiled coils upon GFP inclusion (note: ligands and metals were not
included for clarity).

display the ligands at the termini of the coiled coils. In the
presence of metal ions, the His-tag of the fluorescent protein
could bind to this face at a number of positions (Figure Sa,b)
and then be grown over with additional trimeric coiled coils in
a metal-dependent manner (Figure Sc). We know that the
chromophores with the FPs are aligned within the crystals
from the polarized fluorescence experiments, so the direction-
ality of the protein with respect to the P3 face is mostly
maintained throughout the crystal. Since we only observed a
signal in the SAXS/WAXS data corresponding to the coiled-
coil packing within the crystal, it may be that the distribution
of a protein guest within the crystal lattice is not significantly
ordered.

As described above, the GCN4-p2L peptide crystals
displayed metal-binding ligands on the P3 face.'" We
additionally sought to harness these free ligands to attach
His-tagged proteins to the surface of the fully formed crystals
in a metal ion-dependent fashion. Thus, pre-formed crystals (1
mM GCN4-p2L/1 mM ZnCl,) were treated with NiCl, (1
mM) for 1 h and washed. These Ni(II)-treated crystals were
then incubated with either His-tagged EGFP or mCherry (7.0
uM). When visualized via confocal microscopy, fluorescence
attributed to the proteins was observed on both of the crystal’s
P3 faces, as well as on the other sides of the crystals (Figure
6ab). These data suggest that there are nonmetal-mediated
interactions involved in protein—crystal binding. To test if
metal ions are required for protein binding to the crystal
surface, we incubated pre-formed crystals with His-tagged
EGFP (7.0 uM) without pretreatment with Ni(I) ions. The
resultant assemblies also fluoresced green on all sides (Figure
S10); however, the level of fluorescence was noticeably lower
without Ni(II) treatment. These data show that Ni(II) is not
necessary for protein interactions with pre-formed crystals, but
the addition of metal ions does maximize protein levels on the
crystal surface. Similar data were observed with ZnCl,
pretreatment as well (data not shown).
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Figure 6. Fluorescence confocal images of GCN4-p2L crystals treated with NiCl, for 1 h followed by treatment with (a) EGFP (7.0 uM) or (b)
mCherry (7.0 uM) for 12 h. (c) Fluorescence overlay confocal image of GCN4-p2L/EGFP crystals treated with NiCl, for 1 h followed by mCherry

for 12 h.

Additionally, we sought to add two different proteins to the
peptide crystals in two distinct regions within and on the
surface of the crystal. Therefore, crystals that were formed in
the presence of His-tagged EGFP were subsequently incubated
with NiCl,, followed by His-tagged mCherry. Confocal
microscopy of the resulting crystals showed a green fluorescent
hourglass pattern within the crystals as observed above with
EGFP but now with noticeable red fluorescence on the crystal
surface from mCherry (Figure 6c¢).

Proteins isolated within the crystalline peptide matrix may
be less prone to thermally induced unfolding and aggregation.
To test the hypothesis that the crystals could serve as protein
stabilization vehicles, samples of GCN4-p2L crystals with
EGFP (1 mM GCN4-p2L/7.0 uM His-tagged EGFP) were
heated over different time periods. Because denaturation of
EGFP causes the protein to lose its fluorescence, the amount
of protein that remains folded was measured by levels of
fluorescence. Remarkably, the crystals remained highly
fluorescent even after they were heated to 100 °C for 1 h
(Figure 7a). In comparison, a solution of EGFP in phosphate-
buffered saline (PBS) lost all fluorescence after incubation at
100 °C for 1 min (Figure S11). Because of their size (~5 pm
in length) and the lack of crystal aggregation, flow cytometry
was used to monitor the fluorescence of populations of
crystals.””>" Crystals containing His-tagged EGFP maintained
93% of their initial fluorescence after being incubated at 70 °C
for 4 days, and after 1 week, 70% of the fluorescence was
retained. In contrast, a solution of His-tagged EGFP in PBS
lost all fluorescence after incubation at 70 °C for 1 day (Figure

7b).

B CONCLUSIONS

In conclusion, we have demonstrated the ability to incorporate
and overgrow His-tagged fluorescent proteins within the 3D
matrix of growing coiled-coil peptide crystals with high levels
of efficiency. Fluorescence polarization experiments confirm
that there is ordering of the protein guests within the
crystalline host, and SAXS/WAXS data confirm that the
overall packing of the peptide within the crystals has been
preserved. Experiments with a FRET pair of fluorescent
proteins, mClover3 and mRuby3, indicate that protein guests
may be packed in very close proximities, as close as 6 nm.*’
Furthermore, we established that EGFP guests are notably
more stable to extreme temperatures over extended time

100°C

1 hour

(b) EGFP stability at 70°C

Lol -e- Solution

-# Crystals
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Figure 7. Stability of EGFP within the crystals. (a) Fluorescence
confocal images of crystals before and after incubation at 100 °C for 1
h using the same laser intensity. (b) Percentage of fluorescence
retained by EGFP retained in crystals or in solution upon incubation
at 70 °C over time.

periods when isolated within the crystals as compared to those
in solution. This ability to include folded protein guests within
crystalline hosts could have far-ranging applications from
room-temperature storage of biopharmaceuticals to protein
arrays for structural elucidation.
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