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ABSTRACT: Protein cage nanoparticles (PCNs) are attractive platforms for developing functional nanomaterials using
biomimetic approaches for functionalization and cargo
encapsulation. Many strategies have been employed to direct
the loading of molecular cargos inside a wide range of PCN
architectures. Here we demonstrate the exploitation of a
metal−ligand coordination bond with respect to the direct
packing of guest molecules on the interior interface of a viruslike PCN derived from Salmonella typhimurium bacteriophage P22. The incorporation of these guest species was assessed using
mass spectrometry, multiangle laser light scattering, and analytical ultracentrifugation. In addition to small-molecule
encapsulation, this approach was also effective for the directed synthesis of a large macromolecular coordination polymer
packed inside of the P22 capsid and initiated on the interior surface. A wide range of metals and ligands with different
thermodynamic affinities and kinetic stabilities are potentially available for this approach, highlighting the potential for metal−
ligand coordination chemistry to direct the site-specific incorporation of cargo molecules for a variety of applications.

■

INTRODUCTION
Nanomaterial chemistry exploiting protein cage nanoparticles
(PCNs), including ferritin and virus-like particles as synthesis
platforms, is a rapidly growing field.1−3 PCNs possess
advantages over other supramolecular platforms such as
micelles and liposomes that are being realized in the range of
applications being explored. Because PCNs are gene products,
they are extremely homogeneous in both size and structure.
Atomic-resolution structural information on some PCNs allows
us to make mutations to the primary sequence and introduce
functional groups at specific locations on the cages to impart
the designed functionality.
The directed encapsulation of cargo molecules relies on
unique interfacial chemistry at the interior surface of the
assembled protein cage nanoparticle and allows the exploration
of the effects of molecular confinement using a bioinspired
approach.4−9 It has been shown that some positive-strand RNA
viruses possess specific sites on their capsid proteins where
packing signals in the genomic RNAs bind.10−13 The packing
signals have specific sequence and/or secondary structures and
have high-affinity interactions with capsid proteins. From a
materials point of view, these interactions have been utilized to
direct the encapsulation of a variety of cargo molecules
including proteins, gold nanoparticles, and RNAs with
therapeutic functions inside viral capsids.7,8,14−18 Inspired by
this work, we have taken a biomimetic approach to introducing
a very strong thermodynamic bias for spatially selective strong
noncovalent binding to the interior of the PCN to direct the
© 2011 American Chemical Society

packaging of a range of molecular cargoes. In a related
approach, the self-assembly of proteins guided by a non-natural
metal−ligand coordination bond has been demonstrated.19−21
Here, we show the incorporation of small molecules into a
PCN via a metal−ligand coordination bond. In addition, we
have explored this approach to build up a coordination polymer
inside a PCN using a ditopic ligand connecting metal ions to
form a 3D network structure. Coordination polymers and metal
organic framework materials are increasingly important in
materials science because of their unique properties and wide
variety of potential applications.22−26 For some applications
including selective gas absorption and storage, bulk material
with a regular lattice structure is desirable.27 However,
crystallinity is not always essential, and coordination polymers
with well-controlled sizes and morphological distributions in
the nanometer size range might be preferable.28−30 In
particular, it is critical for biomedical applications to control
the size and shape of a material because the in vivo distribution
and pharmacokinetics are heavily dependent on these
parameters. The use of PCNs to control and constrain polymer
growth is a promising strategy for the synthesis of such
coordination polymers.31 The site-directed modification of
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containing 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) and
100 mM NaCl (pH 6.5) to remove free phen. The concentration of
phen-labeled P22 was determined by Bradford assay (Thermo
Scientific, Rockford, IL) with the unlabeled P22 used as a standard.
Fe2+, Co2+, and Ni2+ Binding with P22-phen. P22-phen (1 mg/
mL in 50 mM MES, 100 mM NaCl, pH 6.5) was mixed with a 10-fold
molar excess per P22 subunit of (NH4)2Fe(SO4)·6H2O, CoCl2·6H2O,
NiCl2·6H2O, or nickel(II) acetate tetrahydrate (10 mM in water).
Following a 10 min incubation at room temperature, the samples were
purified on a Micro Bio-Spin column (Bio-Rad, Herclues, CA) with
the MES buffer to remove free metal ions and then subjected to
further analyses.
Modification of P22 via the Ni-phen Coordination Complex.
P22(S39C)-phen-Ni and P22(K118C)-phen-Ni (50 mM MES, 100
mM NaCl, pH 6.5) were mixed with a 10-fold molar excess per
subunit of phenanthroline (phen) (10 mM in DMSO) for 10 min at
room temperature. The sample was purified on a Micro Bio-Spin
column with the MES buffer to remove free metal ions.
To obtain a fluorescein molecule linked with phenanthroline,
fluorescein-5-thiosemicarbazide (Invitrogen, Carlsbad, CA) was
dissolved in DMSO and then mixed with phen-NCS in a 1:1 molar
ratio. The mixture was gently mixed overnight at room temperature.
Ammonium chloride, at 20 molar excess per phen-NCS, was added to
the mixture and mixed for another 8 h to quench unreacted phenNCS. The fluorescein solution was mixed with P22(S39C), P22(K118C), P22(S39C)-phen-Ni, and P22(K118C)-phen-Ni in a molar
ratio of 10 fluoresceins per subunit of P22 and incubated at 4 °C
overnight. The samples were purified on a Micro Bio-Spin column.
Each sample was applied to the Micro Bio-Spin column twice to
remove any free fluorescein molecules.
Coordination Polymer Formation in P22. Ni2+-bound P22(S39C)-phen and P22(K118C)-phen were utilized as platforms for the
formation of the diphen-Ni2+ coordination polymer. Diphen (20 mM
in DMSO) and nickel acetate tetrahydrate (10 mM in water) were
added to the P22 samples alternately, with 10 min intervals between
each addition and without any purification between reaction steps
(Figure 1a). The molar equivalents of diphen and Ni2+ per P22
subunit were 4 and 2, respectively, except for the first addition of
diphen, which was a 2 molar equiv excess. When the synthesis reached
a designed end point, the sample was purified using a Micro Bio-Spin
column to remove any free Ni and diphen from the P22 cage. We
confirmed in advance that the Micro Bio-Spin column was able to
separate free diphen-Ni complex from the eluate. To evaluate the
nonspecific binding of Ni2+ and diphen to P22, the purified
P22(S39C) capsid was mixed with a 10 molar excess per subunit of
nickel acetate or diphen for 10 min, followed by purification using the
Micro Bio-Spin column.
Monitoring Early Stages of Coordination Polymer Growth
by Mass Spectrometry. To monitor the growth of the coordination
polymer in P22, a slightly different synthesis procedure was taken.
Ni2+-bound P22(K118C)-phen was mixed sequentially with a 10 molar
excess of diphen, followed by a 20 molar excess of Ni2+ and finally a 20
molar excess of diphen. The sample was purified using a Micro BioSpin column after each step to remove free diphen and/or Ni2+ from
the sample solution so that the coordination polymer would grow in a
strictly stepwise, homogeneous manner from each initiation point.
This allowed us to monitor the species at each step using MS.
Analysis of the Samples. The P22 mutants and those that had
been chemically modified were analyzed with UV−vis spectroscopy
(UV−vis, model 8453, Agilent, Santa Clara, CA), ESI-Q-TOF mass
spectrometry (MS, Q-TOF Premier, Waters) interfaced to a Waters
UPLS and autosampler, SDS-PAGE, and dynamic light scattering
(DLS, 90Plus particle size analyzer, Brookhaven Instrument, Holtsville,
NY). The protein concentration and Ni2+ concentration of the samples
were quantified by the Bradford method and atomic absorption
spectroscopy (SpectrAA 220FS, Varian, Palo Alto, CA), respectively.
The molecular weight of P22 with the coordination polymer was
measured by multiangle light scattering (MALS: DAWN8+, Wyatt
Tech, Santa Barbara, CA) equipped with a He−Ne laser source and a
refractive index (RI) detector (Optilab T-rEX, Wyatt Tech). Values for

protein cages allows us to control the location and number
density of initiation sites of polymer formation, and the protein
shells also act to discriminate and protect their interior cargos
from the external environment.
The PCN platform used in this study is the virus-like particle
derived from the Salmonella typhimurium bacteriophage P22.32
The infectious phage assembles up to 415 identical copies of a
coat protein (CP) with the assistance of a variable number of a
scaffolding proteins (SPs) (100−300 copies are typically
encapsulated per capsid) and 12 portal proteins to form an
icosahedral procapsid with an exterior diameter of 58 nm.32,33
This procapsid (PC) assembly can be reproduced in a
heterologous expression system using E. coli. In this
heterologous expression system, 12 portal proteins are replaced
with a pentamer of CP so that the recombinant P22 capsid is
composed of 420 CPs and a variable number of SPs. The SPs
can be removed by treatment with guanidine·HCl (GuHCl)
while maintaining a stable capsid structure, known as the empty
shell (ES), that possesses a roughly 50-nm-diameter interior
cavity (Supporting Information Figure 1).34 In this study, the
ES form of the P22 capsid was utilized as a platform to
demonstrate the introduction of small molecules via metal
coordination chemistry and also to initiate coordination
polymer formation on the interior of the capsid.

■

MATERIALS AND METHODS

General. All chemical reagents used were purchased from either
Sigma-Aldrich or Fisher Scientific and used as received unless
otherwise noted. The THF was distilled over metallic sodium and
benzophenone prior to use. All water was purified using a NANOpure
water purification system (Thermo Fisher Scientific). 5-Iodoacetamido-1,10-phenanthroline (iodo-phen) and 1,3-di-1,10-phenanthrolin-5ylthiourea (diphen) were synthesized by a previously reported
procedure.35,36 5-Isothiocyanate-1,10-phenanthroline (phen-NCS)
was synthesized by a procedure similar to that used for diphen.
Expression and Purification of P22. Cysteine residues were
genetically introduced at two different sites independently (S39C and
K118C). These sites were modified with 5-iodoacetamido-1,10phenanthroline (iodo-phen) to form a site for conjugation to
functional molecules and the initiation of coordination polymer
growth. Although there is one endogenous cysteine in the P22 capsid
protein (amino acid 405), the iodo-phen is expected to react
preferentially with S39C and K118C because previous studies indicate
that 405C resists chemical modification.9,37 P22 S39C and K118C
were produced by a heterologous expression system in E. coli and
purified by a previously described procedure.6,9,38 Briefly, the mutant
P22 procapsids (PC) were expressed in the BL21 (DE3) E. coli strain
and purified by sucrose cushion ultracentrifugation as previously
described.6,38 To remove scaffolding protein from the capsids, the PCs
were suspended in a buffer (50 mM sodium phosphate, 100 mM
sodium chloride, pH 7.0) containing 0.5 M GuHCl and agitated gently
at 4 °C for 2 h, followed by ultracentrifugation to pellet the P22
capsids. The P22 mutants were resuspended in a buffer containing 50
mM sodium phosphate and 100 mM sodium chloride at pH 7.0. This
extraction procedure was repeated four times, and the removal of SP
from this empty shell (ES) form was confirmed by SDS-PAGE.
Modification of P22 Mutants with Iodo-phen. The purified
P22 mutants were dialyzed into a buffer (50 mM sodium phosphate,
100 mM sodium chloride, 5 mM EDTA, pH 7.0) for the phen
modification reaction, and the concentration was adjusted to 1 mg/
mL.39 The iodo-phen was dissolved in DMF to a concentration of 20
mM. Fifty molar equivalents of iodo-phen per P22 subunit was added
and incubated at room temperature for various periods of up to 8 h.
The conjugation reaction was quenched by the addition of 2mercaptoethanol in 20 molar excess per iodo-phen. The samples were
subjected to size exclusion chromatography (SEC, AmershamPharmacia, Piscataway, NJ) with a Superose 6 column and a buffer
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collected data were analyzed and fitted using SEDFIT software.40
Cryo-electron microscopy (cryo-EM) was performed as previously
described.41 Samples of prepared procapsids in MES were buffer
exchanged on a gel filtration spin column into 10 mM Tris buffer.
Three microliters of the sample was applied to glow-discharged
Quantifoil R2/1 holey carbon 200 mesh copper grids (Electron
Microscopy Sciences, Hatfield, PA), blotted, and plunged into liquid
ethane. Frozen grids were transferred to a prechilled Gatan 626 cryosample holder and observed in an FEI Tecnai F20 electron microscope
operated at 200 kV. Images were captured on a Gatan Ultrascan 4000
CCD at a magnification of 50 000×.
Simulations of Polymer Structure. A molecular mechanics
forcefield for branched metal-diphen coordination polymers has
recently been developed36 on the basis of the results of ab initio
quantum mechanical calculations and verified by X-ray scattering
studies. Using these forcefield parameters, a five-generation dendrimer
(with a total of 46 metal centers) was simulated in aqueous solution at
constant temperature and pressure using NAMD.42 For a fully solvated
coordination polymer, the average distances between the dendrimer
center and the metal centers added at generations 2−5 can be
calculated. The corresponding circular “footprint” of a metal center on
the interior surface of P22 can then be estimated by assuming that its
radius (as a function of polymer generation) will be equal to the
calculated average distances.

■

RESULTS AND DISCUSSION
Modification of P22 Mutants with Iodo-phen. To
assess the reactivity of the K118C and S39C mutants, the
capsids were labeled with iodo-phen and subsequently analyzed
by mass spectrometry on the individual subunits. Both of the
P22 cysteine mutants (K118C and S39C) reacted with iodophen to yield labeled capsids, as evidenced by a subunit mass
increase of 235 Da. The fraction of K118C subunits successfully
labeled with phen increased with the reaction time (Supporting
Information Figure 2) from roughly 10 to 90% over 8 h.
However, in the case of the S39C mutant, nearly 50% of the

Figure 1. Schematic illustration of (a) the experimental procedure for
the step-by-step Ni-diphen coordination polymer formation in P22
and (b) the step-by-step Ni-diphen coordination polymer growth
inside of the P22 capsid.
the differential indexes of refraction (dn/dc) of protein (0.185 mL/g)
were used to calculate the molecular weights of all samples. The
sedimentation coefficient of P22 with a coordination polymer was
measured by sedimentation velocity experiments performed on a
Beckman XL-A ultracentrifuge using the An-60Ti at 20 °C. The

Figure 2. Deconvoluted mass analyses of P22(S39C and K118C) shown in the bottom spectra. Covalent attachment of phenanthroline, binding of
Ni(II), and attachment of phen to form a Ni(phen)3 complex shown in the top panel.
2000
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Figure 3. UV−vis spectra of P22 and P22-phen-Ni mixed with fluorescein linked to a phenanthroline group. Both S39C and K118C mutants of P22phen-Ni were labeled with significantly more fluorescein than P22 without the phen-Ni complex, indicating fluorescein linkage to P22 via the Niphen coordinate bond.

metal center for coordination complex formation and the
coordination polymer prepared in this study.
Modification of P22 by Utilizing the Ni-phen
Coordinate Bond. In solution, nickel can form a coordination
complex with multiple phenanthrolines; up to three will
coordinate a single Ni(II) ion. To determine whether the
bound Ni2+ inside the capsid could bind additional phenanthrolines, a 10-fold molar excess of phenanthroline was added to
purified P22-phen-Ni capsids (both S39C and K118C) and the
samples were analyzed by MS and UV−vis. The MS data
revealed that the peak corresponding to the phen-Ni complex
had nearly quantitatively increased in mass by 360 Da (Figure
2). This mass increase is consistent with the further addition of
two phenanthroline molecules (MW of 1,10-phenanthroline =
180.21) to the complex, clearly indicating the formation of P22phenNi(phen)2 complexes. The mass shift was accompanied by
a peak shift in the UV−vis spectrum from the 277 nm
absorbance of P22-phen-Ni to 273 nm and a corresponding
increase in absorbance (Supporting Information Figure 5).
Because free phenanthroline has a strong absorbance at 265
nm, this peak shift accompanied by the absorbance increase
from P22-phen-Ni also suggests that the added phenanthroline
was coordinated by the P22-phen-Ni complex. These results
suggest that the P22 viral capsid could be modified with a
functional molecule via the formation of a Ni-phen coordinate
bond.
To verify this and to exploit this chemistry for the
conjugation of other species to the P22 capsid, P22-phen-Ni
capsids (both S39C and K118C mutants) were reacted with a
modified fluorescein bearing a pendant phenanthroline. The
samples of P22(K118C)-phen-Ni and P22(S39C)-phen-Ni
mixed with the fluorescein-phen molecule showed a distinct

subunits were labeled after 1 h, and this percentage barely
increased with longer reaction times. In both cases, some
double labeling of the subunit, possibly at the relatively
unreactive naturally occurring cysteine at position 405 or some
other unidentified residues, was observed at later reaction
times. To suppress the presence of subunits with more than
one attached phen, the reaction time of S39C and K118C
mutants with iodo-phen was limited to 1 and 3 h, respectively.
Fe2+, Co2+, and Ni2+ Binding with P22-Phen. Phenlabeled P22(K118C) was mixed with Fe2+, Co2+, or Ni2+ and
analyzed by UV−vis spectroscopy and mass spectrometry. The
characteristic absorbance at around 515 nm due to metal-toligand charge transfer between Fe2+ and phenanthroline was
observed with UV−visible spectroscopy, clearly suggesting Fe2+
binding to phenanthroline (Supporting Information Figure 3).
Nevertheless, the binding of Fe2+ to P22(K118C)-phen was not
detected by mass spectrometry of the modified P22 subunit
(Supporting Information Figure 4). Similarly, the binding of
Co2+ to P22(K118C)-phen could also not be detected by MS,
although it is reasonable to expect the binding of Co2+ with
phen because Co2+ has a higher equilibrium binding constant
with phen than does Fe2+ (Supporting Information Table 1).43
However, the P22(K118C)-phen sample, when mixed with
Ni2+, exhibited a mass peak at 46 886, corresponding to the
intact P22-phen-Ni complex (Supporting Information Figure
4). This is presumably because the Ni2+-phen association is
strong enough to maintain the coordination complex when the
sample is ionized in the gas phase in MS, whereas coordination
between Fe2+ (or Co2+) and phen was not strong enough and
the complex dissociated under the MS conditions (Supporting
Information Table 1).43 Because Ni2+ binds to P22-phen more
strongly than does either Fe2+ or Co2+, Ni2+ was used as the
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Figure 4. UV−vis spectra of the two different mutants of P22-phen after the sequential addition of Ni-diphen. All samples were diluted 20-fold in
advance of the measurements.

located on the interior surface of the P22 capsid. However, two
independent high-resolution structural models based on cryoEM observation44,45 suggest that the K118 position might be
somewhat exposed to the exterior rather than the interior of the
capsid (Supporting Information Figure 6).46 In this case, even a
small amount of the Ni-diphen polymer that could access the
exterior surface of the capsid could make interparticle
connections leading to precipitation.
The 270 nm absorbance of P22(S39C)-phen increased until
G3.5 (third diphen addition) and then decreased slightly at
G4.5 (Figure 4), indicating that reactions at the S39C site are
contained within the capsid until the particle is grown to a
higher generation number. Indeed, the structural models
suggest that S39 seems to be exposed to the interior to a
greater degree than is K118C (Supporting Information Figure
6). It should be noted that the absorbance increases from G0.5
to G1.5, G1.5 to G2.5, and G2.5 to G3.5 were not linear; more
than one diphen was incorporated in each step, suggesting that
the polymer grows in a branching manner as expected from the
tris coordination of the phen ligand to the Ni center. Controls
in which nickel acetate or diphen were mixed with P22(S39C)
(without phen labeling) revealed that the nonspecific binding
of Ni and diphen could not be detected by Ni quantification
measurements (atomic absorption spectroscopy) or UV−vis
spectroscopy (Supporting Information Figures 7 and 8), clearly
indicating that the formation of the coordination polymer was
uniquely initiated at the phen-labeled subunits of P22.
Using a combination of protein and Ni quantification
(Supporting Information Figure 7), G3.5 and G4 were
estimated to contain 1734 and 2693 Ni atoms per cage,
respectively. This is consistent with 92 and 98% of the total Ni
supplied to achieve each generation. If the coordination
polymer grew in a perfectly branching manner, then each
polymer should be composed of 7 Ni atoms and 14 diphen
molecules by G3.5. On the basis of the Ni quantification, 3468
diphen are expected to be incorporated per cage, which is
consistent with 83% of the total diphen supplied to reach G3.5.
It should be noted that if 50% of the total subunits are labeled
with phen, as suggested by MS (Supporting Information Figure

absorbance centered at 495 nm due to fluorescein (Figure 3).
In contrast, P22(K118C) and P22(S39C) mixed with
fluorescein-phen in the absence of Ni2+ displayed significantly
less fluorescein absorbance. This background level is probably
due to the physical adsorption of the fluorescein molecule to
the P22 capsid. The number of fluorescein-phen molecules
bound via Ni coordination to P22(K118C)-phen-Ni and
P22(S39C)-phen-Ni was estimated from the UV−vis spectra
to be 139 and 126 per P22 capsid (0.33 and 0.30 per subunit),
respectively. The number of fluorescein-phen adsorbed to
P22(K118C) and P22(S39C) in the control reactions was
estimated to be 29 and 25 per capsid (0.07 and 0.06 per
subunit), respectively. These results indicate that a majority of
the fluorescein-phen molecules introduced into the P22-phenNi capsids were associated with the capsids because of Ni-phen
coordination and up to one-third of the theoretical phen sites
on each capsid were occupied by this coordinated conjugate.
We are not able to determine the spatial distribution of these
species within the P22 cage.
Coordination Polymer Formation in P22. Uniquely
labeled phenanthroline with bound Ni was used as an initiation
point for the growth of a coordination polymer using a ditopic
metal coordinating ligand, 1,3-di-1,10-phenanthrolin-5-ylthiourea (diphen). Coordination polymer formation was achieved
using the diphen ligand and Ni2+, which were added to P22phen-Ni (both S39C and K118C mutants) in an iterative
manner (Figure 1). The Ni-diphen complex exhibited a
characteristic UV absorbance centered at 270 nm, which
could be used to monitor the growth of the polymer inside the
cage. In the case of P22(K118C)-phen, the 270 nm absorbance
(characteristic of the bound phen-Ni) increased up to the
formation of generation 2.5 (G2.5, second diphen addition) but
did not increase at G3.5 and significantly decreased by G4
(Figure 4). The sample solution became slightly turbid at G3.5,
and some precipitation of the protein was observed. It should
be noted that a similar consequence (i.e., precipitation of the
K118C mutant) was observed in our recent study on polymer
formation in the cage by using atom-transfer radical polymerization.38 The K118 residue was originally thought to be
2002
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Figure 5. (a) SEC-MALS data for the P22(S39C)-polymer composites. The elution time of the size exclusion chromatography profiles stays the
same across the samples, but the molecular weight of G3.5 and G4 increased significantly from G0 (empty P22 cage). (b) Summary of the molecular
weight and radius of each sample. The radius remains the same among the samples.

the total mass of P22 with the coordination polymer at G4 is
roughly 22 MDa, the difference of 1.3 MDa is about 6% of the
total mass, which is within the expected error range for the
MALS measurement. More importantly, it should be noted that
we used dn/dc of the protein (0.185 mL/g) to determine the
molecular weight of P22 with polymer as well as the molecular
weight of P22 alone because it is not possible to obtain dn/dc
of the P22-Ni-diphen composite material. The dn/dc of P22
with the polymer could easily be different from 0.185, and this
would affect the accuracy of the molecular weight determination by MALS.
The mass increase of the samples was also confirmed by
analytical ultracentrifugation (Figure 6). A clear progression,
following the increase in polymer growth, could be seen in the
major species present in each sample, with a shift toward an
increased sedimentation coefficient in higher generations. The
peak width of the G3.5 and G4 samples increased compared to
that of the G0.5 sample, suggesting a broader mass distribution
at G3.5 and G4. Each sample showed only minor peaks with
larger sedimentation coefficients, consistent with a small
amount of aggregated material. These data indicate that the
Ni/diphen coordination polymer formed in each capsid is not
perfectly homogeneous but has a finite molecular weight
distribution. Individual capsids, however, are monodisperse
with respect to external dimensions with only a small amount of
aggregation, consistent with the DLS and SEC-MALS data.
Cryo-EM observation revealed that the overall capsid structure
of G4 is undistinguishable from that of G0.5, indicating that the
capsid particles maintain not just their average size but also
their morphology (Figure 7).
Our data suggests that the coordination polymer growth in
P22(S39C)-phen increased until G4 but not until G4.5,

2), then the Ni and diphen provided are sufficient to achieve
the perfect branching until G3.5 but are not enough to reach
G4. According to these calculations, the mass increase due to
the polymer formation at G3.5 is estimated to be 1.6 MDa. At
G4, the mass increase is estimated to be 1.7 MDa if 2693 Ni
atoms and 3468 diphen molecules are incorporated per cage.
However, this could be slightly higher because any free diphen
in the sample at G3.5 (estimated as 17% of the total number of
diphen molecules added) could bind to terminal Ni at G4.
Indeed, the UV−vis absorbance at 270 nm (G4) showed a
slight increase from G3.5, suggesting some incorporation of
diphen into the P22-polymer complex at G4.
The confinement of a Ni-diphen coordination polymer in
P22(S39C) was also confirmed by further analyses performed
with dynamic light scattering (DLS), multiangle light scattering
combined with size exclusion chromatography (SEC-MALS),
and analytical ultracentrifugation. When analyzed by DLS, the
diameter of the samples did not change significantly (58−60
nm) from that of the staring material up to G4 but increased to
73.9 nm at G4.5 (fourth diphen addition) (Supporting
Information Figure 9). Furthermore, size exclusion chromatography profiles of SEC-MALS measurements showed that the
elution time of the major peak remained the same among G0
(P22(S39C)), G0.5 (P22-phen), G3.5, and G4 samples. In
addition, only minor early eluting peaks were observed in G3.5
and G4 (Figure 5a), consistent with a small amount of
aggregated material. MALS measurements indicated that the
mass of the G3.5 and G4 samples increased from the starting
material (i.e., P22(S39C) cage) by about 2.5 and 3.0 MDa,
respectively (Figure 5b). The mass increases at G3.5 and G4
determined by MALS are 0.9 and 1.3 MDa larger than those
estimated from the Ni and P22 quantification assay. Because
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computationally investigated the structure of poorly ordered
bulk coordination polymers using a recently developed force
field for all-atom molecular dynamics simulations.36 On the
basis of the simulated size of a fully solvated coordination
dendrimer with the same composition, we estimate that if 50%
of the subunits were labeled with phenanthroline and served as
polymer initiation points then the interior surface of the cage
would be fully covered with the polymer at G4. Although the
calculated thickness of the polymer layer is about 3.5 nm, which
is much shorter than the radius of the P22 cavity (25 nm), a
polymer layer that completely covers the inner surface of the
cage could effectively limit the further diffusion of reactant
monomers (Ni2+ and diphen) from the bulk solution to the
interior of the cage (Supporting Information Figure 10 and
Table 2).
Early stages in the growth of the coordination polymer in the
P22 capsid were successfully monitored by MS up to G2 (the
second Ni addition, Figure 8). The mass spectrum of
P22(K118C)-phen revealed a peak with a mass of 46 833
(Supporting Information Figure 2). Upon addition of Ni2+, a
new peak corresponding to the Ni-bound P22(K118C)-phen
species at m = 46 889 was observed (G1, Figure 8). Upon
addition of the diphen ditopic ligand, a new peak was measured
at m = 47 753 at the expense of the peak corresponding to the
Ni-bound P22(K118C)-phen species. The observed mass
increase of 864 is consistent with the addition of two molecules
of diphen, clearly indicating the detection of the P22-phen-Ni(diphen)2 complex (G1.5, MW of diphen = 432.50). Similarly,
at G2, two peaks corresponding to the addition of one and two
Ni2+ ions to the P22-phen-Ni-(diphen)2 complex were detected
(m = 47 810 and 47 866, respectively). It should be noted that
the peak attributed to the P22 subunit with the coordination
polymer was shifted to a higher mass for each generation;
nevertheless, the intensity of these peaks decreased significantly
with each generation compared to that of the unlabeled subunit
(m = 46 597). The unlabeled subunit serves as an internal
standard, and all of the data in Figure 8a has been normalized
to this peak intensity. These data suggests that a subunit with a
higher generation of the coordination polymer becomes harder
to detect by MS likely because a larger coordination complex
will “fly” less efficiently. At G2.5 and beyond, the subunit with
the coordination complex could no longer be detected by MS.
Our results have shown that the P22(S39C)-based virus-like
particle can confine the polymer a few step further than can the
P22(K118C)-based virus-like particle, suggesting that the
selection of an appropriate amino acid location as an initiation
site of polymer growth is an important prerequisite for polymer
growth to be properly constrained within the cage. Although
the results demonstrated here are a proof of concept, the same
type of protein cage−polymer constructs could be obtained
from a combination of other metals and ditopic ligands as well.
It will allow us to impart magnetic and catalytic functionalities
through the appropriate choice of metal and ligand.

Figure 6. Sedimentation coefficient of P22(S39C)-polymer composites of G0.5, G3.5, and G4 generated from analytical ultracentrifugation measurements.

Figure 7. Cryo-EM images of G0.5 (P22(S39C)-phen) and G4. The
capsids maintain their morphology after the coordination polymer
formation of G4.

indicating no significant growth of the polymer beyond this
point. There are two plausible reasons for this: (1) the
coordination polymer has “escaped” to the exterior of the P22
capsid and could induce cage−cage aggregation or (2) the
coordination polymer could block the access of additional
diphen monomers to the P22 cavity, thereby limiting its own
growth.
The protein concentration of the sample showed a minor
decrease at G3.5 and G4 compared with the initial
concentration but dropped significantly from 0.95 to 0.57
mg/mL at G4.5 (Supporting Information Figure 7). Indeed,
when each sample was centrifuged with a tabletop centrifugation in advance of purification by a spin column, there was no
visible pellet until G4 but a small pellet was observed at G4.5.
The size of the particles as determined by DLS became larger at
G4.5 (Supporting Information Figure 9). Taken together, these
results suggest that some of the capsid seems to be lost as a
result of cage−cage aggregation, probably becauase of the Ni/
diphen coordination. Although amino acid 39 is believed to be
more interior-exposed than amino acid 118, it would still be
feasible for a branch of the coordination polymer to reach the
exterior of the P22 cage because the Ni-diphen coordination
polymer would grow as a dendritic form from the interior
interface.
It is also possible that the growth of the coordination
polymer, from the inner surface of the protein cage toward the
center of the cage, could hinder the access of the diphen
molecule to the inside of the cage and the growth sites of the
polymer, effectively blocking polymer growth. We have

■

CONCLUSIONS
In this study, we demonstrated the use of site-directed
coordination chemistry to introduce guest molecules into a
PCN derived from the P22 bacteriophage. This chemical
approach for the functional modification of PCNs utilizing
metal−ligand coordination chemistry is an effective alternative
means to attach molecules of interest to PCNs. This approach
could be used for a range of metals and ligands, with different
thermodynamic affinities as well as different kinetic stabilities.
2004
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Figure 8. (a) Deconvoluted mass analyses of P22(K118C)-phen-Ni followed by a series of diphen and Ni additions. The intensity of the peaks is
normalized to that of the unlabeled P22 subunit. (b) Expanded spectra in part a between m = 47 500 and 50 000. The initial stages of coordination
polymer formation could be detected up to G2.

Although the chemical modification of PCNs has been explored
extensively, the available coupling reactions are limited to those
that can be carried out under the relatively mild conditions
compatible with protein stability. In this study, not only the
conjugation reaction of phenanthroline with the P22 capsids
but also the introduction of a fluorescent molecule into the
capsids via coordinate bonds was performed in an aqueous
solution at room temperature. These conditions should be
appropriate for a variety of PCNs. Furthermore, it is expected
that a wide range of molecules including cell-targeting moieties,
drugs, and coordination polymers could be introduced into
PCNs by coupling them with appropriate ligand molecules.
Therefore, the approach demonstrated in this article could be a
versatile strategy for introducing a variety of molecules into
PCNs in a “plug and play” fashion.

■

the simulated Ni-diphen complex structure. This material is
available free of charge via the Internet at http://pubs.acs.org.

■

AUTHOR INFORMATION

Corresponding Author

*Phone: (406) 994-6566. Fax (406) 994-5407. E-mail:
tdouglas@chemistry.montana.edu.
Present Address
⊥

Current address: Laboratory for Systems Biology, RIKEN
Center for Developmental Biology, Kobe, Japan.

■

ACKNOWLEDGMENTS
This research was supported in part by grants from the U.S.
Department of Energy, Office of Basic Energy Sciences,
Division of Materials Science and Engineering (DE-FG0207ER46477), a National Science Foundation Graduate
Research Fellowship (J.L.), and the Basic Science Research
Program (no. 2010-0009004) through a National Research
Foundation of Korea Grant funded by the Ministry of
Education, Science and Technology (S.K.)

ASSOCIATED CONTENT

S Supporting Information
*

Data on additional UV−vis spectroscopy and mass spectrometry, DLS, and protein and Ni quantification measurements of
chemically modified P22 capsids. Also included are structural
models of the P22 coat protein hexamer, equilibrium binding
constants of metal phenanthroline complexes, and summary of

■

REFERENCES

(1) Douglas, T.; Young, M. Science 2006, 312, 873−875.

2005

dx.doi.org/10.1021/la203866c | Langmuir 2012, 28, 1998−2006

Langmuir

Article

(34) Prevelige, P. E.; Thomas, D.; King, J. J. Mol. Biol. 1988, 202,
743−757.
(35) Chen, C.-H. B.; Sigman, D. S. Proc. Natl. Acad. Sci. U.S.A. 1986,
83, 7147−7151.
(36) Jolley, C. C.; Lucon, J.; Uchida, M.; Reichhardt, C.; Vaughn, M.
J.; LaFrance, B. J.; Douglas, T. J. Coord. Chem. 2011, 64, 4301−4317.
(37) Tuma, R.; Prevelige, P. E.; Thomas, G. J. Proc. Natl. Acad. Sci.
U.S.A. 1998, 95, 9885−90.
(38) Lucon, J.; Shefah, Q.; Uchida, M.; Liepold, L. O.; LaFrance, B.;
Prevelige, P. E.; Douglas, T. Nat. Chem. Submitted for publication.
(39) Kang, S.; Lucon, J.; Varpness, Z. B.; Liepold, L.; Uchida, M.;
Willits, D.; Young, M.; Douglas, T. Angew. Chem. Int. Ed 2008 47,
7845−7848.
(40) Lebowitz, J.; Lewis, M. S.; Schuck, P. Protein Sci. 2002, 11,
2067−2079.
(41) Dokland, T.; Ng, M. In Techniques in Microscopy for Biomedical
Applications; Doklang, T., Hutmacher, D., Ng, M., Schantz, J., Eds.;
World Scientific Press: Singapore, 2006.
(42) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid,
E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kalé, L.; Schulten, K. J. Comput.
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