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Protein cages, such as ferritins, viruses, and heat shock
proteins, have been used as size-constrained reaction vessels
to spatially limit nanoparticle growth, to encapsulate pre-
formed nanomaterials, or for covalent attachment of organic
molecules."” Although protein cages have been widely used
as powerful templates for nanomaterials syntheses, the
processes of metal ion accumulation and core formation
within a protein cage are still poorly understood. This is
mainly due to the lack of appropriate analytical tools that
detect multiple transient state species simultaneously with
sufficient resolution and accuracy. While most spectroscopic
techniques provide averaged information of populations in a
mixture, mass spectrometry can simultaneously resolve indi-
vidual molecular masses present in a mixture.® Therefore, it
is possible to concurrently detect multiple populations
distributed within an ensemble and monitor their changes
individually instead of averaging all signals. With the inven-
tion of soft ionization methods, such as electrospray ioniza-
tion (ESI)!' and matrix assisted laser desorption ionization
(MALDI)," it has become possible to measure the intact
mass of noncovalently associated macromolecular com-
plexes!’>*l and isolated colloids.">”) Mass measurement of
giant noncovalent protein complexes have been extensively
studied!"?! and preservation of solution structures in the gas
phase inside mass spectrometers has been well demon-
strated.'””" We used this approach to monitor Pt** binding
and Pt” nanocluster formation in a protein cage template.
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Herein, we have genetically and chemically modified
Listeria innocua Dps (LiDps) for the controlled synthesis of
platinum nanoclusters, analyzed the Pt’ nanocluster growth
by noncovalent mass spectrometry, and verified the activity of
these nanoclusters as hydrogen production catalysts. This is
the first report to precisely follow the transition from metal
binding through nucleation and nanocluster formation using
mass spectrometry.

The Dps (DNA binding protein from starved cells) from
the Gram-positive bacterium Listeria innocua prevents oxi-
dative damage of DNA by accumulating iron atoms within its
central cavity to produce an iron oxide core similar to that of
ferritins.’*®! The LiDps consists of twelve identical 18 kDa
subunits that self-assemble into a hollow protein cage having
tetrahedral 23 symmetry (Figure 1).?? The LiDps is conse-
quently smaller than ferritin with an outer diameter of 9 nm
and an inner cavity diameter of 5 nm with 0.8 nm pores at the
threefold axis where molecules can pass through to the
interior (Figure 1).’”) The LiDps has been used for mineral-
izing metal oxides, such as iron and cobalt oxides, and
cadmium sulfide.” 2l Herein we have extended this approach
to encapsulate Pt’ nanoparticles using the LiDps cage. We
genetically modified the LiDps to enable site selective
chemical modification to the interior of the LiDps cage by
substitution of serine at position 138, located in the middle of
helix E, with cysteine (S138C; Figure 1). We synthesized 5-
iodoacetamido-1,10-phenanthroline  (iodo-phen)?”  and
labeled the introduced cysteines of the S138C mutant with
no alteration of the protein cage architecture (see Figure F1 in
the Supporting Information). Covalent attachment of metal
binding ligands to the interior surface of the LiDps was
expected to induce binding of Pt*" ions and facilitate
nucleation of Pt*" ions.

The extent of reaction between the iodo-phen and LiDps
cysteine thiols to form the corresponding thioether with loss

Figure 1. Surface and ribbon diagram representations of LiDps (PDB
1QGH) looking down the twofold symmetry axis (left) and a clipped
view showing the interior space of the cage (right). Serine 138 residues
substituted with cysteines, in the S138C mutant, are indicated in red.

UL WIWILEY

Chemie

7845


http://dx.doi.org/10.1002/anie.200802481

Communications

7846

of I (Supporting Information, F2) was evaluated by measur-
ing the molecular masses of subunits using electrospray
ionization time-of-flight mass spectrometry (ESI-TOF MS)
using previously described methods.**! Attachment of the
phenanthroline moiety to the LiDps subunit resulted in a 236
unit mass increase (Supporting Information, F2). Two major
populations were detected from the iodo-phen treated S138C
LiDps. Component analysis of the charge state distributions
revealed that the dominant species in the iodo-phen treated
S138C LiDps sample were a 18301.4 Da subunit (85% ) and a
18065.4 Da subunit (15%). These observed masses are in
excellent agreement with the values predicted for a LiDps
protein subunit modified with a single phenanthroline moiety
(18300.7 Da) and the unmodified subunit (18064.7 Da;
Figure 2 A). Wild-type (wt) LiDps, which does not have an
intrinsic cysteine, was treated in parallel as a control and no
modification was observed under identical reaction condi-
tions (Supporting Information, F3).

We confirmed the dodecameric cage architecture of the
LiDps by measuring the intact cage masses of the S138C and
iodo-phen treated S138C LiDps (phen-S138C LiDps; Fig-
ure 2B). The typical charge state distribution of dodecameric
LiDps was observed with unmodified S138C LiDps (Fig-
ure 2B, bottom panel). The charge state distribution of the
phen-S138C LiDps cage was shifted to higher m/z and its mass
increase was 2375 Da, which corresponds to addition of 10.1
phenanthroline moieties (236 Da) per cage on average
(Figure 2B, top panel and inset values). The mass increase
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Figure 2. Mass spectrometric analyses of the subunit and intact LiDps
before and after treatment with 5-iodoacetamido-1,10-phenanthroline;
charge state distributions for modified (4) and unmodified S138C
LiDps cages (0) are shown. A) Mass spectra of subunits. Charged
peaks (16+) of subunit either unmodified or modified with a single
phenanthroline moiety are indicated. B) Noncovalent mass spectra of
intact LiDps cages with charged peaks (22 +) of iodo-phen treated
and untreated cages indicated.
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for the intact phen-S138C LiDps agreed well with the extent
of modification determined by subunit mass analysis
(Figure 2).

For monitoring Pt*" ion binding, phen-S138C LiDps was
treated with various amounts of Pt*" ions (0, 12, 24, 48, 100,
and 200 Pt*" per cage) and equilibrated at 4°C overnight.
Unbound Pt** ions were removed by size exclusion chroma-
tography (SEC) and the Pt**-phen-S138C Dps complexes
were analyzed by noncovalent mass spectrometry. Wt and
unlabeled S138C LiDps were also treated in parallel to
investigate the direct role of the phenanthroline moiety in
Pt*' ion binding. While phen-S138C LiDps contained 43 Pt**
ions with a theoretical loading of 200 Pt*" per cage (Figure 3),
unmodified S138C and wt LiDps contained 23 and 16 Pt*"
ions, respectively, at equivalent Pt*" ion loading (Supporting
Information, F4) suggesting that the phenanthroline moiety
facilitates additional Pt*" binding.

In order to follow Pt° nanocluster formation, phen-S138C
LiDps was incubated with the same range of Pt*" ion loadings
(0, 12,24, 48,100, and 200 Pt*" per cage) at 4°C overnight and
subsequently photoreduced. Analysis of the reaction product
by SEC revealed that the Pt’ mineralized phen-S138C LiDps
eluted at the same position as the untreated control phen-
S138C LiDps. This unaltered elution profile indicates that the
Pt** binding and Pt” mineralization occur selectively within
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Figure 3. A) Overlaid mass spectra of the Pt*" ion bound (black) and
Pt® mineralized (red) phen-S138C LiDps cages at various loading
ratios of Pt*" (0, 12, 24, 48, 100, and 200 Pt** ions per cage, bottom to
top). Charged peaks (23 +) of the cages are indicated. B) Plots of the
observed masses (left y axis) and converted numbers (right y axis) of
Pt*" ion bound (black circles) and Pt® mineralized (red circles) phen-
S138C LiDps cages according to the initial Pt*" ion loadings. Devia-
tions of Pt?*"-ion or Pt%atom contents in the broadened peaks were
determined by calculating the half width at the half height of each
peak and comparing to a 0 loading control.
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the inner cavity of the cages and does not alter the cage
architecture (Supporting Information, F5). However, uncon-
trolled particle growth was observed through a shift in the
SEC profile with wt and unlabeled S138C LiDps cages under
identical reaction condition (Supporting Information, F6).
Charge state distributions of both Pt** ion bound (black) and
Pt° nanoclustered phen-S138C LiDps (red) were shifted to
higher m/z compared to the untreated phen-S138C LiDps in
accordance with the increasing numbers of Pt** loaded
(Figure 3A). Only one population was observed at each
Pt** loading (Figure 3 A) implying that binding or nanocluster
formation events occur homogeneously throughout the cage
population rather than in an all-or-nothing manner. However,
peak broadening at the high Pt*" loadings was observed
(Figure 3A) indicating that individual phen-S138C LiDps
contains slightly different amounts of Pt*" or Pt’ within a
narrow distribution with a maximum deviation of 10 Pt® at
loading of 200 Pt*" per cage as shown in Figure 3B. Charge
state distributions of Pt” nanoclustered phen-S138C LiDps
were shifted to higher m/z compared to that of Pt*" ion bound
phen-S138C LiDps suggesting increased Pt*" incorporation
upon photoreduction (Figure 3 A). Based on the mass cacu-
lations, 2.8, 6.3, 13.9, 25.3, and 43.5 Pt** ions were bound to
phen-S138C LiDps with theoretical Pt*" ion loadings of 12, 24,
48, 100, and 200 Pt** ions per cage, respectively, whereas Pt’
nanoclusters containing 2.4, 9.4, 24.8, 44.6, and 75 Pt’ atoms
were formed in phen-S138C LiDps with the same range of
Pt*" ion loadings (Figure 3B). Taken together these results
suggest that the introduced Pt*" ions first enter the cages and
bind to the covalently attached phenanthroline moiety and
that free Pt*" ions inside are recruited by the pre-bound Pt**
ions upon photoreduction to form the Pt® nanoclusters.

To verify core formation, we attempted to observe the Pt°
nanoclusters inside the cages using transmission electron
microscopy (TEM), but we could not detect Pt® cores inside
phen-S138C LiDps (Supporting Information, F7). However, a
core size of 75 Pt” is estimated to have an approximately 1 nm
diameter which is at the detection limit of the instrument.
Therefore, we may not have detected distinct cores because of
technical limitations rather than the lack of core formation.

Pt° nanoparticles are known to be excellent catalysts for
proton reduction and hydrogen production.”®! It has been
suggested that their catalytic activity is dependent upon the
Pt’ particle size.’” We have previously demonstrated efficient
hydrogen production using the Pt” mineralized heat shock
protein cages in conjunction with a photochemical system.[!
To move toward a more simple assay, we have implemented a
photosystem based on [Ir(ppy),(bpy)]* (ppy = 2-phenylpyr-
idine; bpy =2,2"-bipyridine) which has been shown to act as a
mediatorless photocatalyst for hydrogen production in con-
junction with Pt” colloid.”¥ We used the Ir based photo-
catalyst as a tool to investigate the loading required to create
catalytic Pt° clusters for hydrogen production (Figure 4 and
Supporting Information, F8). The Ir complex only control
corroborated previous reports that the complex can produce
small amounts of hydrogen without a Pt catalyst present.*!
While the phen-S138C LiDps samples with equal to or less
than 45 Pt° (theoretical loading of 100 Pt*" per cage) produced
hydrogen near baseline levels, the 75 Pt° (theoretical loading
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Figure 4. Hydrogen production from the Pt° mineralized phen-S138C
LiDps. A) Schematic representation of the light-mediated hydrogen
production from Pt° nanoclustered phen-S138C LiDps. The photosensi-
tizer (PS) employed in this process is [Ir(ppy),(bpy)]*. B) Time-
dependent hydrogen production of Ir complex only (red), 25 Pt atoms
(green), 44 Pt® atoms (magenta), and 75 Pt° atoms (blue) mineralized
phen-S138C LiDps.

of 200 Pt** per cage) containing phen-S138C LiDps generated
approximately four times more hydrogen than the back-
ground level (Figure 4B and Supporting Information, F8).
These data support the idea that the 75 Pt atoms may form a
sufficiently large nanocluster rather than multiple nano-
clusters in the phen-S138C LiDps. In contrast, the 45 Pt°, or
lower Pt’, containing cages appear to have failed to form a
sufficiently large cluster to catalyze hydrogen production.

In conclusion, we have successfully resolved Pt*' ion
binding and Pt’ nanocluster formation inside the protein
cages at near atomic resolution using mass spectrometry. In
addition, we have demonstrated catalytic Pt” nanocluster
formation for hydrogen production within the Dps cage. This
high resolution analysis has been made possible by using the
genetically engineered and chemically functionalized LiDps
for directed nanocluster growth. Better understanding of
biomimetic mineralization processes may give us greater
insight into controlled material synthesis under mild condi-
tions. In particular, thoroughly elucidating the relationship
between Pt” nanocluster sizes and the total quantity of
hydrogen produced may lead to the development of more
efficient hydrogen production systems.

Experimental Section

Mutagenesis, protein expression, and purification: Cysteine substitu-
tion of serine 138 was generated by Quick change PCR protocol using
pET-30b based plasmids encoding genes for LiDps. The amplified
DNAs were transformed into competent E.coli strain BL21 (DE) and
S138C LiDps was over-expressed in E. coli and purified as previously
described.*!

Phen modification of the S138C LiDps and purification: Syn-
thesis of 5-iodoacetamido-1,10-phenanthroline (iodo-phen) was car-
ried out as previously described.” The final product was confirmed
by mass spectrometry. The S138C LiDps was incubated with 3 molar
equivalents of iodo-phen at 4°C overnight. Reactions were loaded
onto a 10 x 300 mm Superose 6 (Amersham Bioscience) size exclusion
column and eluted with buffer containing 50 mm 4-morpholineetha-
nesulfonic acid (MES), 100mm NaCl (pH6.5) at a rate of
0.5 mLmin "

Mass spectrometry: Subunit masses of the iodo-phen treated and
untreated S138C LiDps cages were analyzed by ESI-Q-TOF mass
spectrometry (Q-TOF Premier, Waters) interfaced to a Waters UPLC
and autosampler. Samples were loaded onto the BioBasic SEC-300
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column (5 um, 250 L x 1.0 mm I.D, Thermo Scientific) and eluted with
the buffer containing 40 % isopropyl alcohol, 59.9 % water, and 0.1 %
formic acid isocratically with a rate of 25 WL min~'. Mass spectra were
acquired in the range of m/z 50-5000 and processed using component
analysis from MassLynx version 4.1 to obtain average masses from
multiple charge state distributions. Mass analyses of the intact LiDps
cages were carried out on samples in 10 mm triethylammonium
acetate buffer (pH 6.8).’*l Spectra were acquired in the range of m/z
50-30000 by directly infusing samples into the mass spectrometer at a
flow rate of 20 uL min~'. Source and desolvation temperatures were
80°C and 120°C, respectively. Collisional focusing, which facilitated
the focusing and transmission of ionized LiDps cages in vacuo, was
achieved by increasing the source pressure to approximately
7.0 mbar.®™ The capillary voltage and the sample cone voltage were
3000 and 50 V, respectively. Pressure in the collision cell and the TOF
tube were maintained at 1.0x 1072 and 2.0 x 10~° mbar, respectively.
Mass calibration was accomplished by directly infusing aqueous Csl
(50mgmL~") at 0.5puLmin"'. Charge states and masses were
obtained from the spectral data using MassLynx version 4.1 software
(Waters). All assigned masses were manually verified. Deviations of
the Pt*" ion and Pt’ contents in the broadened peaks were determined
by calculating the half-width at the half-height of each peak and
comparing with a 0 loading control.

Pt*" ion binding and Pt” nanocluster formation: phen-S138C
LiDps (200 pL at 1 mgmL™" in 50 mmM MES, 100 mm NaCl, pH 6.5)
was mixed with the appropriate amount of 2 mMK,PtCl, for a
theoretical loading of either 0, 12, 24, 48, 100, or 200 Pt*" per cage. To
each sample 25 mm MES (pH 6.5) was added for a final volume of
400 pL. After incubating at 4°C overnight, a four-fold excess of 4 mm
sodium citrate was added to each cuvette and then they were
immediately illuminated with a 150 W Xe arc lamp (175 W, Lambdz-
LS, Sutter Instruments) equipped with an IR filter (10 cm water filter)
and a UV cutoff filter (UV absorbing glass) for 45 min. The light flux
was measured using an Extech Instrument EasyView light meter. The
sample temperature was maintained at 40°C with a water bath.%%!
After mineralization each sample was loaded onto a 10x 300 mm
Superose 6 (Amersham Bioscience) size exclusion column and eluted
with 50 mm MES, 100 mm NaCl (pH 6.5) at a rate of 0.5 mLmin".

Light induced hydrogen production: The remaining 0, 48, 100,
and 200 Pt** ion per cage samples (approximately 0.62 nm) were
mixed with 53.5 pL of 33 mMm [Ir(ppy),(bpy)]PFs and 2000 pL of a
acetonitrile/water/triethanolamine (TEOA) mixture (9:3:1).% The
photosensitizer only control was mixed in the same manner adding
53.5 uL extra 9:3:1 acetonitrile/water/TEOA to make the same final
volume. Samples were septum sealed and degassed under N, and
vacuum alternatively three times. Each sample was illuminated for 1 h
at 25°C with the same lamp used for photoreduction. Headspace
samples were analyzed on a Shimadzu GC-8A TCD with a 1.83 m x
0.32 cm 80/100 Porapak Supelco column using argon as carrier gas.!
Bulk H, gas was used as a standard to quantify the sample H,
production.
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