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Abstract

Methods that allow the study of the structure of proteins in complex with nanomaterials promise
to enhance our understanding of how biological molecules interface with inorganic materials. We
used single particle cryo-EM to demonstrate the potential for cryo-EM analysis to reveal structural
details of protein-nanoparticle complexes. Two protein nanomaterial complexes, GroEL bound to
platinum nanoparticles (GroEL-PtNP), and ferritin bound to an iron oxide nanoparticle were used
as model samples. For the GroEL-PtNP complex, a final reconstruction was obtained to 3.93A,
which allowed the atomic model of GroEL to be fit into the resulting map. This sets the stage for
future work and improvements on the use of cryo-EM for the study of protein-nanomaterial

complexes.
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Main Text

Due to their tunable size, shape, and composition, nanomaterials exhibit a variety of unique
properties (e.g. electronic, optical, and magnetic properties), which are leading to innovative
applications in such diverse fields as energy storage, medicine, catalysis, composite materials,
and advanced imaging technologies '-. Both natural 7 and engineered 8'* biological systems
are capable of directing the synthesis and formation of inorganic nanomaterials with exquisite
control over size, shape and function ' 7, Elucidating the molecular processes responsible for
biological control of material synthesis is critical to our fundamental understanding of the
mechanisms that biology uses to interact with and shape the inorganic world. Determining the
interactions at the interface between biological molecules and inorganic surfaces is essential for
ultimately harnessing the power of biological molecules to synthesize novel materials and hybrid

nanobiomaterials.

Currently, there are very limited high-resolution structures of biological molecules directly
interacting with an inorganic nanomaterial '8, and much of our understanding comes from surface
binding studies, or studies using computer simulations '®2. The most widely used structure
determination methods, X-ray crystallography and solution state nuclear magnetic resonance
(NMR), are not ideal for solving the structures of biological molecules materials bound to inorganic
surfaces'® ?4; therefore, the application of other methods is of great interest. Techniques such as
solid state NMR?* 25 and sum frequency generation (SFG) vibrational spectroscopy'® 26 have been
used to successfully analyze the interaction of smaller biomineralizing proteins interacting with
inorganic substrates. However, despite providing very informative data, these methods are
currently limited to small proteins, and many complementary techniques are required to interpret
the structural data' 24 26 27 The field of biomineralization and the study of the biomolecule-
inorganic material interface would greatly benefit from complimentary and improved structural

analysis methods. In recent years, cryo-electron microscopy (cryo-EM) has revolutionized the



field of structural biology, and in this work, we sought to demonstrate the use of single particle
cryo-EM methods to the analysis of protein-nanomaterial complexes. In the case of a model
GroEL and platinum nanoparticle (PtNP) system we show that cryo-EM can be used to determine

high-resolution structures of proteins and nanomaterials.

The first model system we chose to apply cryo-EM to was GroEL bound to PtNPs. GroEL is a 60
kDa protein that assembles into homo-tetradecameric complex consisting of two stacked
heptameric rings?®. Together with GroES, GroEL aids in the folding of many proteins within the
central cavity of the complex and is essential for cell viability 2°. In addition to the essential roles
of GroEL in protein folding, it has been shown that GroEL can aid in the synthesis of stable PtNPs
when added to a solution of K;PtCl, that is then reduced by NaBHs*°, and that the PtNPs are
associated with GroEL. In this work, we used similar procedures and to produce GroEL-PtNP
complexes with the goal of analyzing their structure by single particle cryo-EM. GroEL
overexpression in E. coli was controlled by a T7 expression vector, and cells were induced with
IPTG overnight at 25°C. Following expression, cells were harvested, lysed by sonication, and
purified by ammonium sulfate precipitation followed by size exclusion chromatography (see Sl for
detailed protocols). PINPs were synthesized by reduction of a mixture of 2 mM K,PtCls with 15
mM NaBH, in the presence of 5 pM GroEL. After incubation for 2 hours, the solution was a
homogenous brown color indicating the formation of PtNPs (Fig 1A). Following PtNP synthesis,
the GroEL-PtNP sample was deposited on holey carbon grids and vitrified for cryo-EM analysis.
Cryo-EM data were collected on a Titan Krios equipped with a K2 summit direct electron detector
in counting mode. Initial images of the particles showed many PtNPs near GroEL proteins, and
many of the GroEL proteins contained PtNPs within the central cavity of the GroEL complexes
(Fig 1B). A data set of 2,730 movies were collected on the GroEL-PtNP samples and the movie
frames were motion corrected using MotionCor23'. Following motion correction, the cryo-EM data

processing software package cisSTEM®? was used for further data processing. Initially 182,527



particles were extracted from the images and subjected to two rounds of 2D classification where
high-quality classes containing clear PtNPs, consisting of 52,409 particles were selected.
Following 2D classification, ab initio 3D reconstruction and refinement were performed, and final
maps were sharpened without masking in cisTEM using the default values of -90.00 AZ and 0.00

A? for Pre-cut-off and Post-cut-off B-factors, respectively.

A

Figure 1. Synthesis of GroEL-PtNP nanopatrticles. (A) When the solution of GroEL and
KoPtCls is reduced by NaBH4, the solution becomes a homogenous light brown in color,
indicating the formation of PtNPs, and these nanoparticles remain in solution without
settling. In the absence of GroEL, stable nanoparticles are not formed but rather a black
precipitate that settles to the bottom of the container. (B-C) Representative GroEL particles
(B) and 2D classes (C) that contain PtNP within the central cavity of the protein assembly.
Scale bar in B represents 10 nm.

GroEL has D7 symmetry; however, it was unclear how the PtNPs in the central cavity would
impact the overall symmetry. Therefore, the initial reconstruction of the GroEL-Pt complexes
was performed without applying any symmetry. In this first unsymmetrized structure there is a

nanoparticle present in both heptameric rings of GroEL (Fig S2). This indicated that while the



Figure 2. Structure of GroEL-PtNPs. (A) The final 3.93A reconstruction of GroEL (gold)
with PtNPs (gray) in the central cavity resulted from 52,409 particles and the application of
C2 symmetry. (B) The quality of map obtained allowed the atomic model of GroEL (PDB ID:
1ss8) to be placed within the map and the relative orientation of the PtNPs to the protein
could be identified.

location of the PtNP broke the 7-fold symmetry of GroEL, the 2-fold symmetry between the
heptameric rings could still be applied. Therefore, we used C2 symmetry in subsequent
reconstructions and achieved an improvement in resolution to 3.93A (Fig 2; S3). This higher
resolution map allowed us to place the atomic model for GroEL within the density map and
identify the relative orientation of the nanoparticle within the protein core. In the model, the
closest part of GroEL to the PINP is the a-helix formed by residues G256 to R268 (Fig. S4), and
the nanoparticle is near two of these helices from two adjacent monomers. Interestingly in the
model R268 extends towards the nanoparticle, however, the present maps are not of sufficient
resolution in this region to determine the conformation of these arginine residues in the
presence of the PtNP unambiguously. Future work will seek to understand the role of these

helices in the interaction between GroEL and PtNPs.



The above structure of GroEL-PtNP was obtained using the standard single particle cryo-EM
workflow as implemented within cisTEM. To investigate whether other protein-nanomaterial
complexes could also be analyzed by standard cryo-EM procedures we next used human light
chain ferritin complexed with iron oxide nanoparticles (HULF-FeNP). Ferritins are a class of
biomineralizing proteins composed of 24 subunits that assemble into a highly symmetric
nanocage approximately 12 nm in diameter, with an 8 nm hollow core where iron oxide
mineralization occurs *. Ferritins play a critical role maintaining iron levels within cells, and
several debilitating diseases and disorders produce altered levels of ferritin in the body 3. In
addition to its critical role in maintaining iron homeostasis, ferritin has seen numerous applications
in biotechnology %, including directed synthesis of a semiconductor materials 3¢ *’, exploiting the
magnetic properties of iron oxide loaded ferritin for MRI 38, and biomolecule-based water
purification systems 3°. Recombinant Human light chain ferritin (HULF) was expressed and
purified, and the formation of iron oxide within the ferritin was performed as described previously
40, Briefly, HULF was expressed in E. coli, and purified by ammonium sulfate precipitation followed
by size exclusion chromatography. Purified HULF was then incubated with a low amount of
ammonium iron(ll) sulfate (HULF subunit to Fe?* ratio of 1:3) for 4 hours. The low ratio HuLF:Fe?*
was selected to encourage the formation of single nanoparticles within each ferritin complex. The
reaction mixture was then passed through a desalting column to remove excess iron, and cryo-
EM samples were applied to holey carbon grids and vitrified for single particle analysis. From this
sample, 2,740 movies of HULF-FeNPs were collected and processed in cisTEM. Briefly, 145,032
particles were selected and subjected to three rounds of 2D classification. Classes with
nanoparticles within ferritin were selected for 3D ab initio reconstruction and refinement using
CisTEM. As with the GroEL-PtNPs sample, the initial reconstructions of HULF-FeNPs were
performed with no symmetry applied. Unfortunately, in the case of HULF-FeNPs, the resolution

was significantly lower and clear secondary structure could not be resolved in these maps. While



these maps did not allow an accurate fitting of the atomic model for HuLF, the iron oxide
nanoparticle could be located on the inner surface of the HULF shell in the lower resolution maps

(Fig 3).

Figure 3. Reconstruction of iron oxide loaded ferritin. The ferritin shell (gray) and iron

oxide nanoparticle (red) can be seen in the low-resolution reconstruction of the complex (full

map left, cross-section right), however secondary structure could not be seen in the maps.
Single particle cryo-EM shows promise for the structural study of protein-nanoparticle complexes,
however future improvements will be required to obtain high-resolution structures of the protein-
inorganic interface. While the data collected on GroEL-PtNPs produced a structure using
relatively standard procedures, there are several improvements to the workflow that could
improve the final maps. For example, while the sizes of the PtNPs are small relative to the GroEL
protein, their high contrast will still drive alignment during classification. When the nanoparticles
are within the overall particle, this does not seem to have a large effect, as in the structure shown
here for GroEL-PINP. However, in this sample there are also GroEL-Pt{NPs where the
nanoparticles are bound to the outside of the GroEL protein, and these particles were not able to
be properly classified. Using masking algorithms that can identify and mask the nanoparticles in
the full image or in the extracted particle stacks could allow the classification and reconstruction
of these off-centered protein-nanoparticle complexes, as well as improve the quality of final

reconstructions. This type of masking should also help to improve the map quality for samples



where the ratio of protein to nanoparticle size is smaller, as is the case for the ferritin-FeNP sample
presented here. For ferritin, it appears that the nanoparticle significantly affects the averaging,
which is clear in the 2D class averages (Fig S5), which do not show the expected secondary
structure that is present when analyzing apoferritin. Application of 3D masking procedures to the
nanoparticle in the ferritin reconstruction presented here has the potential to improve the quality
of the reconstruction. Future work on HuLF-FeNPs and GroEL-PtNPs will focus on optimizing
masking procedures to improve the quality and resolution of the 3D maps obtained from these
samples. Another approach to improve the quality of the maps presented here is to collect more
data to obtain a higher number of particles that are complexes of both protein and nanomaterial.
Additionally, collecting data sets closer to focus, potentially with an energy filter, could help to
reduce the effects of the nanoparticle on the reconstruction process, thereby facilitating higher
resolution reconstructions. These future improvements to cryo-EM data collection and processing
procedures, as well as others not discussed here, for the study of protein-nanomaterial complexes
will improve the quality of final structures and will bring an important new structure-function

insights into how biological molecules interact with inorganic materials.
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