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SUMMARY

The use of an integrated systems biology approach to investigate tissues and organs has been
thought to be impracticable in the field of structural biology, where the techniques mainly focus
on determining the structure of a particular biomacromolecule of interest. Here, we report the
use of cryoelectron microscopy (cryo-EM) to define the composition of a raw bovine retinal
pigment epithelium (RPE) lysate. From this sample, we simultaneously identify and solve
cryo-EM structures of seven different RPE enzymes whose functions affect neurotransmitter
recycling, iron metabolism, gluconeogenesis, glycolysis, axonal development, and energy
homeostasis. Interestingly, dysfunction of these important proteins has been directly linked to
several neurodegenerative disorders, including Huntington’s disease, amyotrophic lateral sclerosis
(ALS), Parkinson’s disease, Alzheimer’s disease, and schizophrenia. Our work underscores the
importance of cryo-EM in facilitating tissue and organ proteomics at the atomic level.

In brief

Morgan et al. use cryo-EM to simultaneously identify and solve the structures of seven different
enzymes from a raw bovine retinal pigment epithelium lysate. This work highlights the potential
of this methodology in facilitating structural-omics of a biological system at the atomic level.
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Graphical Abstract
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INTRODUCTION

The retinal pigment epithelium (RPE) is a neural epithelial cell layer constituting a single
layer of post-mitotic cells that anatomically display as a hexagonal structure. This pigmented
cell layer is situated between the retina, which comprises light-sensitive photoreceptors, and
the blood-vessel-dense choroid. The RPE plays an important role in the eye by forming a
selective barrier and maintaining the function of the photoreceptor layer.! It participates in
several vegetative regulations, including the conversion and storage of retinoid, renewing

the outer segment of photoreceptors, protecting the outer retina from excessive light energy
and reactive oxygen species, maintaining retinal homeostasis, and governing the transport of
nutrients and metabolic waste products in and out of the retina.

The significance of the RPE is particularly underscored by its direct correlation with

many retinal disorders. For example, dysfunction of the RPE can cause albinism,? retinitis
pigmentosa, fundus albipunctatus,* gyrate atrophy,® bestrophinopathy,® and Stargardt
disease.” In addition, the abnormality of the RPE is involved in the common disease
age-related macular degeneration,®2 a leading cause of blindness.1911 To study the RPE,
bovine eye tissue is commonly used, as the size of the bovine eye is large and the process for
tissue extraction is relatively straightforward. The bovine RPE can be easily separated from
the choroid layer, facilitating the study of RPE cells.
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Recently, the advances of mass spectrometry have provided an opportunity for
understanding the details of the eye proteome at the systems level.12 A proteomic landscape
study of the human RPE-choroid complex revealed that there are more than 4,000

unique proteins expressed in RPE-choroid tissues.13 This integrated systems strategy for
investigating tissue and organ samples has been thought to be inaccessible in the field of
structural biology with methods such as X-ray crystallography and cryoelectron microscopy
(cryo-EM), where these techniques typically focus on the structural study of a particular
target biomacromolecule at the atomic level. Additionally, structural biology methodologies
routinely require homogeneous and pure samples. As a result, these structural biology tools
have been thought to be inadequate in studying tissue and organ samples, where these
biological raw samples contain numerous, diverse proteins and biomacromolecules in a
complex, heterogeneous environment.

To develop an approach to employ cryo-EM to study systems proteomics of tissue and organ
samples, we recently developed a build-and-retrieve (BaR) cryo-EM methodology.1* This is
an iterative methodology capable of performing /n silico purification and sorting of images
from a large heterogeneous dataset. The BaR methodology is able to deconvolute images
and allows us to simultaneously produce near-atomic-resolution cryo-EM maps for several
individual proteins originating from a complex, multiprotein sample. BaR is similar to, but
also distinct from, cryolD,1® which is a powerful technique to uncover protein identities via
high-resolution cryo-EM maps, particularly for relatively large protein complexes of ~750
kDa.

To demonstrate the capability of BaR in elucidating systems structural proteomics of the
RPE, we isolated this single layer of cells from bovine eyes and enriched enzymes obtained
from this raw lysate using size-exclusion chromatography. Through the use of BaR on

the single-particle cryo-EM images collected, we were able to identify and solve cryo-EM
structures of seven different RPE enzymes, with functions important for neurotransmitter
recycling, iron metabolism, gluconeogenesis, glycolysis, axonal development, and energy
homeostasis. Importantly, these essential enzymes are linked to several neurogenerative
diseases, suggesting that these enzymes may play critical roles in their pathogenesis.

We enriched the bovine RPE enzymes from our sample using size-exclusion
chromatography. From this, we obtained two major peaks with sizes corresponding to
100-250 kDa and 300-650 kDa, respectively. We then performed proteomic analysis of
each peak to elucidate its protein composition. The 10 most abundant proteins of these two
enriched fractions, based upon the protein identification score, are listed in Table S1A and
S1B. We then collected single-particle images (Figure S1) of the two bovine RPE-enriched
samples separately using cryo-EM and processed the dataset using BaR.1# Several iterative
rounds of 2D classifications allowed us to sort the images into different protein classes
(Figures S2 and S3). Together, BaR allowed us to determine cryo-EM structures of seven
different enzymes with resolutions ranging between 2.30 and 3.36 A. These enzymes were
identified as glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ferritin (FT), aspartyl
aminopeptidase (DNPEP), glutamine synthetase (GS), dihydropyrimidinase-related protein
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2 (DPYSL2), fructose-bisphosphate aldolase (FPA), and mitochondrial creatine kinase
(MtCK). The presence of these seven enzymes was confirmed by proteomic analysis (Table
S1). Cryo-EM maps of the MtCK enzyme before and after the BaR procedures are shown in
Figure S4.

To predict if these seven bovine RPE enzymes have disparate or cooperative functions, we
constructed an interconnected network based on the STRING database.1® We found that all
of the seven identified enzymes participate in a range of interactions within the network
(Figure S5).

Glyceraldehyde 3-phosphate dehydrogenase

We collected a total of 374,086 single-particle projections for a class of images that we were
able to identify as the bovine GAPDH enzyme (Figure S6; Table S2). Its cryo-EM structure
was able to be refined to a resolution of 2.30 A. Density modification!” allowed us to extend
the resolution to 2.16 A (Figure 1).

Bovine GAPDH assembles as a tetrameric oligomer (Figures 1A and 1B), which is in
good agreement with crystal structures of the human,® bovine,1? lobster,20 and Bacillus
stearothermophilus’* GAPDH enzymes. Superimposition of the cryo-EM structure of
bovine GAPDH to its X-ray structure (PDB: 4059)19 gives rise to a root-mean-square
deviation (RMSD) of 0.49 A (for 328 Ca atoms). Our GAPDH cryo-EM structure
represents a substrate-bound conformation. Each subunit is occupied by a nicotinamide
adenine dinucleotide (NAD*) endogenous ligand.

GAPDH is a well-known multifunctional protein. Its primary function is to catalyze

the oxidative phosphorylation of glyceraldehyde-3-phosphate to mediate the formation

of ATP and NADH during glycolysis.?2 However, this cytoplasmic protein is also an
essential metabolic regulator involved in various cellular processes, including membrane
fusion, transport, apoptosis, DNA replication and repair, and regulation of transcription
and translation.3 Besides its role in different metabolic activities, GAPDH can serve as a
chaperone for labile heme to maintain iron homeostasis.242° It also has the ability to bind
different macromolecules and interact with the cytoskeleton to influence microtubule and
actin polymerization.26:27

Each subunit of bovine GAPDH consists of 332 amino acids that can be divided into two
domains. The first 147 residues constitute the N-terminal domain, with residues 148-332
forming the catalytic C-terminal domain (Figure 1C). The N-terminal domain contains five
a helices and eight p strands, whereas the C-terminal domain possesses six a helices

and seven B strands. An NAD*-binding site, which possesses a strong Ross-mann-folded
signature,8 is found in each subunit of this enzyme. The N-terminal domain makes up most
of this nucleotide-binding site; however, the C-terminal residues 312-333 are also found to
engage in NAD* binding. The endogenous NAD™ coenzyme is observed to anchor in this
NAD*-binding site of each subunit of this tetrameric dehydrogenase, where residues N7, F9,
R11, 112, N32, D33, P34, F35, 136, E77, R78, A81 S96, T97, F100, S120, A121, C150,
N314, and Y318 specifically participate in NAD* binding (Figure 1D).
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Notably, C150 of GAPDH, located at the NAD*-hinding site, is a very critical residue.
Mutations of C150 have been associated with Alzheimer’s disease,29 and studies in both
human and yeast have shown the catalytic activity of GAPDH is abolished when this amino
acid is altered,30:31

We obtained 2,222 single-particle counts for a second protein class in our dataset. These
single-particle images originate from the FT enzyme (Figure S7; Table S2). We then
solved the cryo-EM structure of this bovine enzyme to a resolution of 2.57 A. Density
modificationl’ allowed us to extend the structural resolution of the structure to 2.17 A
(Figure 2).

Similar to the crystal structure of human FT,32 bovine FT is a 181-amino-acid protein, in
which 173 residues are included in the final structure. Superimposition of the cryo-EM
structure of bovine FT to the X-ray structure of human FT (PDB: 1FHA)32 provides an
RMSD of 0.39 A (for 171 Ca atoms). Bovine FT consists of 24 subunits that display an
octahedral symmetry (Figures 2A and 2B). Our cryo-EM data indicate that bovine RPE

is composed solely of FT heavy chains without any light chains. Proteomic analysis also
confirmed that this enzyme in our sample indeed only contains heavy chains (Table S1).
Each FT subunit is composed of five a helices and forms an elongated a.-helical bundle.
Interestingly, our bovine FT structure is in its ligated form and each subunit is found to bind
an Fe3* ion (Figure 2C).

FT is the major iron storage protein in all kingdoms of life.33 It is widely recognized as a
critical protein for iron metabolism, particularly in the brain and the eye.3*35 FT not only
participates in providing iron availability for cellular demand but also protects cells against
damage from iron-mediated free radicals.36

FT expression and the amount of Fe3* storage have been reported to be altered strongly in
patients with diseases, such as Alzheimer’s, Parkinson’s, and acquired immunodeficiency
syndrome (AIDS).37:38 In our bovine FT structure, an Fe3* ion is found to occupy the
Fe-binding site in each subunit (Figure 2C), agreeing with previous X-ray structures.3® This
Fe3*-binding site is created by three charged residues, E28, E63, and H66, which stabilize
Fe3* binding via charge-charge interactions (Figure 2D). Previously, mutagenesis studies
indicate that the E63 and H66 residues play a major role in iron uptake for both the human
and mouse FT enzymes,*041 highlighting the significance of these charged residues for the
function of FT.

Aspartyl aminopeptidase

We obtained 1,029 projections for this class of protein molecules (Figure S8; Table S2).
After using BaR, we identified this class as the DNPEP enzyme. We then resolved the
structure of bovine DNPEP to a resolution of 3.36 A. Density modification’ allowed us to
improve the resolution to 2.76 A (Figure 3).

The cryo-EM structure of bovine DNPEP indicates that this enzyme assembles as a
dodecamer (Figures 3A and 3B). This dodecameric oligomerization can be interpreted as
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a hexamer of dimers. Like crystal structures of DNPEP,*243 each subunit of the enzyme
can be divided into catalytic and dimerization domains (Figure 3C). Superimposition of

our cryo-EM structure of bovine DNPEP to its X-ray structure (PDB: 3VAT)*3 leads to an
RMSD of 0.58 A (for 419 Ca atoms). The catalytic domain is formed by residues 6-94 and
243-468, which feature a secondary structure consisting of 11 a helices and 12 B strands.
The dimerization domain includes residues 95-242, which are folded into two a helices and
five B strands. This domain is responsible for securing oligomerization formation. However,
a portion of the catalytic domain, including the flexible loops formed by residues 241-247,
is also observed to participate in dimerization. Within the catalytic domain, a Zn%*-binding
site is identified in each subunit of our bovine DNPEP structure. This site is occupied by
two Zn2* ions (Figure 3D), consistent with the crystal structures of human and bovine
DNPEPs, 4243

DNPEP belongs to the M18 metallopeptidase family of enzymes.#44° These enzymes

are particularly important for the regulation of signaling peptide activity, engaging in

a variety of significant biological processes, including angiogenesis, blood pressure
regulation, memory, reproduction, tumor growth, and metastasis,*6 and controlling the
function of the renin-angiotensin system.#” In the eye, the ocular renin-angiotensin system
plays critical functional roles in regulation of intraocular pressure, angiogenesis, and
neuron function,*8-51 thereby becoming a potential target for glaucoma and retinopathy
diseases.52-54

In the cryo-EM structure of bovine DNPEP, two bound Zn2* ions are found to house in the
Zn2*-binding site within the catalytic domain of each subunit of the enzyme. Particularly,
residues H90, D260, E298, D342, and H436 are responsible for creating this binuclear
metal-binding site (Figure 3D). Interestingly, it has been observed that mutations of the
corresponding histidine residues, H90 and H436, in the ZnZ*-binding sites of the human and
mouse DNPEPs completely diminished the activity of these enzymes.?® Therefore, these two
histidines are deemed important for the function of this enzyme.

Glutamine synthetase

We were able to obtain 35,076 projections for this very abundant protein (Figure S9; Table
S2). Using BaR, we generated the final cryo-EM map, which allowed us to validate its
identity as the bovine GS enzyme. We then resolved its cryo-EM structure to a resolution
of 2.58 A. Density modification’ permitted us to extend the structural resolution of this
enzyme to 2.17 A (Figure 4).

GS is a glutamine-synthesizing enzyme involved in the recycling of synaptically released
glutamate and y-aminobutyric acid (GABA) as well as the detoxification of ammonia. In
the brain, GS actively participates in the metabolic regulation of glutamate, assimilation

of ammonia, recyclization of neurotransmitters, and termination of neurotransmitter
signals.®6:57 Remarkably, there is a strong link between GS and Alzheimer’s plaque
formation, where an increased level of GS was found in the cerebral spinal fluid of
Alzheimer’s patients.?® GS is observed to be heavily populated in Miller cells of the neural
retina.59 However, it is not present in the RPE of healthy adult mammals.®0 Interestingly,
GS is highly expressed in the RPE of fetal bovine retinae, indicating that the supply of
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glutamine by GS to RPE cells is critical for early cell development and proliferation.®1 In
addition, GS is often detected in pathological diseases of the human retina, where it may be
responsible for providing the glutamine needed for proliferation.51

Overall, the structure of bovine GS in the RPE sample has a very similar fold to that of
canine GS.%2 Bovine GS consists of 373 amino acids, of which 343 residues are ordered and
included in the final structure. Superimposition of our cryo-EM structure of bovine GS to
the X-ray structure of canine GS (PDB: 2UU7)%2 gives an RMSD of 0.46 A (for 337 Ca.
atoms). GS assembles as a dimer of pentamers (Figures 4A and 4B). The 10 identical protein
chains are arranged as two donut-shaped pentamers that stack to two layers. Each protomer
is folded into a small N-terminal domain (residues 2—-102) and a large C-terminal domain
(residues 114-372) (Figure 4C). These two domains are connected by a flexible loop made
up of 11 residues (residues 103-113). The small N-terminal domain forms four a helices
and five f strands, whereas the large C-terminal domain possesses seven a helices and seven
[ strands. It appears that the N-terminal domain is responsible for inter-subunit interactions
to secure the pentameric oligomerization within a layer of the pentamer. The two pentameric
layers are locked by loops composed of residues 149-157 within the C-terminal domain of
each subunit. The five loops from one pentamer contact the respective five loops from the
second pentamer to anchor these two layers against each other.

The C-terminal domain of GS forms a catalytic site for substrates. Within the catalytic
site, we observed a Mn2* ion bound by residues E134, H253, and E338. This site is

also surrounded with several positively charged arginines, including R262, R324, R340,
and R341, which contribute to substrate binding (Figure 4D). Many of these residues are
involved in binding ADP and phosphate in the human GS enzyme.52 However, we did not
observe any other extra densities corresponding to these ligands in the structure of bovine
GS.

Interestingly, two reports of congenital human GS deficiency have been documented. Both
cases resulted in severe brain malformations with multiorgan failure and neonatal death.%3
Each infant had a homozygous mutation in the GS gene, where residues R324 and R341 of
GS were replaced by cysteines.®3 These two cases highlighted the significance of these two
substrate-binding residues, which are critical for GS activity.

Dihydropyrimidinase-related protein 2

We identified that our bovine RPE sample contains the enzyme DPYSL2. We extracted
12,503 single-particle images for this enzyme and ascertained its identity using the cryo-EM
map generated from BaR (Figure S10; Table S2). We then solved its cryo-EM structure to a
resolution of 2.66 A and also extended the resolution of this bovine DPYSL2 structure to a
resolution of 2.17 A by density modification’ (Figure 5).

DPYSLZ2, also known as collapsing response mediator protein 2 (CRMP2), has drawn
wide attention for its crucial role in the pathogenesis of the serious mental illness
schizophrenia.64-66 This important enzyme is able to mediate axonal outgrowth in the
developing brain. It regulates neuronal polarity to maintain proper cytoskeletal dynamics
and vesical trafficking.57 It has been observed that altering the expression of DPYSL2
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in cultured rat hippocampal neurons significantly affects axonal growth.58 The ablation

of DPYSL2 leads to neurodevelopmental disorders, including unregulated axon growth

and branching.8% Importantly, DPYSL2 is a key regulator for promoting neural stem cell
differentiation into neurons, astrocytes, and oligodendrocytes, cells that could then be used
to replace necrotic cells caused by brain or spinal cord injuries.®® Therefore, understanding
the structural and functional roles of DPYSL2 could provide insight into the design of neural
stem cell-based therapeutic treatments for brain and spinal cord injuries.

Similar to crystal structures of murine CRMP17% and human CRMP2,71 our bovine
DPYSL2 cryo-EM structure is tetrameric in form (Figures 5A and 5B). Each subunit
contains 572 amino acids, and residues 14-506 of each subunit of the DPYSL2 tetramer
were included in the final structure. Superimposition of our cryo-EM structure of bovine
DPYSL2 to the X-ray structure of murine CRMP1 (PDB: 1KCX)"0 allows us to obtain

an RMSD of 0.55 A (for 464 Ca atoms). Each protomer of this enzyme consists of a

small N-terminal B sheet domain (residues 14-68) consisting of seven f strands. Following
this domain, the majority of the protomer is folded into a mixture of a and B secondary
structural elements, resembling the a./p barrel of triosephosphate isomerase (TIM). This
C-terminal TIM-barrel domain (residues 69-487) consists of 17 a helices and 14  strands
(Figure 5C). As indicated in the structure of human CRMP2, the active site of bovine
DPYSL2 should be located within the a/p TIM barrel. Residues Q91, E360, S363, K418,
1420, and P443 are likely engaged in substrate binding.”273 The C terminus of bovine
DPYSL2 forms an extended unstructured random segment (residues 488-506). Interestingly,
this C-terminal random tail has no detectable sequence homology to other proteins’! and it
is readily cleaved off both in vivoand in vitro.”® Our structure indicates that this C-terminal
tail extends to the next subunit of DPYSL2, intimately contacting the TIM-barrel domain
of this protomer. As we did not observe any bound ligands, our cryo-EM structure should
represent the apo form of bovine DPYSL2.

A missense mutant, Q91R, within the substrate-binding site of human DPYSL2 has been
found to cause seizure, where lacosamide, an anti-seizure drug, has been used to effectively
reduce seizure frequency in patients with uncontrolled partial-onset seizures.”?:’3 Residue
Q91 appears critical as it is involved in binding this anti-seizure drug.”2.73

Fructose-bisphosphate aldolase

We recorded 6,223 images for this class of single particles. BaR allowed us to determine
that these particles represent bovine FPA. We then determined the cryo-EM structure of this
enzyme to a resolution of 3.12 A (Figure S11; Table S2). Density modification!” led us to
extend the resolution to 2.52 A (Figure 6).

FPA, often simply called aldolase, is a key enzyme in both gluconeogenesis and
glycolysis. It catalyzes a reversible reaction by converting fructose-1,6-bisphosphate into
dihydroxyacetone phosphate and glyceraldehyde-3-phosphate.” These FPA enzymes are
multifunctional, involved in other processes in addition to its specific role in carbohydrate
metabolism. It has been reported that FPAs participate in a number of non-enzymatic
moonlighting functions. They have the ability to bind an array of proteins, interfering with
the processes of cellular scaffolding, signaling, transcription, and motility.”>~7 Because of
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the essential and multifunctional nature of FPAs, these enzymes are attractive drug targets
for several human diseases, including cancers and pathogenic infections.

Bovine FPA is observed to be tetrameric in oligomerization (Figures 6A and 6B). Each
FPA subunit consists of 364 amino acids (345 residues are included in the final structure)
and features a p-barrel consisting of nine B strands at its core. This B-barrel is housed by
a frame-like structure created by 13 a helices. Therefore, the tetrameric enzyme possesses
four B-barrels that are all wrapped by a helices (Figure 6C). Interestingly, each p-barrel

is populated with both charged and polar amino acids that likely interact with substrates
(Figure 6D). It has been observed that the corresponding charged and polar residues of
S36, S39, K108, K147, R149, E188, E190, K230, S272, and R304 in human FPA are
engaged in contacting the sugar fructose 1,6-bisphosphate.8% Overall, our cryo-EM structure
is in good agreement with crystal structures of the human and rabbit FPA enzymes.80-83
Superimposition of the cryo-EM structure of bovine FPA to the X-ray structure of rabbit
FPA (PDB: 1ADO0)®8! leads to an RMSD of 0.47 A (for 343 Ca atoms). As we did not
observe any bound ligands at the B-barrel substrate-binding site, our cryo-EM structure
should depict the ligand-free form of the bovine FPA enzyme.

Mutagenesis and chemical modification studies have shown that the aspartate and lysine
residues at the substrate-binding site are critical for the function of the FPA enzymes.84-89
Interestingly, there was a study involving a patient with hereditary fructose intolerance.%°
The patient has a six-nucleotide deletion in exon 6, perturbing the position and orientation of
the corresponding K147 and E188 residues of human FPA at the active site.% This missense
mutation probably diminishes the binding of substrates leading to the observed disease.

Mitochondrial creatine kinase

We obtained 6,693 single-particle images for this soluble protein. This protein was identified
as an isozyme of bovine ubiquitous MtCK (uMtCK) (Figure S12; Table S2). We solved

its cryo-EM structure to a resolution of 3.12 A with density modificationl’ allowing us to
extend the structural resolution of this MtCK enzyme to 2.52 A (Figure 7).

MtCK is a central controller of cellular energy homeostasis.®? It catalyzes the reversible
transfer of phosphate between ATP and creatine into ADP and phosphocreatine and provides
a large pool of diffusing phosphocreatine to channel energy. This enzyme plays a critical
role in energy transduction in tissues with large, fluctuating energy demands, such as the
brain, heart, retina, spermatozoa, and skeletal muscle.92-9 In vertebrates, MtCK exists

as two isoenzymes, uMtCK and sarcomeric MtCK (sMtCK), which are encoded by the
genes CKMT1and CKMT?2, respectively.96-98 uMtCK has been detected in most tissues,
including brain, kidney, and sperm, whereas SMtCK has been found to express in heart and
skeletal muscles.92:94.95

As an enzyme responsible for controlling cell energetics, MtCK is linked to many
human diseases. MtCK is a prime target of oxidative and radical-induced molecular
damage.%! Impairment of MtCK has been observed in ischemia, cardiomyopathy, and
neurodegenerative disorders, probably due to incompetency in supporting metabolic
homeostasis and energy coupling, which leads to further energy depletion.®! Inactivation
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and aberration of MtCK have often been seen in patients with Alzheimer’s disease and
amyotrophic lateral sclerosis (ALS).99:190 On the other hand, overexpression of MtCK has
been detected in several solid tumors with poor prognosis such as adenocarcinomas.1% In
these cases, MtCK, which has been suggested to be a tumor-associated marker,102 may
facilitate energy channeling to maintain the high growth rate of cancer cells.

Bovine uMtCK contains 416 amino acids per subunit (363 residues are included in the final
model) and presents an octameric oligomerization (Figures 7A and 7B). Each subunit of
UMLCK consists of a small N-terminal domain (residues 42—131) and a large C-terminal
domain (residues 159-411) (Figure 7C), similar to those found in crystal structures of the
chicken mitochondrial and human mitochondrial enzymes.193.104 These two domains are
connected by a flexible loop comprising residues 132—-158. The small N-terminal domain
contains six a helices, whereas the large C-terminal domain consists of eight a. helices and
eight B strands. Superimposition of the cryo-EM structure of bovine uMtCK to the X-ray
structure of human uMtCK (PDB: 1QK1)103 gives rise to an RMSD of 0.59 A (for 358 Ca
atoms).

The C-terminal domain of uMtCK creates a nucleotide-binding site that anchors ATP and

is predominantly cationic in nature. Residues S161, R163, R165, H224, R269, R325, L334,

R353, T355, and D368 are responsible for forming this binding site. Our cryo-EM structure

indicates that there are no bound ligands located at the substrate-binding site. Therefore, this
bovine uMtCK structure represents the apo form of this enzyme.

It has been identified that an alteration of residue L334 in the nucleotide-binding site of
human uMtCK to an arginine or a valine leads to a missense mutation that significantly
diminishes the function of this creatine kinase.19% Based on our cryo-EM structure, L334 is
located at the C-terminal flexible tail of uMtCK and is at least 3.8 A apart from the rest of
the substrate-binding residues. Therefore, it is expected that a major conformational change
would occur that shifts the position of this important residue toward the rest of the binding
residues to accommodate binding when this enzyme is occupied by substrates.

DISCUSSION

Cellular function is complex and orchestrated by interactions between different proteins,
enzymes, and biomolecules that often further coordinate with small molecules and
metabolites in order to maintain homeostasis. To unfurl the complexity of living tissues and
organs, the approach of systems biology is desirable as it allows a more comprehensive view
of the biological process. We previously developed a BaR methodology, a systems structural
proteomic approach to identify and obtain near-atomic-resolution structural models of
multiple proteins from a raw biological sample. We demonstrated that this methodology is
capable of allowing us to solve structures of a number of relatively small and less abundant
unidentified proteins within a single, heterogeneous sample. In addition, since this technique
uses protein isolated from native tissue, we are able to validate previous structures solved
using recombinant proteins and verify their native ligands.
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In the current study, we use BaR to investigate the bovine RPE tissue, permitting us

to establish a cryo-EM structural biology approach to elucidate the proteome of ocular
tissues to high resolution. It appears that the identified seven bovine RPE enzymes are
interconnected and participate in a range of interactions based on the predicted interaction
network (Figure S2).

Despite these seven enzymes being symmetrical in nature, it is worth noting that BaR has
the capability of identifying and solving structures of asymmetric complexes. This has been
clearly demonstrated from the previous work, in which BaR was utilized to resolve the
cryo-EM structure of cytochrome bos, which is a 143-kDa asymmetric complex created

by four different subunits.1# The work also allowed for a simultaneous determination of

a 93-kDa Burkholderia pseudomallei HpnN transporter, a monomeric membrane protein
without any symmetrical subunits, from the same sample.14

The BaR methodology can also be used to identify endogenous ligands and/or ions. This is
shown by the case of the GAPDH enzyme, where an NAD* ligand is found to anchor in this
protein. In addition, BaR allowed us to observe bound native ions of the FT, DNPEP, and GS
in their corresponding binding sites. Additionally, BaR can be used to elucidate structures of
posttranslational modifications, glycosylations, and cysteine modifications of enzymes based
on the cryo-EM maps (<3.5 A resolution). These modifications can also be validated by
mass spectrometry.

Although we did not observe any previously undefined enzyme structures in this work,

BaR is capable of identifying and solving structures of proteins even if the populations

of corresponding particles are as low as 5%. This methodology is also able to determine
enzyme complexes, allowing us to understand how different enzymes interact within the
native tissue sample. Additionally, BaR should permit us to simultaneously elucidate
different conformational states of a particular protein in a single cryo-EM grid. This has
been demonstrated previously on how a transporter interacts with its respective ligand.106:107
In addition to allowing for the acquisition of additional views and more particles (as seen

in the GAPDH, FT, DNPEP, and DYPSL2 proteins), the BaR methodology can substantially
improve the cryo-EM map quality by removing contaminating particles. This has been
demonstrated in the cases of the GS, FPA, and uMtCK enzymes.

Several of the RPE enzymes identified in our enriched sample are directly linked to
neurodevelopment and neurodegenerative disorders. For example, it was observed that

GS activity was reduced in the vicinity of amyloid plaques in patients with Alzheimer’s
disease.108 Recently, an interesting study indicated that patients with probable Alzheimer’s
disease or major depression showed elevated levels of glutamate and glutamine in the
cerebrospinal fluid.1%% As GS is responsible for converting glutamate to glutamine,
removing the toxicity of glutamate at concentrations that may lead to neuronal death, it

is appealing to suggest that GS may be a good diagnostic marker for Alzheimer’s disease.
In addition to GS, both GAPDH and FT are directly related to several neurodegenerative
disorders, such as Huntington’s, Parkinson’s, and Alzheimer’s diseases.110.111 |nterestingly,
it has been identified that the levels of GAPDH in the hippocampus and FT in the
cerebrospinal fluid are significantly higher in Alzheimer’s patients.112113 Additionally, it
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is known that DPYSL2 plays a critical role in the pathogenesis of schizophrenia,64-66 and
inactivation of MtCK is often found in patients with Alzheimer’s and ALS diseases.%9:100

Some of these RPE proteins are interconnected with cancer diseases. For instance, a

high level of MtCK has been observed for several solid tumors with poor prognosis,
including adenocarcinomas.10? Likewise, GAPDH is found to promote cancer growth and
metastasis.110 It is highly expressed in human lung cancers, and its overexpression often
correlates with poor prognosis of lung cancer patients.114.115 Further, the FPA enzyme is
noted to promote lung cell tumorigenesis and migration.116

Due to the fact that many of these enzymes are tightly connected to neurodegenerative
disorders or cancer diseases, our BaR methodology is exciting in that it enables us to study
these proteins simultaneously in a single sample. Notably, both MtCK and FPA have been
suggested to be promising tumor-associated markers.102.116 Specific to the eye, DNPEP

has been proposed to be a drug target for glaucoma and retinopathy diseases,52-54 whereas
FT has been suggested to be a strong biomarker for ferritinemia cataract and age-related
macular degeneration.}1” Our work strongly indicates that BaR can be used to overcome the
problem of sample impurity and heterogeneity, enabling us to utilize the cryo-EM structural
approach to simultaneously solve structures of a variety of enzymes from a tissue sample at
high resolutions.

Limitations of the study

Although BaR allows us to simultaneously solve structures of different proteins from a

raw sample, this methodology has its limitations. First, it is not easy, if not impossible, to
identify a particular protein if the population of the protein is <5% within the heterogeneous
sample. Second, it is difficult to unambiguously identify a protein when the cryo-EM map is
not better than 3.5 A in resolution. In addition, preferential orientation of the protein images
can be a problem. In this case, BaR may not be able to offer a good solution for the protein.
The problem of preferential orientation of images may also limit the quality of the initial
model and create difficulties during initial retrieval, although we may be able to overcome
this problem by going through multiple iterations of the BaR protocol. Regardless, coupled
with mass spectrometry, we believe that the BaR methodology can be used to illuminate the
details of biological pathways, networks, and even mechanisms of diseases at near-atomic
resolution.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Edward W. Yu (edward.w.yu@case.edu).

Materials availability—This study did not generate unique reagents.
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Data and code availability

. Coordinates and EM maps for GS, GAPDH, FT, DPYSL2, FPA, MtCK and
DNPEP can be found at PDB accession numbers 7U5N, 7U5M, 7U5L, 7U5K,
7U5J, 7U5I and 7U5H and EMDB accession codes EMD-26356, EMD-26355,
EMD-26354, EMD-26353, EMD-26352, EMD-26351, and EMD-26350,
respectively. The raw cryo-EM data have been deposited in EMPIAR (https://
www.ebi.ac.uk/empiar/). The raw mass spectrometry proteomics data have been
deposited in ProteomeXchange via the PRIDE database (https://www.ebi.ac.uk/
pride/). Accession numbers, codes, and links to access the structural data, raw
cryo-EM images and raw mass spectrometry proteomics data are also listed
in the key resources table. All data reported in this paper are available upon
requested from the Lead contact.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fresh bovine eyes (calf or adult) from both male and female animals were obtained from

a local slaughterhouse (Mahan Packing Company Inc., Bristolville, OH). Retinal pigmented
epithelium (RPE) cells were isolated by dissecting individual bovine eyes. The generated
microsome samples were stored at —80°C.

METHOD DETAILS

Isolation of RPE cells from bovine eyes—Fresh bovine eyes (calf or adult) were
obtained from a local slaughterhouse (Mahan Packing Company Inc., Bristolville, OH).
Individual eyes were dissected with the anterior segment, lens, and vitreous discarded.
Exposed retina was gently peeled off with forceps and collated.123 Cold buffered sucrose (1
mL/eye) was added to the eye cup and the retinal pigmented epithelium (RPE) cells were
isolated by gently stroking from center to periphery with a small brush. The dark suspension
was removed using a Pasteur pipet. After repeating this procedure, cells were homogenized
and centrifuged at 20,000 g for 20 min at 4°C. The supernatant was centrifuged at 150,000 g
for 1 h at 4°C. The microsomal fraction was then resuspended in 10 mL of 10 mM MOPS,
pH 7.0, 2 mM DTT and stored in small aliquots at —80°C.

Proteomic analysis of RPE cell homogenates—The protein of RPE cell homogenate
in the two peaks from the size-exclusion chromatography enrichment (200 pL) was digested
by trypsin. The resulting peptides were desalted by a C18 Microspin column (Nest

Group, Ipswich, MA) per the manufacturer’s instruction and analyzed by LC-MS/MS

using a ThermoScientific Fusion Lumos mass spectrometry system.124 Proteins were
identified by comparing all of the experimental peptide MS/MS spectra against the UniProt
human database using the Andromeda search engine integrated into the MaxQuant version
1.6.3.3.125126 Carhamidomethylation of cysteine was set as a fixed modification, whereas
variable modifications included oxidation of methionine to methionine sulfoxide and
acetylation of N-terminal amino groups. For peptide/protein identification, strict trypsin
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specificity was applied, the minimum peptide length was set to 7, the maximum missed
cleavage was set to 2, and the cutoff false discovery rate was set to 0.01. Match between runs
(match time window: 0.7 min; alignment time window: 20 min) and label-free quantitation
(LFQ) options were enabled. The LFQ minimum ratio count was set to 2. The remaining
parameters were kept as default.

Cryo-EM sample preparation—Each lysate sample was collected from the
corresponding microsomal fraction. A 100 pL of sample was mixed with 100 uL buffer

(10 mM Tris pH 7.5 and 100 mM NaCl) and incubated at 4°C for 1 h. The mixture was spun
at 20,000 x g for 30 min to remove the membrane fraction. Sample was then passed through
a 0.22 um centrifugal filter and enriched using size-exclusion chromatography (Superdex
200 increase, GE Healthcare). Protein sizes corresponding to 300-650 kDa and 100-250
kDa were used for cryo-EM analysis. 3.5 pL (0.07-0.08 mg/mL) of each sample was applied
to Quantifoil R 2/2 Cu 200 holey grids coated with graphene oxide. Samples were blotted
for 8 s and plunge frozen into liquid ethane using a Vitrobot (Thermo Fisher). The resulting
grids were stored in liquid nitrogen until data collection.

Data collection—A Titan Krios equipped with a K3 direct electron detector was used to
collect data in super-resolution mode at 81,000x magnification (physical pixel size of 1.070
AJpix, 0.535 A/pix super-resolution). Micrographs of the two samples were collected in two
separate datasets (peak 1, 35 frames, total dose 36 or 37 e/AZ; peak 2, 37 frames, total dose
36 e7/A2). Data were collected in correlated-double sampling mode using Serial EM.127

Data processing—Data were binned by 2 and processed using patch motion and
patchCTF in cryoSPARC v3.119 All micrographs were picked using Topaz.128 A modified
BaR protocol was used to determine the different structures from both samples (Figure
S1), closely following its initial application in prokaryotic systems.1* Initially, particles
were cleaned using multiple rounds of 2D classification, manually selecting clear classes
and repeating classification until no new clear classes were seen. Visually similar classes
were manually combined. Initial low-resolution maps for individual proteins were solved
using iterative rounds of two-class ab /nitio 3D reconstruction followed by homogeneous
refinement in cryoSPARC. At this stage, most volumes suffered from orientation bias and
low particle counts. These low-resolution 3D models were used as targets for four rounds
of heterogeneous refinement of the initial particle sets along with noisy junk ab initio
classes that served as particle sinks, resulting in more particles for each target protein.
These individual particle sets were then cleaned using 2D classification and multi-class 3D
ab initio reconstruction and refined using non-uniform refinement in cryoSPARC v3.119
2D classes commonly appeared after a round of BaR, therefore the process of manually
solving initial low-resolution classes for inputs to heterogeneous refinement was performed
iteratively until no new clear classes were uncovered from the remaining particles by either
2D or 3D classification. A final round of retrieval with all maps was used to separate each
dataset and solve the final high-resolution classes using 2D/3D classification followed by
non-uniform refinement with applied symmetry in cryoSPARC v3.119

At this stage, protein identities were still unknown. Once sufficient resolution was reached
(~3.5 A), protein identities were determined directly from the BaR maps using Deep
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Tracer.129 Results were used for sequence alignment in BLASTP,130 using Bos Taurus as the
target species, accurately identifying all proteins. The presence of these identified enzymes
was also confirmed via mass spectrometry (Table S1).

Interaction network—The interaction network connecting the seven identified enzymes
was predicted using the STRING database.16 The enzymes from Bos taurus were input as

a multiprotein search and the network was extended to display 50 interactions to show full
connectivity. Line thickness was used to depict interaction confidence.

Model building and refinement—Initial models were build using Swiss Model via

the Uniprot database and aligned to the cryo-EM maps in Chimera.121:122 Models were
refined using phenix.real_space_refine120 and Coot.118 Final structures were evaluated using
MolProbity.131 3D FSC was used to quantitatively evaluate each cryo-EM map at distinct
viewing directions.132

QUANTIFICATION AND STATISTICAL ANALYSIS

Standard GS-FSC (Gold Standard-Fourier Shell Correlation) curves at a threshold of 0.143
were computed using cryoSPARC v3119 to obtain final resolutions of protein models. The
final atomic models were evaluated using MolProbity.131

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Using cryo-EM to define the composition of a raw bovine RPE lysate

Simultaneously identifying and solving cryo-EM structures of seven RPE
enzymes

Noting the importance of cryo-EM in studying structural-omics at the atomic
level
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(o

C-terminal Domain

Figure 1. Structure of bovine GAPDH
(A) Cryo-EM map of GAPDH.

(B) Structure of GAPDH. GAPDH forms a tetramer with D2 symmetry. In both (A) and (B),
protomers are distinguished by individual colors.

(C) Layout of a GAPDH subunit, which can be divided into two domains, N-terminal
domain (blue) and C-terminal domain (red). A single NAD* ligand is identified in each
subunit of the GAPDH tetramer (orange sticks).

(D) Zoomed view of the NAD*-binding site. NAD™ is depicted as orange sticks, cryo-EM
density of NAD* (30) is shown as orange mesh, and residues within 4 A of bound NAD* are
shown as gray sticks.
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Figure 2. Structure of bovine FT

((A) Cryo-EM map of FT.

(B) Structure of FT. FT monomers are individually colored in both (A) and (B).

(C) A single FT subunit is made up of five a helices. A single Fe3* ion (red sphere) is found
in each FT monomer.

(D) Zoomed view of the Fe3*-hinding site. Fe3* is shown as an orange sphere, cryo-EM
density of Fe (50) is shown as red mesh, and interacting residues are shown as gray sticks.
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Figure 3. Structure of bovine DNPEP
(A) Cryo-EM map of DNPEP.

(B) Structure of DNPEP. Twelve DNPEP monomers form a dodecamer with tetrahedral
symmetry. Individual subunits are distinguished with different colors in both (A) and (B).
(C) Layout of DNPEP dimer. A DNPEP subunit can be divided into two units: a catalytic
domain and a dimerization domain.

(D) Zoomed view of the Zn2*-binding site in a single DNPEP subunit. Two Zn?* ions are
found in each DNPEP subunit. The Zn2* ions are colored cyan, cryo-EM densities (40) are
depicted as blue meshes, and interacting residues are shown as gray spheres.
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C-trminal Domain

Figure 4. Structure of bovine GS

(A) Cryo-EM map of GS.

(B) Structure of GS. GS forms a complex of D5 symmetry with two pentameric rings
stacked in a two-ring conformation. In both (A) and (B), subunits are distinguished through
individual colors and match accordingly.

(C) A GS protomer is organized into a small N-terminal domain (blue) and a large
C-terminal domain (red) connected by a flexible linker (yellow). The N-terminal domain
mediates inter-subunit interactions, while the C-terminal domain creates the catalytic site.
(D) Zoomed view of the catalytic site of a GS subunit. Residues responsible for binding
Mn?Z* (cyan sphere) are in yellow sticks. The remaining residues, which contribute to form
the catalytic site, are in green sticks. Cryo-EM density (4c) of bound Mn2* is in blue mesh.
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N=termial Domain

Figure 5. Structure of bovine DPYSL2
(A) Cryo-EM map of DPYSL2.

(B) Structure of DPYSL2. Individual DPYSL2 subunits are distinguished by different
colors.

(C) Organization of a DPYSL2 monomer. This protein can be divided into a small N-
terminal B-barrel domain (cyan) followed by a large C-terminal TIM-barrel domain (red).
Residues engaged in forming the substrate-binding site are in violet sticks.
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Figure 6. Structure of bovine FPA

(A) Cryo-EM map of FPA.

(B) Structure of FPA. Individual FPA subunits aredistinguished by different colors.

(C) Structure of an FPA monomer.

(D) Zoomed view of the substrate-binding site. In both (C) and (D), the a helices, B strands,
and flexible loops are colored green, yellow, and red, respectively. Residues forming the
substrate-binding sites are in cyan sticks.
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Figure 7. Structure of bovine uMtCK
(A) Cryo-EM map of uMtCK.

(B) Structure of uMtCK. Individual uMtCK subunits are distinguished with different colors.
(C) Each bovine uMtCK subunit contains a small N-terminal dimerization domain (cyan)
and a large C-terminal catalytic domain (red) connected by a flexible linker (yellow).

(D) Zoomed view of the substrate-binding site. Residues responsible for forming this site are
in cyan sticks.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Fresh bovine eyes

Mahan Packing Company  N/A

Chemicals, peptides, and recombinant proteins

Acetonitrile Millipore Sigma Cat# 1000291000

Ammonium bicarbonate Sigma-Aldrich Cat# 5330050050

Graphene oxide Sigma-Aldrich Cat# 763705-100ML

lodoacetamide GE Healthcare Cat# RPN6302

Trypsin/Lys-C Mix Promega Cat# V5073

Deposited data

Raw cryo-EM data This paper EMPIAR-11251 https://doi.org/10.6019/EMPIAR-11251

Cryo-EM structure and map of GS This paper PDB ID: 7TU5N EMDB ID: EMD-26356 https://doi.org/10.2210/
pdb7U5N/pdb

Cryo-EM structure and map of GAPDH  This paper PDB ID: 7U5M EMDB ID: EMD-26355 https://doi.org/10.2210/
pdb7U5M/pdb

Cryo-EM structure and map of FT This paper PDB ID: 7U5L EMDB ID: EMD-26354 https://doi.org/10.2210/
pdb7U5L/pdb

Cryo-EM structure and map of DPYSL2  This paper PDB ID: 7U5K EMDB ID: EMD-26353 https://doi.org/10.2210/
pdb7U5K/pdb

Cryo-EM structure and map of FPA This paper PDB ID: 7U5J EMDB ID: EMD-26352 https://doi.org/10.2210/
pdb7U5J/pdb

Cryo-EM structure and map of MtCK This paper PDB ID: 7U51 EMDB ID: EMD-26351 https://doi.org/10.2210/
pdb7U51/pdb

Cryo-EM structure and map of DNPEP This paper PDB ID: 7U5H EMDB ID: EMD-26350 https://doi.org/10.2210/
pdb7U5H/pdb

Raw mass spectrometry proteomics data  This paper PXD037186 (Table S3)

Software and algorithms

Coot

cryoSPARC v3
MaxQuant
Phenix

STRING database
UCSF-Chimera
UCSF-Chimera X

Emsley et al.}18
Punjani et al.119
Cox and Mann
Adams et al.120
STRING
Pettersen et al.12!

Pettersen et al 122

https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/
https://cryosparc.com/

https://www.maxquant.org/

https://phenix-online.org/

https://string-db.org/

https://www.cgl.ucsf.edu/chimera/

https://www.cgl.ucsf.edu/chimerax/

Other

C18 Microspin column

Quantifoil R 2/2 Cu 200 mesh, copper

Nest Group

Quantifoil

Cat# SEM SS18V
Cat# Q210CR2
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