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SUMMARY

We applied raw human liver microsome lysate to a holey carbon grid and used cryo-

electron microscopy (cryo-EM) to define its composition. From this sample we identified and 

simultaneously determined high-resolution structural information for ten unique human liver 

enzymes involved in diverse cellular processes. Notably, we determined the structure of the 

endoplasmic bifunctional protein H6PD, where the N- and C-terminal domains independently 

possess glucose-6-phosphate dehydrogenase and 6-phosphogluconolactonase enzymatic activity, 

respectively. We also obtained the structure of heterodimeric human GANAB, an ER glycoprotein 

quality-control machinery that contains a catalytic α subunit and a noncatalytic β subunit. In 

addition, we observed a decameric peroxidase, PRDX4, which directly contacts a disulfide 

isomerase-related protein, ERp46. Structural data suggest that several glycosylations, bound 

endogenous compounds, and ions associate with these human liver enzymes. These results 

highlight the importance of cryo-EM in facilitating the elucidation of human organ proteomics 

at the atomic level.

In brief

Su et al. use cryo-electron microscopy to simultaneously identify and solve structures of ten 

different enzymes or complexes from a raw human liver lysate. Their work highlights the potential 

of this methodology in facilitating structural-omics of a biological system at the atomic level.
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INTRODUCTION

Systems proteomics is a powerful discipline in biomedical research. Recently, the 

advancements of mass spectrometry (MS) have opened up an avenue for the field to resolve 

molecular details of proteome variation in different human tissues and organs. This approach 

has resulted in the large-scale Human Proteome Project,1 which has greatly increased our 

understanding of the localization, expression, and interactions of different proteins within 

our body. A complement to this effort is the Human Protein Atlas program,2 which explores 

the human proteome using genome-wide antibody-based profiling on tissue microarrays. 

Recently a map of the human tissue proteome,3 based on an integrated omics approach that 

involves quantitative transcriptomics at the tissue and organ scale, has been elucidated to 

spatially localize proteins down to the single-cell level.

This integrated systems approach for studying tissues and organs has been thought to be 

inaccessible in the fields of X-ray crystallography and cryo-electron microscopy (cryo-EM), 

where these techniques historically focus on elucidating structures of a particular target 

biomacromolecule at the atomic level. These structural biology techniques typically require 

homogeneous and pure samples to obtain useful structural information. Consequently, 

structural biology tools have had difficulties extending to omics approaches, where 

specimens possess tens of thousands of proteins and biomacromolecules in a complex, 

heterogeneous environment.

Su et al. Page 2

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To address this challenge, we recently developed a “Build and Retrieve” (BaR) 

methodology.4 This is an iterative methodology capable of performing in silico purification 

and sorting of images of several different classes of biomacromolecules within a large 

heterogeneous dataset. BaR is powerful in that it allows us to deconvolute images of a 

mixture of proteins and produce high-resolution cryo-EM maps for individual proteins 

from a heterogeneous, multiprotein system. We rationalized that we can adapt BaR for 

the study of systems structural proteomics, which would allow for the identification 

and structural determination of proteins and possibly the elucidation of protein-protein 

interaction networks at atomic resolution.

To develop an approach to use cryo-EM to study human tissues and organs in the 

context of systems proteomics, we chose to analyze human liver microsomes. The liver 

is an organ only found in vertebrates. In humans, it is both the largest internal organ 

and the largest gland. It is responsible for many vital physiological functions, including 

storage of glycogens and vitamins, removal of toxic compounds, synthesis of plasma 

proteins, lipid metabolism, and the production of bile, hormones, vitamins, and other 

biomolecules necessary for digestion and growth.5 It also helps regulate plasma components. 

Transcriptome analysis suggests that 72% of all human proteins are produced in the liver, 

and over 900 of these genes produce a significantly elevated level of protein expression.3 

In addition, genome-scale metabolic model analysis indicates that the human liver carries 

tissues with the most metabolic activity.3

To highlight the potential of the BaR platform in handling human organ samples, 

we enriched proteins from raw lysate of human liver microsomes using size-exclusion 

chromatography. We obtained two major peaks with sizes corresponding to 100–250 kDa 

and 300–650 kDa, respectively. We then individually collected single-particle images of 

these two human liver enzyme enriched peaks and processed the cryo-EM data using 

the BaR methodology. From this approach we were able to simultaneously identify and 

solve cryo-EM structures of ten different human liver enzymes with links to processes 

involved in carbohydrate storage, vitamin storage, lipid metabolism, protein synthesis, and 

detoxification.

RESULTS

We separately loaded the two enriched human liver microsome lysate peaks onto holey 

carbon grids. We then performed cryo-EM data collection for each enzyme peak. Excitingly, 

our BaR platform, which includes preliminary 2D and 3D classifications, building 

initial maps, retrieving full particle sets, and final structural refinements, allowed us to 

simultaneously identify and solve structures of a variety of enzymes found in human 

livers (Figures S1–S4 and Table S1). A similar approach has been used successfully to 

simultaneously elucidate structural information for individual proteins and protein-nucleic 

acid complexes from a heterogeneous mixture of five protein complexes.6

Based on the BaR protocol (Figures S2–S4), we were able to solve three new human 

enzyme or enzyme complex structures. These new structures are the hexose-6-phosphate 

dehydrogenase (H6PD) enzyme, the heterodimeric enzyme glucosidase II (GANAB) 
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complex, and the peroxiredoxin 4-endoplasmic reticulum protein 46 (PRDX4-ERp46) 

complex. In addition, we resolved the cryo-EM structure of the microsomal triglyceride 

transfer protein complex (MTP) and structures of six other human liver enzymes, including 

aldehyde oxidase 1 (AOX1), carboxylesterase 1 (CES1), glycogen phosphorylase (GP), 

peroxiredoxin 4 (PRDX4), retinaldehyde dehydrogenase 1 (ALDH1A1), and glutamate 

dehydrogenase 1 (GLUD1). Liquid chromatography-mass spectrometry (LC-MS) was 

employed to ascertain the presence of each enzyme in the samples (Table S2). These 

enzymes and complexes are all involved in very important biological processes such as lipid 

metabolism and transport, detoxification, carbohydrate metabolism, vitamin storage, and 

glutamate metabolism and energy homeostasis (Figures S1, S3, and S4).

To envision whether these ten human liver enzymes interact or incorporate with each other, 

we built an interconnected network based on the STRING database.7 We observed that all 

these ten identified enzymes interconnect with each other in the network (Figure S1).

Novel structures of human liver enzymes and complexes

BaR is an untargeted structural biology approach to elucidate structural information of a 

raw sample. Using this approach, we identified the GDH/6PGL endoplasmic bifunctional 

enzyme H6PD, which plays a critical role in maintaining blood glucose levels and 

carbohydrate storage. We also found two human enzyme complexes, GANAB and PRDX4-

ERp46, which are engaged in protein synthesis and detoxification, respectively. Here we 

report the first high-resolution structures of these three enzymes and complexes.

Structure of the hexose-6-phosphate dehydrogenase enzyme—We obtained a 

total of 194,411 projections of this protein class from our microsomal sample. Using the 

BaR methodology, we were able to identify this protein as the H6PD enzyme, an enzyme 

that plays a key role in carbohydrate metabolism. The first structure of H6PD was resolved 

to a resolution of 3.02 Å (Figures 1A, 1B, and S5; Table S1).

The microsomal H6PD enzyme, also known as the GDH/6PGL endoplasmic bifunctional 

protein, is a 789-amino-acid protein encoded by the human gene H6PD.5 The N-terminal 

region (~500 residues) and C-terminal region (~250 residues) of H6PD are homologous 

to human glucose-6-phosphate dehydrogenase (GDH) and 6-phosphogluconolactonase 

(6PGL), respectively. It is a luminal bifunctional enzyme of the endoplasmic reticulum (ER), 

possessing both activities of the cytosolic enzymes GDH and 6PGL.8,9 H6PD is mostly 

populated in the liver, although lesser amounts of this enzyme exist in most tissues. H6PD is 

capable of catalyzing both the first and second steps of the pentose phosphate pathway.10,11 

Despite its importance in the pentose phosphate pathway,10,11 to date there has been no 

structural information obtained from this liver enzyme. Our high-resolution data allowed us 

to build a de novo model of this enzyme comprising 500 amino acids (residues 24–55 and 

58–525).

This dehydrogenase is dimeric in form (Figures 1A and 1B). Each monomer of H6PD can 

be divided into an αβ domain (six α helices and six β strands), an all-α-helical domain 

(six α helices), and an all-β-stranded domain (12 β strands). The extensive dimer interface 

is created by the β domain, where an extended flexible loop from each subunit of the β 
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domain protrudes into the β domain of the other subunit, interconnecting the two molecules 

of H6PD and securing dimerization. In particular, residues R236, F337, M357, D363, R437, 

R509, D512, F513, and E514 of one subunit of H6PD and residues Q375′, Q376′, V380′, 

Q381′, S382′, E383′, and Q392′ of the adjacent subunit, as well as their counterparts, are 

engaged in forming the dimer interface.

Post-translational oligosaccharide modifications have been found to play a role in 

localization, solubility, and stability of many eukaryotic proteins and enzymes. In the H6PD 

structure, an N-linked glycosylation site was found at residue N157 of each subunit of H6PD 

(Figure 1B). It is observed that each asparagine is connected to an N-acetylglucosamine 

moiety (NAG). This structural feature is in good agreement with previous glycoproteomics 

analysis which showed that residue N157 of H6PD is glycosylated.12 Our cryo-EM data 

indeed confirms that this residue is glycosylated and directly linked to NAG.

Structure of the heterodimeric enzyme glucosidase II complex—We collected 

a total of 129,601 single-particle projections for this class of images. The BaR protocol 

allowed us to identify this protein as the human GANAB enzyme. We then determined the 

first structural information of this human enzyme to a resolution of 2.92 Å (Figures 2A, 2B, 

and S6; Table S1).

Human GANAB is a heterodimeric protein that plays an important role in protein folding 

and quality control. It is an ER-resident enzyme that contains a catalytic α subunit and 

a noncatalytic accessory β subunit. GANAB catalyzes the hydrolysis of glucose residues 

of peptide-bound oligosaccharides and triggers quality-control assessment of glycoprotein 

folding.13

The full-length α subunit of GANAB contains 944 amino acids. Our final cryo-EM structure 

includes 859 amino acids (residues 33–185, 222–328, and 346–944) for the α subunit of 

this enzyme. The structure indicates that the α subunit of GANAB can be divided into an 

N-terminal domain, a catalytic domain, and a C-terminal domain. The N-terminal domain is 

mostly β-stranded, except residues 45–52, which form an a helix at the N-terminal end. The 

catalytic domain adopts a fold of the GH31 family14 that contains a mixture of the α-helical 

and β-sheet secondary structural elements. The C-terminal domain can be subdivided into 

proximal and distal C-terminal domains, where these two subdomains create seven-stranded 

and ten-stranded β barrels, respectively.

The β subunit of GANAB is quite disordered. Of the 528-amino-acid β subunit, we could 

only include 93 residues (residues 25–117) in our final model, where the secondary structure 

of these residues mainly presents as an unstructured random loop. Two spherical-shaped 

extra densities are found to coordinate within the β subunit (Figures 2C and 2D). Notably, 

the X-ray structure of the mouse homologous enzyme α-glucosidase II15 indicates that 

there are two bound Ca2+ ions located at the β subunit of this mouse enzyme. We, 

therefore, assume that these two extra spherical densities arise from two Ca2+ ions that 

are hexacoordinated within this human enzyme (Figure 2D).

Su et al. Page 5

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, N-linked glycosylation was observed at residue N97. Based on our cryo-EM 

density (Figure 2B), this glycan chain is likely in the form of NAG-NAG-BMA-MAN with 

NAG, BMA, and MAN coded for N-acetylglucosamine, β-D-mannose, and α-D-mannose, 

respectively. This observation is indeed in good agreement with a biochemical study 

reporting that human GANAB is glycosylated.16 In addition, a crystal structure of mouse 

α-glucosidase II (homologous to human GANAB) depicts that this mouse enzyme is 

glycosylated with a chain NAG-NAG-BMA-MAN at residue N97.15

Structure of the peroxiredoxin 4-endoplasmic reticulum protein 46 complex—
We obtained 20,035 single-particle projections for this class of images. Surprisingly, the 

BaR methodology ascertained that these images originated from the PRDX4-ERp46 (ER 

protein 46) complex. We then solved the first structure of this complex to a resolution of 

3.52 Å (Figures 3A, 3B, and S7; Table S1).

Full-length human PRDX4 and ERp46 contain 271 and 432 amino acids, respectively. 

Our final cryo-EM structure of this complex includes 186 residues (residues 75–260) for 

PRDX4 and 106 residues (residues 190–295) for ERp46. Human PRDX4 is a thio-specific 

peroxidase that catalyzes the reduction of hydrogen peroxide to water or organic hydrogen 

peroxides to alcohols. It is an antioxidant enzyme belonging to the PRDX family and is the 

only known secretory form in this family that scavenges reactive oxygen species in both 

the intracellular and extracellular spaces.17 As such, PRDX4 is one of the most important 

defense mechanisms in the human body. The ER protein ERp46 plays a major role in 

regulating insulin content and may also contribute to glucose toxicity by affecting insulin 

production.18

The cryo-EM structure indicates that the PRDX4 enzyme is decameric in oligomerization 

(Figures 3A and 3B). This decamer consists of five pairs of PRDX4 dimer, where the five 

pairs assemble as a donut-shaped structure with the N-terminal and C-terminal ends pointing 

toward the inside and outside of the ring, respectively. Each monomer of the peroxiredoxin 

is made up of seven β strands that form a central β-sheet core. The architecture is such that 

the central β sheet is surrounded by four α helices to constitute the monomer.

Within the PRDX4-ERp46 structure, an ERp46 molecule is found to bind by two protomers 

of the PRDX4 decamer. ERp46 is positioned above the interface between two PRDX4 

protomers, such that the C-terminal tail of the PRDX4 protomers intimately contact the 

ERp46 protein (Figures 3A and 3B). Specifically, E254 of an individual PRDX4 protomer 

forms a hydrogen bond with R260 of ERp46 to anchor this protein. The backbone oxygen of 

E243 also forms a hydrogen bond with the NE2 atom of H219 of the bound ERp46 protein. 

In addition, A247 and F98′ (where the prime designates residues from the next subunit) of 

the two PRDX4 protomers contribute to perform hydrophobic interactions with Y262 and 

W216 of ERp46 to enhance its attachment. Additionally, C245 of the PRDX4 protomer 

contacts C217 of ERp46 to form a disulfide bond to secure binding (Figure 3C).

Structures of other human liver enzymes and complexes

In addition to the aforementioned novel structures, the BaR methodology enabled us to 

identify and solve the cryo-EM structures to high resolution of seven other enzymes and 
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complexes. These structures include the MTP complex and the AOX1, CES1, GP, PRDX4, 

ALDH1A1, and GLUD1 enzymes. As the structures and functions of these enzymes are 

well documented, we here only briefly describe their cryo-EM structural features. Our work 

indeed indicates that the BaR methodology is powerful in that it allows us to simultaneously 

review identities and solve cryo-EM structures of various enzymes from a raw sample. 

Notably, the BaR platform also enables us to identify bound ions, small molecules, and 

endogenous compounds as well as post-translational modifications in these human liver 

enzymes.

Structure of the microsomal triglyceride transfer protein complex—We obtained 

249,877 single-particle counts for this class of enzyme in our liver microsome sample. 

BaR allowed us to identify that these particles correspond to the human MTP enzyme 

complex. The density for reconstruction of the MTP complex is somewhat anisotropic, 

which can be attributed to certain preferential orientations of the single-molecule particles in 

the sample (Figure S8). Nevertheless, we managed to solve the cryo-EM structure of MTP to 

a resolution of 3.07 Å using the BaR platform (Figures 4 and S8; Table S1).

MTP resides at the ER and is responsible for shuttling triglycerides, cholesteryl esters, and 

phospholipids to nascent apoB in the lumen of the ER. MTP is a heterodimeric protein 

that contains an 894-residue MTP α subunit (MTPα) and a 492-residue protein disulfide 

isomerase β subunit (PDI). Our final cryo-EM structural model contains 781 and 438 amino 

acids for the MTPα and PDI subunits, respectively.

The structure depicts that MTPα comprises an N-terminal β-stranded domain (residues 

18–297), an α-helical domain (residues 298–603), and a C-terminal β-stranded domain 

(residues 604–894). The PDI subunit within the complex also contains four domains (a: 

residues 26–131; b: residues 137–232; b′: residues 235–349; a′: residues 369–479), and 

each domain possesses a mixture of α and β secondary structural elements (Figures 4A and 

4B). These domain structures are in good agreement with those of the previously determined 

X-ray structure of MTP.19 Superimposition of our cryo-EM structure onto that of the X-ray 

structure of human MTP19 (PDB: 6I7S) gives rise to a root-mean-square deviation (RMSD) 

of 1.20 Å (for 581 Cα atoms).

The interaction between MTPα and PDI is a prerequisite for the function of this protein 

complex. It is observed that the a domain of PDI intimately coordinates with the α-helical 

domain of MTPα (Figure 4C), whereas the a′ domain of PDI directly contacts the C-

terminal β-stranded domain of MTPα (Figure 4D). In addition, the b′ domain of PDI 

is found to associate with the α-helical and C-terminal β-stranded domains of MTPα to 

strengthen the binding between these two subunits of the complex (Figure 4E).

Structure of aldehyde oxidase 1—Within the cryo-EM grid of our microsome sample, 

we imaged 185,973 single-particle projections for this protein class. We identified that this 

protein is the human AOX1 detoxification enzyme. We resolved the cryo-EM structure of 

this enzyme to a resolution of 2.91 Å (Figures 5 and S9; Table S1).
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AOX1 is a complex molybdoflavoprotein that belongs a family of the molybdenum-

containing enzymes.20 Each molecule of AOX1 contains 1,338 amino acids. Our final 

cryo-EM structure includes 1,215 residues per subunit. In this homodimer, each monomer of 

AOX1 can be divided into three distinct domains consistent with the X-ray structure of the 

AOX1 enzyme21 (Figures 5A and 5B). Superimposition of our cryo-EM structure onto the 

X-ray structure of human AOX121 (PDB: 4UHW) leads to an RMSD of 0.79 (for 1,215 Cα 
atoms).

The X-ray structure of AOX121 contains several cofactors, including two [2Fe-2S] iron-

sulfur clusters, a flavin adenine dinucleotide (FAD), and a molybdenum cofactor (Moco). 

Interestingly, our cryo-EM map shows four extra densities within this enzyme. Two of 

these extra densities are compatible with two [2Fe-2S] clusters. The shapes of the other 

two densities are similar to those of FAD and Moco. We, therefore, assume that these four 

cofactors are bound in our enzyme and include them in our final cryo-EM model.

The small N-terminal domain (domain I: residues 4–168) forms the iron-sulfur binding 

domain, where it houses the two bound [2Fe-2S] clusters (Figure 5C). One of these [2Fe-2S] 

clusters is anchored by four cysteines (C114, C117, C149, and C151) to secure the binding. 

Similarly, C44, C49, C52, and C74 are the four cysteines responsible for binding the second 

[2Fe-2S] cluster (Figure 5D). It appears that domain II (residues 220–537) harbors an FAD. 

The binding of FAD is extensive. Residues P263, V264, I265, N268, T269, S270, V271, 

L312, L344, S354, H358, I360, H363, D365, D367, L368, L405, I410, L411, and R429 

are involved in stabilizing the binding (Figure 5E). The large C-terminal domain (domain 

III: residues 562–1314) creates the Moco binding site and accommodates the molybdenum 

catalytic center, where residues Q113, Q776, F807, R921, M1047, Q1049, V1091, Q1203, 

and L1268 are engaged in anchoring Moco (Figure 5F). The locations of the two [2Fe-2S], 

one FAD, and one Moco binding sites are clearly identified based on the cryo-EM densities. 

These binding site locations are also in good agreement with those observed from the X-ray 

structure.21

Structure of carboxylesterase 1—We obtained 210,285 single-particle counts for this 

class of protein from our cryo-EM grid. Based on BaR, we were able to identify this enzyme 

as CES1, also known as monocyte esterase and cholesterol ester hydrolase. We solved the 

cryo-EM structure of this enzyme to a resolution of 2.67 Å (Figures 6A–6D and S10; Table 

S1).

CES1 is a trimeric enzyme consisting of 567 amino acids per subunit (Figures 6A and 

6B). Our final cryo-EM structure includes 532 amino acids (residues 22–553) per subunit. 

Each subunit of CES1 is composed of a catalytic domain, an oligomerization domain, and 

a regulatory domain (Figure 6B). Both the oligomerization and regulatory domains consist 

entirely of α helices; however, the catalytic domain contains a mixture of eight α-helical 

and 13 β-stranded secondary structural elements. The overall cryo-EM structure of CES1 is 

consistent with crystal structures of both rabbit liver and human liver carboxylesterases.22,23 

Superimposition of our cryo-EM structure onto the X-ray structure of human CES124 (PDB: 

1YAJ) gives rise to an RMSD of 0.39 (for 529 Cα atoms).
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Interestingly, an N-linked post-translational oligosaccharide modification is observed at 

residue N79 of CES1 in the cryo-EM structure, where this residue is connected with 

an NAG-NAG-BMA carbohydrate chain with NAG and BMA corresponding to the N-

acetylglucosamine and β-D-mannose moieties, respectively (Figure 6C). This observation is 

in good agreement with a previous mutagenesis study reporting that this human enzyme is 

glycosylated at position N79.25

As expected, the catalytic domain of human liver CES1 possesses the serine hydrolase 

hydrogen-bonded triad, consisting of residues S221, E354, and H468 (Figure 6D). 

Interestingly, an extra cryo-EM density with a shape compatible with an ethyl acetate (EA) 

molecule, a known substrate of CES1, is found within this catalytic domain. The location of 

this extra density coincides with that of bound EA in the X-ray structure of human CES1.24 

We, therefore, include a bound EA molecule within the catalytic site of our CES1 cryo-EM 

structure. There are at least 13 residues, including L97, S221, V254, L255, L359, L363, 

M425, involved in binding this EA substrate (Figure 6D).

Structure of glycogen phosphorylase—We obtained 463,522 single-particle counts 

for this protein class in our cryo-EM dataset. Using BaR, we were able to identify that this 

protein is the human liver GP enzyme. We then solved the cryo-EM structure of this enzyme 

to a resolution of 2.65 Å (Figures 6E–6G and S11; Table S1). Seven hundred and eighty out 

of the 847 amino acid residues per subunit of this dimeric enzyme were included in our final 

structural model.

Human liver GP directly influences the blood glucose level via the process of 

glycogenolysis.26 This enzyme exists as a homodimer (Figures 6E and 6F). Overall, the 

cryo-EM structure of human liver GP is in good agreement with the X-ray structures of other 

GP enzymes.26,27 Superimposition of our cryo-EM structure onto the X-ray structure of 

GP28 (PDB: 2QLL) provides an RMSD of 1.22 (for 767 Cα atoms). A pyridoxal phosphate 

(PLP) molecule was observed to bind in the substrate binding site of the X-ray structure 

of GP.28 Interestingly, our cryo-EM map also indicates an extra density with a shape 

compatible with PLP located at the PLP binding site of the enzyme. Thus, we include 

an endogenous PLP ligand in our final cryo-EM structural model.

Each protomer consists of 34 α helices and 16 β strands that can be separated into N-

terminal and C-terminal domains. The endogenous PLP molecule is found to anchor at the 

PLP binding site. There are at least 11 residues, including Y90, G134, G135, R138, W491, 

K568, K574, Y648, V650, T676, and K680, responsible for binding PLP (Figure 6G).

Structure of peroxiredoxin 4—We collected 28,380 single-particle counts for this class 

of protein images. The BaR protocol allowed us to identify that this protein is the PRDX4 

enzyme. We determined the structure of this enzyme to a resolution of 2.84 Å (Figures 3D, 

3E, and S7; Table S1).

Of the 271 amino acids that make up the full-length enzyme, residues 72–245 of PRDX4 

were included in the final structural model. In agreement with the X-ray structure of 

PRDX4,29 the cryo-EM structure of PRDX4 indicates that this enzyme is decameric in 
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oligomerization. Superimposition of this cryo-EM structure onto the X-ray structure of 

human PRDX429 (PDB: 3TJB) leads to an RMSD of 0.45 Å (for 170 Cα atoms). Our cryo-

EM structure indicates that the donut-shaped structure of the PRDX4 decamer is almost 

identical to that of the PRDX4-ERp46 complex. However, there is a drastic conformational 

difference between the C-terminal residues of PRDX4 and those of PRDX4-ERp46. In the 

apo form of PRDX4, residues 246–265 are disordered and not included in the final structural 

model. However, in the PRDX4-ERp46 structure, we observe that the C-terminal tail of the 

PRDX4 protomer shifts toward the bound ERp46 and directly interacts with this protein.

Structure of retinaldehyde dehydrogenase 1—We collected a total of 138,661 

single-particle cryo-EM projections for this class of protein images. The BaR methodology 

allowed us to construct a high-resolution cryo-EM map from these projections, and 

subsequently we were able to identify this protein as the ALDH1A1 enzyme. We then 

resolved the structure of this enzyme to a resolution of 2.64 Å (Figures 7A–7D and S12; 

Table S1).

The ALDH1A1 cytosolic enzyme plays a key role in the biosynthesis of retinoic acid. Each 

molecule of ALDH1A1 contains 501 amino acids and assembles as a tetramer (Figures 7A 

and 7B). We built a de novo model of each subunit of this enzyme consisting of residues 

9–501.

Like other crystal structures of ALDHs,30,31 each monomer of ALDH1A1 comprises 

a coenzyme binding domain, a catalytic domain, and an oligomerization domain. 

Superimposition of our cryo-EM structure onto the X-ray structure of human ALDH1A120 

(PDB: 4WB9) allows us to obtain an RMSD of 0.53 Å (for 487 Cα atoms). A bound 

nicotinamide adenine dinucleotide (NAD+) cofactor was found within the X-ray structure 

of each subunit of the ALDH1A1 enzyme.20 The high-quality density of our cryo-EM map 

also unambiguously depicts an extra density located at the coenzyme binding site of each 

subunit of ALDH1A1, where the shape of this extra density fits well with a NAD+ cofactor 

(Figure 7C). We therefore include this cofactor in our final cryo-EM structure. Within the 

NAD+ binding site there are at least 17 residues, including I166, P168, W169, K193, E196, 

Q197, P227, F244, A231, S234, V250, S247, C303, Q350, K353, E400, and F402, involved 

in binding NAD+ (Figure 7D).

Structure of glutamate dehydrogenase 1—We obtained 10,295 cryo-EM single 

particles for this class of protein. The BaR methodology led us to identify that this protein is 

GLUD1. We then solved its cryo-EM structure to a resolution of 3.24 Å (Figures 7E–7G and 

S13; Table S1).

GLUD1 plays a key role in nitrogen and glutamate metabolism and energy homeostasis. 

Human liver GLUD1 is a 558-aminoacid enzyme, where residues 63–556 were included 

in our final cryo-EM structure. Like the existing X-ray structures of bovine and human 

GLUD1,32,33 the cryo-EM structure of this liver GLUD1 enzyme is hexameric in form 

(Figures 7E and 7F). The six GLUD1 molecules are packed to form a dimer of trimers. 

Each subunit consists of the N-terminal glutamate binding domain (residues 63–266), the 

NAD+ binding domain (residues 267–488 and 528–556), and the antenna domain (residues 
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449–501) (Figure 7G). In addition, the C-terminal end of this enzyme forms a pivot helix 

(residues 502–527). Superimposition of the cryo-EM structure onto the X-ray structure 

of human apo-GLUD133 (PDB: 1L1F) gives an RMSD of 1.00 Å (for 444 Cα atoms), 

indicating that these two structures are nearly identical. As with the X-ray structure of 

human apo-GLUD133 we did not observe any bound ligands, suggesting that our cryo-EM 

structure should represent the apo form of this enzyme.

DISCUSSION

Cellular function is a very complex phenomenon that is orchestrated by a network of 

interactions between different proteins and biomacromolecules. These biomacromolecules 

often further coordinate with ions, small molecules, metabolites, and endogenous 

compounds in situ. Therefore, a deeper understanding of cellular function and organization 

requires relatively thorough models of interactome networks, particularly at the proteome 

level. To appreciate the functional complexity of living systems, such as tissues and organs, 

the approach of systems biology is preferable because it can empower us to gain a better 

comprehensive understanding of complex biological processes.

The rapid technological advancements of single-particle cryo-EM have opened up a new 

avenue for 3D structural determination of biomacromolecules at high resolution.34 It is now 

possible to obtain structural information of samples below 100 kDa using this technique.35 

A few recent studies have shown that it is feasible to apply cryo-EM to elucidate 

biomacromolecular structural information from native cell extracts to high resolution.4,36,37 

However, solving multiple protein structures directly from a raw, heterogeneous sample 

remains a difficult task.

We previously developed a bottom-up systems structural proteomic BaR approach to 

identify and obtain high-resolution structural models of multiple proteins from a raw 

sample.4 We demonstrated that the BaR methodology makes it possible to construct 

high-resolution cryo-EM maps, which in turn allow us to solve structures of a number 

of relatively small (<100 kDa) and less abundant (<10%) unidentified proteins within a 

single heterogeneous sample. Importantly, these results highlight the potential of cryo-EM 

for systems structural proteomics when coupling with the complementary technique of 

MS. In the present work, we apply BaR to study human liver microsomes in order to 

further establish an approach of using BaR to elucidate the proteome of human tissues and 

organs to high resolution. Our data indeed show that the BaR methodology is capable of 

enabling identification and high-resolution structural determination of ten different proteins 

and complexes simultaneously from a raw human organ sample to resolutions between 

2.64 Å and 3.52 Å. Of the ten solved structures, seven have been previously determined 

from recombinant proteins using X-ray crystallography. All seven crystal structures are 

in good agreement with their corresponding cryo-EM structures resolved from this work. 

Additionally, it is observed that these ten enzymes are interconnected and participate in a 

range of interactions based on the interaction network (Figure S1).

Our work provides strong corroboration that BaR can empower us to solve unknown 

structures of enzymes and complexes. We were able to identify the presence of human 
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H6PD, GANAB, and PRDX-ERp46 and solve the first structures of these enzymes and 

complexes from a raw sample based on the BaR protocol.

Notably, the BaR methodology can also be used to identify endogenous ligands and/or 

native ions. This is evidenced by the cases of GP, ALDH1A1 and CES1, where PLP, 

NAD+, and EA were found to anchor in these enzymes, respectively. In addition, it is worth 

mentioning that four endogenous ligands, including two [2Fe-2S], one FAD, and one Moco, 

were observed to simultaneously bind in the AOX1 protein. We were also able to identify a 

bound native Ca2+ ion in the GANAB protein.

Besides the identification of bound ligands and ions, BaR can be used to elucidate structures 

of post-translational modifications and glycosylations of enzymes based on the cryo-EM 

maps. Interestingly, we noticed from our work that the human liver enzymes H6PD, 

GANAB, and CES1 are glycosylated.

Limitations of the study

Even though BaR is capable of simultaneously solving structures of different proteins from 

a raw sample, presently there are several limitations in this methodology. It is difficult 

to identify a particular protein if the population of the protein is low (<5%) in the 

heterogeneous sample. In addition, it is not easy to unambiguously identify a protein if 

the resolution of the map is not high enough (better than 4-Å resolution). Furthermore, the 

preferential orientation of protein images presents a potential problem, as BaR may not be 

able to offer a solution for a protein class with insufficient orientation views. This problem 

may limit the quality of the initial model and create difficulties during initial retrieval, 

although we may be able to overcome this shortcoming through multiple iterations of the 

BaR protocol. In addition, it has been observed that we could overcome the orientation 

bias problem by introducing additives to modify grid properties during cryo-EM sample 

preparation.38 We may also be able to resolve the problem of preferential orientation simply 

by collecting tilted cryo-EM datasets.39

Based on our experimental results, it appears that there is no strong correlation between the 

population ranking of proteins via MS and single-particle counts of these proteins based 

on the BaR protocol. This is quite surprising, as both BaR and LC-tandem MS focus on 

analyzing the population of proteins. This discrepancy could be attributed to additional steps 

needed to prepare the cryo-EM grid for sample imaging. For instance, the procedures for 

preparing a cryo-EM grid include a blotting process, whereby the filter paper may have 

different absorptivity to different proteins. A large population of proteins may be lost from 

the grid due to this blotting process, which may significantly alter the composition of protein 

components and their relative populations. In addition, denaturation and degradation of 

protein particles during grid freezing may partially account for the discrepancy. To narrow 

the difference between the experimental results of BaR and proteomics, it is worthwhile to 

explore the possibility of using the method of blotting-free vitrification40–42 for cryo-EM 

grid preparation. This approach may eventually help improve the agreement between BaR 

and proteomics analysis.
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Although the BaR platform is designed for using cryo-EM to study tissue and organ samples 

in the context of systems proteomics, it still has a long distance to go in order to allow 

for simultaneous identification and determination of structures of hundreds of proteins in 

a single sample. Regardless, our work strongly indicates that we can use BaR effectively 

in many cases of sample impurity and heterogeneity and utilize the cryo-EM structural 

approach to simultaneously solve structures of a variety of enzymes from a human organ 

sample at high resolution. BaR can complement affinity purification coupled with MS43 

and proximity-dependent biotinylation identification (BioID)44 to unravel protein-protein 

interaction networks that mediate a variety of essential biological processes. Coupled with 

proteomics and interactomics, including those techniques based on affinity purification and 

co-fractionation, the BaR methodology should help illuminate the details of biological 

networks at high resolution. It is expected that in the future, cryo-EM will enable a new 

perspective on the elucidation of the human proteome and interactome at the atomic level.

STAR★METHODS

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.

Data and code availability

• Coordinates and EM maps can be found at the following PDB and EMCB 

accession numbers: 8EM2 (PDB) and EMD-28232 (EMBD) for H6PD; 8EMR 

(PDB) and EMD-28262 (EMDB) for GANAB; 8EKY (PDB) and EMD-28217 

(EMDB) for PRDX4-ERp46; 8EOJ (PDB) and EMD-28377 (EMDB) for 

MTP; 8EOR(PDB) and EMD-28465 (EMDB) for CES1; 8EMT(PDB) and 

EMD-28264 (EMDB) for AOX1; 8EMS (PDB) and EMD-28263 (EMDB) for 

GP; 8ENE (PDB) and EMD-28271 (EMDB) for ALDH1A1; 8EKW (PDB) and 

EMD-28214 (EMDB) for PRDX4 and 7UZM (PDB) and EMD-26915 (EMID) 

for GLUD1. The raw cryo-EM data have been deposited in EMPIAR (https://

www.ebi.ac.uk/empiar/). The raw mass spectrometry proteomics data has 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 and are publicly available as of the date of publication. 

All data reported in this paper are available upon request 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.

Su et al. Page 13

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ebi.ac.uk/empiar/
https://www.ebi.ac.uk/empiar/
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/


EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human liver microsomes were purchased from SEKISUI XenoTech (Kansas City, KS) 

(catalog number H0610). There were 50 donors in the sample group, consisting of 30 males 

and 20 females with ages ranging between 5 and 83 years old. The ethnic profile of this 

group was Caucasian (44), African American (1), Asian (1) and Hispanic (4).

METHOD DETAILS

Human liver microsome lysate—The human liver microsomes were resuspended in 

buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl and 5 mM Na-cholate. Insoluble 

material from the microsome lysate was removed by ultracentrifugation at 20,000 × g. The 

extracted lysate, containing a variety of unknown enzymes, was enriched using a Superdex 

200 column (GE Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.5, and 100 mM NaCl.

Electron microscopy sample preparation and data collection—The human liver 

microsome lysate sample was concentrated to 0.5 mg/mL. This sample was applied to 

glow-discharged holey carbon grids (Quantifoil Cu R1.2/1.3, 300 mesh), blotted for 7 

s and then plunge-frozen in liquid ethane using a Vitrobot (Thermo Fisher). The grids 

were then transferred into cartridges. A Titan Krios cryo-electron transmission microscope 

(Thermo Fisher) was used to collect cryo-EM images. The images were recorded at 1–2.5 

μm defocus on a K3 direct electron detector (Gatan) using super-resolution and correlated-

double sampling (CDS) modes at nominal 81K magnification, corresponding to a sampling 

interval of 1.08 Å/pixel (super resolution, 0.54 Å/pixel). Each micrograph was exposed for 

4.5 s with 11.71 e−/A2/sec dose rate (total specimen dose, 41.25 e−/A2). 45 frames were 

captured per specimen area using SerialEM.49

Data processing—The human microsome raw lysate were processed using a similar 

protocol as described previously.4 Super-resolution image stacks were aligned and binned by 

2 using cryoSPARC46 to give a final pixel size of 1.08 Å/pixel. CTFs were estimated using 

patch CTF in cryoSPARC.46 After manual inspection to discard poor images and estimate 

particle size, the blob picker in cryoSPARC46 was used to select particles from subsets of 

micrographs. These particles were classified with one round of 2D classification and clear 

templates were selected for template picking in cryoSPARC.46 Template picker was used 

to select initial particle sets. Several iterative rounds of 2D classifications were used to 

clean these particle sets with different circular masks to account for different particle sizes. 

Featureless classes were removed from each step, resulting in cleaned heterogeneous particle 

stacks for further processing.

From these cleaned heterogeneous particle sets, particles were classified and final maps were 

solved using an iterative method termed “Build and Retrieve” (BaR) processing (which is 

summarized in Figures S2–S4). Briefly, ab initio methods were used to “build” initial 3D 

maps from the complete dataset and particles were then “retrieved” based on the maps. 

To build the initial maps, particles were separated using 2D classification paired with 3D 

ab initio and heterogeneous classifications. The combination of these techniques was used 

to divide the dataset into subsets with similar structural features. Each subset was then 

treated as an individual particle set, where several rounds of 2D classification followed by 
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3D ab initio reconstruction were used to improve the quality of each subset. Non-uniform 

refinement was applied to “build” the preliminary maps.

To increase particle counts of each classified class, these initial maps were used to “retrieve” 

particles from the raw particle stack without 2D classification. 3D heterogeneous refinement 

using the ab initio maps, determined from the “build” phase of BaR, was applied to the 

cleaned heterogeneous particle sets. The new particle subsets were then cleaned using 

multiple rounds of 2D and 3D ab initio classifications. In the case of GLUD1, we eliminated 

poorly resolved 3D images during the process of 3D classification, resulting in only 

retaining 10,295 particles for final structural determination.

To determine the correct operating symmetry, we first used the C1 symmetry to conduct the 

ab initio reconstruction. We then performed refinement by introducing symmetry operators 

and evaluated the resulting maps to assess the influence of these symmetries based on the 

map quality. In the cases of GP and AOX1, we only identified pseudo symmetry components 

in these proteins. We therefore eliminated the symmetry constraint and performed final 3D 

refinement using C1 symmetry (Table S1).

Non-uniform refinement using cryoSPARC46 with symmetry imposed was used to refine all 

symmetrical protein structures, while non-uniform refinement followed by local refinement 

with non-uniform sampling was used to refine those protein structures without a distinct 

symmetry. The maps were further sharped using cryoSPARC46 and RELION.50

The high quality of the maps enabled us to trace most of the Cα atoms in these protein 

molecules. The main-chain (Cα) of these human liver enzymes were manually traced using 

the program Coot.45 The phenix.sequence_from_map program in PHENIX47 was then used 

to generate the best-fitting sequences. The identities of these enzymes were revealed based 

on the protein sequences, and their presence was further confirmed by proteomics.

Model building and refinement—Model buildings of H6PD, GANAB, PRDX4-ERp46, 

MTP, AOX1, CES1, GP, PRDX4, ALDH1A1 and GLUD1 were based on the cryo-

EM maps generated from the BaR methodology. The subsequent model rebuilding 

processes were performed using Coot.45 Structure refinements were done using the 

phenix.real_space_refine program51 from the PHENIX suite.47 The final atomic models 

were evaluated using MolProbity.52 The statistics associated with data collection, 3D 

reconstruction and model refinement are included in Tables S1. The final structures (Figures 

1–7) were drawn using Chimera X 128.

Proteomic analysis—The protein of human liver microsome homogenate in the two 

peaks from the size-exclusion chromatography enrichment (200 μL) 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.53 Proteins were identified by 

comparing all of the experimental peptide MS/MS spectra against the UniProt human 

database using the Andromeda search engine integratedintotheMaxQuantversion1.6.3.3.54,55 

Carbamidomethylationofcysteinewassetasafixedmodification,whereasvariablemodifications 
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included oxidation of methionine to methionine sulfoxide and acetylation of N-terminal 

amino groups. For peptide/protein identification, strict trypsin 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.

Interaction network—The interaction network connecting the 10 identified enzymes was 

predicted using the STRING database.7 The enzymes were input as a multiprotein search. 

Line thickness was used to depict interaction confidence.

QUANTIFICATION AND STATISTICAL ANALYSIS

Standard GS-FSC (Gold Standard-Fourier Shell Correlation) curves at a threshold of 0.143 

were computed using cryoSPARC46 to obtain final resolutions of protein models. The final 

atomic models were evaluated using MolProbity.52

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 human liver lysate

• Simultaneously identifying and solving structures of ten enzymes or 

complexes

• Noting the potential of studying high-resolution structural-omics of human 

enzymes
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Figure 1. Cryo-EM structure of human H6PD
(A) Cryo-EM density map of dimeric H6PD. The two protomers of H6PD are colored slate 

and green, respectively.

(B) Ribbon diagram of the 3.02-Å resolution structure of dimeric H6PD. The αβ domain, α 
domain, and β domain of one subunit of H6PD are colored red, cyan, and slate, respectively. 

The other subunit of H6PD is colored green. The cryo-EM densities of the two NAG 

moieties in the green subunit of H6PD are in gray meshes. Residues that are involved in 

dimerization of H6PD at the dimer interface are highlighted with sticks. The dotted lines 

indicate hydrogen bonds.
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Figure 2. Cryo-EM structure of human GANAB
(A) Cryo-EM density map of the heterodimeric GANAB enzyme, consisting of the α and β 
subunits. The a and b subunits are colored magenta and slate, respectively.

(B) Ribbon diagram of the 2.92-Å resolution structure of GANAB. The N-terminal, 

catalytic, proximal C-terminal, and distal C-terminal domains of the α subunit are colored 

magenta, green, yellow-orange, and salmon, respectively. The β subunit is colored slate. The 

two bound Ca2+ ion at the β subunit are shown as green spheres. An N-linked glycosylation 

was observed at residue N97. The density of the NAG-NAG-BMA-MAN glycan chain is in 

gray mesh.

(C) Protein-protein interface between the α and β subunits of GANAB. The α- and β-

subunit residues that are important for heterodimerization are highlighted with magenta and 

slate sticks. The two bound Ca2+ ions of the β subunit are shown as green spheres. The 

dotted lines indicate hydrogen bonds.

(D) The Ca2+ ion binding sites of the β subunit. The two bound Ca2+ ions are shown as 

green spheres. Residues that are involved in Ca2+ binding are shown as slate sticks.
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Figure 3. Cryo-EM structures of human PRDX4 and PRDX4-ERp46
(A) Cryo-EM density map of the PRDX4-ERp46 complex. The ten protomers are in 

different colors. The bound ERp46 protein is colored magenta.

(B) Ribbon diagram of the 3.52-Å resolution structure of PRDX4-ERp46. The ten protomers 

are in different colors. The bound ERp46 protein is colored magenta.

(C) Interaction between PRDX4 and ERp46. The two protomers of PRDX4 are colored blue 

and orange. The bound ERp46 protein is colored magenta. Residues that are important in 

PRDX4-ERp46 interactions are shown as sticks.

(D) Cryo-EM density map of the decameric PRDX4 enzyme. The ten protomers are in 

different colors.

(E) Ribbon diagram of the 2.84-Å resolution structure of PRDX4. The ten protomers are in 

different colors.
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Figure 4. Cryo-EM structure of human MTP
(A) Cryo-EM density map of the heterodimeric MTP enzyme, consisting of the MTPα and 

PDI subunits. The MTPα and PDI subunits are colored yellow and purple, respectively.

(B) Ribbon diagram of the 3.07-Å resolution structure of MTP. The N-terminal β-stranded, 

α-helical, and C-terminal β-stranded domains of MTPα are colored orange, green, and 

yellow, respectively. The a, b, b′, and a′ domains of PDI are colored blue, gray, purple, and 

cyan, respectively. The α-helical and C-terminal β-stranded domains of MTPα interact with 

the a, b′, and a′ domains of PDI at the heterodimeric interface.

(C–E) Specific interactions of MTPα and PDI at the protein-protein interface. The α-helical 

and C-terminal β-stranded domains of MTPα are colored green and yellow, respectively. 

The a, b′, and a′ domains of PDI are colored blue, purple, and cyan, respectively. The dotted 

lines indicate hydrogen bonds.
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Figure 5. Cryo-EM structure of human AOX1
(A) Cryo-EM density map of dimeric AOX1. The two protomers of AOX1 are colored 

magenta and green, respectively.

(B) Ribbon diagram of the 2.91-Å resolution structure of dimeric AOX1. Domains I, II, and 

III of the AOX1 protomers are colored cyan, slate, and magenta, respectively. The other 

AOX1 protomer is colored green. The bound FAD, Moco, and two [2Fe-2S] cofactors are 

shown as spheres.

(C) Locations of the bound FAD, Moco, and two [2Fe-2S] cofactors. The FAD and Moco 

cofactors as well as two [2Fe-2S] clusters are shown as sticks. The dottedlines indicate the 

distances between these cofactors (12.3 Å between the two [2Fe-2S] clusters, FeS I and FeS 

II; 5.5 Å between Moco and FeS I; 7.7 Å between FeS II and FAD).

(D) The [2Fe-2S] binding sites. The densities of both FeS I and FeS II are in gray meshes. 

Residues that are involved in [2Fe-2S] binding are shown as magenta sticks.

(E) The FAD binding site. The density of bound FAD is in gray mesh. Residues that are 

involved in FAD binding are shown as magenta sticks.

(F) The Moco binding site. The density of bound Moco is in gray mesh. Residues that are 

involved in Moco binding are shown as magenta sticks.
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Figure 6. Cryo-EM structures of human CES1 and GP
(A) Cryo-EM density map of trimeric CES1. The three protomers of CES1 are colored 

magenta, yellow, and cyan, respectively.

(B) Ribbon diagram of the 2.67-Å resolution structure of trimeric CES1. The catalytic, 

oligomerization, and regulatory domains of one of the CES1 protomers are colored magenta, 

blue, and orange, respectively. The two other protomers are colored yellow and cyan, 

respectively.

(C) Cryo-EM density of the NAG-NAG-BMA carbohydrate chain at residue N79 of CES1. 

The density of NAG-NAG-BMA is in gray mesh. The NAG-NAG-BMA moiety is colored 

magenta. Residue N79 is shown as yellow sticks.

(D) The ethyl acetate (EA) binding site. Density of the bound EA is in gray mesh. Residues 

involved in forming the inhibitor binding site are colored cyan. ResiduesE354 and H468, 

which form a hydrogen-bonded triad with S221, are colored yellow.

(E) Cryo-EM density map of dimeric GP. The two protomers of GP are colored magenta and 

cyan, respectively.

(F) Ribbon diagram of the 2.65-Å resolution structure of dimeric GP. The two bound PLP 

molecules within the dimer are shown as yellow spheres.

(G) The PLP binding site. Each GP protomer forms a PLP binding site. Residues Y90, 

G134, G135, R138, W491, K568, K574, Y648, V650, T676, and K680 are responsible for 

the binding. The cryo-EM density of bound PLP is in gray mesh. The bound PLP molecule 

is shown as yellow sticks. Residues involved in PLP binding are colored pink.
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Figure 7. Cryo-EM structures of human ALDH1A1 and GLUD1
(A) Cryo-EM density map of tetrameric ALDH1A1. The four protomers of ALDH1A1 are 

colored orange, blue, yellow, and green-cyan, respectively.

(B) Ribbon diagram of the 2.64-Å resolution structure of tetrameric ALDH1A1. The four 

protomers are colored orange, blue, yellow, and green-cyan, respectively.

(C) Cryo-EM density of bound nicotinamide adenine dinucleotide (NAD+). The density of 

NAD+ is in gray meshes.

(D) The NAD+ binding site. The bound NAD+ molecule is shown as yellow sticks. Residues 

involved in NAD+ binding are highlighted with green-cyan sticks.

(E) Cryo-EM density map of hexameric GLUD1. The six protomers of GLUD1 are colored 

purple, pink, orange, sand brown, gray, and green-cyan, respectively.

(F) Ribbon diagram of the 3.24-Å resolution structure of tetrameric GLUD1. The six 

protomers are colored purple, pink, orange, sand brown, gray, and green-cyan, respectively.

(G) The antenna, pivot, NAD+ binding, and glutamate binding domains are colored blue, 

purple, green, and red, respectively.
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