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ABSTRACT 

 

Ribosomes translate RNA into proteins. The protein synthesis inhibitor cycloheximide 

(CHX) is widely used to inhibit eukaryotic ribosomes engaged in translation elongation. 

However, the lack of structural data for actively translating polyribosomes stalled by 

CHX leaves unanswered the question of which elongation step is inhibited. We 

elucidated CHX’s mechanism of action based on the cryo-electron microscopic structure 

of actively translating Neurospora crassa ribosomes bound with CHX at 2.7 Å 

resolution. The ribosome structure from this filamentous fungus contains clearly resolved 

ribosomal protein eL28, like higher eukaryotes but unlike budding yeast, which lacks 

eL28. Despite some differences in overall structures, the ribosomes from Neurospora, 

yeast, and humans all contain a highly conserved CHX-binding site. We also sequenced 

classic Neurospora CHX-resistant alleles. These mutations, including one at a residue not 

previously observed to affect CHX-resistance in eukaryotes, were in large subunit 

proteins uL15 and eL42 that are part of the CHX binding pocket. In addition to A-site 

tRNA, P-site tRNA, mRNA, and CHX that are associated with the translating N. crassa 

ribosome, spermidine (SPD) is also present near the CHX-binding site close to the E site 

on the large subunit. The tRNAs in the peptidyl transferase center are in the A/A site and 

P/P site. The nascent peptide is attached to the A-site tRNA and not the P-site tRNA. The 

structural and functional data obtained show that CHX arrests the ribosome in the 

classical PRE state and does not interfere with A-site reactivity. 
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CHAPTER I   

INTRODUCTION AND LITERATURE REVIEW 

 
1.1 Neurospora crassa 

 

Neurospora crassa is a filamentous fungus in the phylum Ascomycota [1]. Its spores 

resemble axons, so it was given the genus name Neurospora which means “nerve 

spores” in Greek. In Chinese, it is called 粗糙脉孢菌 because the surface of its 

ascospores looks like leaf veins or 粉色面包霉菌/红面包霉菌 which means pink/red 

bread mold.  

 

Since the mid 20th century, N. crassa has been used as a model organism for genetics 

[2], biochemistry [3], and molecular biology [4]. In the 1940s, George Beadle and 

Edward Tatum exposed N. crassa to X-ray radiation and caused mutations in genes [2]. 

They found that some of the resulting N. crassa mutants lost the ability to grow in 

minimal medium unless supplemented with important metabolites. They hypothesized 

that this was because the mutations in the genes caused the loss of the normal enzymes 

that produced these compounds, and proposed the “one-gene-one-enzyme” hypothesis, 

for which they shared, with Joshua Lederberg, the 1958 Nobel Prize in Physiology or 

Medicine [5]. In 2003, a high-quality draft sequence of the N. crassa genome was 

reported, revealing that the genome of N. crassa is about 40-megabase in size, and 

encodes about 10,000 protein-coding genes [6]. Analysis of the genome shows that N. 
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crassa possesses a wide array of genome-level defense mechanisms, including repeat-

induced point mutation (RIP), a process unique to fungi, that can detect and mutate both 

copies of a sequence duplication [6]. So far, numerous studies using N. crassa have been 

published, to elucidate the mechanisms for events such as circadian rhythms [7], gene 

silencing [8], cell cycle [9], cell fusion [10], and cell translation regulation [11]. 

Recently, N. crassa has also been established as a model organism for translational 

control in circadian rhythms [12] and for fungal virology [13].  

 

In this study, we are using N. crassa for the following reasons. First, although N. crassa 

has been used in many studies to explore the events related to translation, the structure of 

its mitochondrial ribosome has not been solved until recently [14], while prior to the 

work described here, the structure of its cytosolic ribosome had not been solved. This 

leaves potential gaps in understanding the mechanisms of the translational events. 

Second, our lab has developed a cell-free translation system (CFTS) from N. crassa [15]. 

The whole-cell extracts are generally prepared from germinating N. crassa conidia, and 

the CFTS has been used to examine translational regulation at the initiation [11, 15-17], 

elongation [18], and termination [19], to perform real-time analyses of translation 

kinetics [20, 18], and to analyze the peptidyl transferase center reactivity to puromycin 

[21]. Combining the structural study of the N. crassa ribosome and the functional study 

using the N. crassa CFTS may provide more insights into the mechanism of interest. 

Moreover, N. crassa has advantages over the most widely used fungal model organism, 

the yeast Saccharomyces cerevisiae, in that N. crassa is multicellular, has more complex 
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events such as circadian rhythms [22], and in some respects is more similar to higher 

eukaryotes. At the same time, N. crassa also has advantages over mammalian model 

organisms in that it is easier to maintain, to grow, and to get materials from, and to use 

for forward genetics studies. Finally, as a well-studied model organism, many N. crassa 

strains, wild-type or mutants, including a full set of gene-deletions, can be obtained from 

the Fungal Genetics Stock Center [23].  

 

1.2 Ribosomes 

 

Ribosomes are the heart of translation. They translate the sequence information encoded 

in messenger RNA (mRNA) molecules to sequences of amino acids [24]. They exist in 

prokaryotes [25], eukaryotic cytoplasm [26], mitochondria [27], and chloroplasts [28], 

and can have various sizes because of the different numbers and lengths of ribosomal 

RNAs (rRNAs) and ribosomal proteins. Based on the sedimentation rates that are related 

to the particles’ sizes, prokaryotic ribosomes are often referred to as 70S ribosomes (S, 

the Svedberg unit, is a measure of sedimentation rate) [25], eukaryotic cytosolic 

ribosomes are 80S [26], chloroplast ribosomes are 70S [29], and mammalian 

mitochondrial ribosomes are 55S [30, 31].  

 

The ribosome in the eukaryotic cytoplasm usually contains more or longer rRNA 

molecules compared to those in prokaryotes or organelles [26]. For example, the 

ribosome in the bacterium Escherichia coli contains 3 rRNA molecules, including the 
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23S (2904 nt), 5S (120 nt), and 16S (1542 nt) rRNAs [32]; the chloroplast ribosome in 

Spinacia oleracea contains 4 rRNA molecules, including the 23S (2810 nt), 5S (121 nt), 

4.5S (106 nt), and 16S (1491 nt) rRNAs [33]; the ribosome in the N. crassa 

mitochondria contains 2 rRNA molecules, including the 23S (3464 nt) and 16S (1864 nt) 

rRNAs [14]; the ribosome in N. crassa cytoplasm contains 4 rRNA molecules, including 

the 26S (3338 nt), 5S (120 nt), 5.8S (158 nt), and 18S (1796 nt) rRNAs [34-36]. 

Ribosomes from different sources can have different numbers of ribosomal proteins. For 

example, the E. coli ribosome contains 49 ribosomal proteins [32], the spinach 

chloroplast ribosome contains 54 ribosomal proteins [33], the N. crassa mitochondrial 

ribosome contains 78 ribosomal proteins [14], and the N. crassa cytosolic ribosome 

contains 74 ribosomal proteins.  

 

In 2009, Venkatraman Ramakrishnan, Thomas A. Steitz, and Ada E. Yonath received 

the Nobel Prize in Chemistry for their contributions to the studies of the structures and 

functions of ribosomes [37]. Ramakrishnan and colleagues solved the first structure of 

the 30S small ribosomal subunit [38]. Steitz and his colleague Peter Moore determined 

the first structure of the 50S large ribosomal subunit [39]. Yonath and colleagues 

introduced a new approach called cryo bio-crystallography, which exposes ribosome 

crystals to cryo-temperature during X-ray measurement, and first solved the complete 

structure of both subunits of a ribosome [40]. These structures were all determined by X-

ray crystallography, and all were solved between 1999 and 2001. Since then, with the 

improvement of sample preparation and the development of new techniques such as 
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NMR [41] and cryo-electron microscopy [42], thousands of structures of different 

ribosomes or ribosome-related proteins have been solved. Recently, the cryo-EM 

structure of E. coli 70S ribosome reached a global resolution of 2.0 Å [32], revealing the 

unambiguous positioning of each residue of the rRNAs and ribosomal proteins as well as 

the chemical modifications. 

 

After determination of the atomic structures of ribosomes from prokaryotes, eukaryotic 

cytoplasm, mitochondria, and chloroplasts, it was shown that some of the ribosomal 

proteins, although from different sources, are structurally homologous [43-45]. To 

eliminate the previous naming discrepancies that were often confusing and misleading, a 

new naming system for ribosomal proteins was proposed in 2014 [46]. In the new 

nomenclature, the names of eukaryotic cytosolic ribosomal proteins either start with an e 

or u, meaning eukaryote-specific or universal (i.e. found in both prokaryotes and 

eukaryotes), respectively. Here we follow the new nomenclature instead of the 

traditional names. For example, one of the ribosomal proteins that we will discuss later, 

CYH2, which was also called L27A, L28, or L29 [47-49] in previous literature, is called 

uL15 in the new nomenclature and in this thesis. 

 

An actively translating ribosome consists of a large subunit (LSU, 50S in prokaryotic 

and 60S in eukaryotic cytosolic ribosomes), a small subunit (SSU, 30S in prokaryotic 

and 40S in eukaryotic cytosolic ribosomes), tRNAs, mRNA, nascent peptide, and has 

translation factors transiently associated with it [26]. The LSU contains the peptidyl 
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transferase center (PTC), which is the catalytic center of the ribosome and is responsible 

for peptide bond formation and peptide release [21]. Also within the LSU, spanning 

from the PTC to the surface of the ribosome, is the polypeptide exit tunnel, which can 

accommodate up to around 40 amino acids and is involved in translation regulation and 

co-translational protein folding [50]. The SSU contains the decoding center, which is 

responsible for the fidelity of the codon-anticodon interactions and also important for 

mRNA quality control pathways [51]. The tRNAs are associated with both LSU and 

SSU, and they bridge the intersubunit space. There are three distinct tRNA binding sites 

in the ribosome: the aminoacyl site (A site) that accepts and decodes the incoming 

tRNA, the peptidyl site (P site) that holds the tRNA with the growing polypeptide, and 

the exit site (E site) where the deacylated tRNA binds before dissociating from the 

ribosome [52]. 

 

1.3 Cryo-electron microscopy 

 

The major techniques for ribosome structure determination include X-ray 

crystallography [53] and cryo-electron microscopy (cryo-EM) [42]. In this study, we 

used cryo-EM, because cryo-EM allows us to study ribosomes using near-native 

conditions [42].  

 

In 2017, Jacques Dubochet, Joachim Frank, and Richard Henderson were awarded the 

Nobel Prize in Chemistry “for developing cryo-electron microscopy for the high-
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resolution structure determination of biomolecules in solution” [54]. Dubochet and 

colleagues developed the method to vitrify aqueous samples by rapidly plunging them in 

liquid ethane. This vitrification method does not damage biomolecules as crystallization 

can, and also results in a decreased level of background noise because the vitrified water 

interferes with electrons more uniformly [55]. Frank and colleagues established the 

concept of single-particle reconstruction, establishing the structure determination of 

particles that do not have any symmetry [56, 57]. Henderson and his colleagues 

overcame the difficulty that electron beams destroy biological structures by blasting a 

weaker electron beam through the sample and taking pictures from many different 

angles under the electron microscope, and solved the structure of bacteriorhodopsin, a 

light-driven proton pump and membrane protein from Halobacterium halobium, at 

atomic resolution in 1990 [58]. 

 

The cryo-EM techniques have been evolving rapidly. The electron source has been 

switched from tungsten or lanthanum hexaboride filaments to the field emission gun, 

which has a better coherence and thus results in a better phase contrast generated by 

defocusing [59]. The vacuum system and the stability of the specimen stage have been 

improved. The camera technology has evolved from photographic film to charge-

coupled devices and then to direct electron detectors [60], which have lower noise levels 

as well as record electrons faster, leading to an easier and better correction of the 

specimen's drift during imaging. The advancement of software is also revolutionizing 

cryo-EM. To determine the orientations of the particles in the 2D images and to 
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determine the 3D structure based on the 2D images, the maximum-likelihood algorithm 

was first introduced to EM by Frederick Sigworth in 1998 [61], and was further 

implemented in the software RELION by Sjors Scheres in 2012 [62]. In 2017, stochastic 

gradient descent, branch-and-bound maximum likelihood optimization algorithms, and 

Bayesian marginalization were combined in the program cryoSPARC, which speeds up 

the cryo-EM structure determination significantly [63]. In 2018, a new convolutional 

neural network particle picker was developed and added to the software EMAN2 [64]. 

This new method can dramatically improve the accuracy of particle picking, especially 

for difficult data sets such as those with low contrast, with contaminants, or those from 

partially denatured samples or partially assembled complexes. Also in 2018, the third 

major release of RELION was published [65], with both CPU-based vector acceleration 

and GPU support, and with new functions that can provide higher resolution 

reconstructions, such as per-particle refinement of CTF parameters, correction of 

estimated beam tile, and Bayesian polishing.  

 

The current single-particle cryo-EM method can be summarized as follows. First, the 

aqueous sample containing the complex of interest is vitrified on the cryo-EM grids, and 

the cryo-grid is loaded into a transmission electron microscope (TEM) equipped with a 

vacuum system to maintain the liquid nitrogen temperature. Second, in the TEM, images 

are formed by directing a high-energy electron beam at the sample. Each image would 

contain many particles of the complex of interest, and the particles may be in the same or 

different orientations. The imaged particles are then boxed, extracted, and clustered. The 
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images in each cluster are then averaged to improve the signal-to-noise ratio. Finally, the 

3D orientation of each of these average images is found, and the images are back-

projected to produce a 3D Coulomb potential map [66]. 

 

The N. crassa ribosome-specific workflow we used can be summarized as follows. 

Based on the 3D Coulomb potential map of the ribosome and the sequences of the 

rRNA, ribosomal proteins, tRNA, and ligands, and with the help of web servers for 

databases and alignments such as SILVA ACT [67], web servers that predict secondary 

structures such as RNAfold [68], and computational modeling software such as PHENIX 

[69] and Rosetta [70], we generated the atomic model of the N. crassa ribosome, to 

show how it interacts with the translation inhibitor cycloheximide and at which 

translation step inhibition occurs. 

 

1.4 Translation 

 

Translation is the process of synthesizing proteins from an mRNA template. Translation 

uses the mRNA template, the ribosome, the tRNAs which transfer the appropriate amino 

acids to the corresponding codons, and translation factors. In the eukaryotic cytoplasm, 

translation occurs in repeated cycles with four stages, including initiation, elongation, 

termination, and recycling [71-73]. These four translation stages are summarized as 

follows.  
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For standard initiation (Fig. I1) [71], the eIF2–GTP–Met-tRNAMeti ternary complex is 

formed, and then the 40S ribosomal subunit associated with eukaryotic initiation factors 

(eIFs) eIF1, eIF1A, and eIF3 binds to the ternary complex and eIF5 to form a ribosomal 

43S preinitiation complex [74]. Separately, the eIF4F cap-binding complex, consisting 

of the cap-binding protein eIF4E [75], the RNA helicase and DEAD-Box protein eIF4A 

[76], and eIF4G which connects eIF4E and eIF4A [77], cooperates with eIF4B or eIF4H 

[78] to unwind the 5’ cap-proximal region of the mRNA, preparing it for 43S 

preinitiation complex attachment. After the mRNA is activated by the binding of the 

eIF4F complex at the 5' 7-methylguanosine cap and the binding of poly(A) binding 

protein at the 3' poly(A) tail, the 43S preinitiation complex attaches to the mRNA and 

scans the 5’ untranslated region (UTR) of the mRNA in a 5′ to 3′ direction until it 

recognizes the initiation codon [74]. The initiation Met-tRNAMeti binds to the initiation 

codon through codon-anticodon base pairing, forming the 48S initiation complex [79]. 

With the eIF5-mediated hydrolysis of eIF2-bound GTP and Pi release, the initiation 

complex switches from an open conformation to a closed conformation and is locked 

onto the mRNA, followed by the joining of it with the LSU and the displacement of 

initiation factors including eIF2–GDP, eIF1, eIF3, eIF4B, eIF4F, and eIF5 [79]. Finally, 

eIF5B-bound GTP is hydrolyzed and eIF5B and eIF1A are released, leaving an 

assembled 80S ribosome that has an initiator tRNA in the P site and is ready for 

elongation [80].  
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Fig. I1. Model of the general eukaryotic translation initiation pathway (Reprinted 

with permission from Cold Spring Harbor Laboratory Press [71]). The black arrows 

indicate the order of the major steps; the blue arrows indicate the nucleotide 

hydrolysis/inorganic phosphate release reactions; the broad green arrow shows the 

direction of scanning in a 5′ to 3′ direction.  
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At the elongation stage (Fig. I2) [72], the ribosome continues to translate each sense 

codon in turn on the mRNA. It involves repeated elongation cycles as amino acids are 

successively added to the growing polypeptide chain. In each elongation cycle, the 

aminoacyl-tRNA enters the empty A site, followed by nascent peptide transfer from the 

P-site tRNA to the A-site tRNA. Then the ribosome SSU rotates and rolls relative to the 

LSU, the deacylated tRNA leaves the E site (if it is present at that site), and the tRNA 

molecules translocate from A/A and P/P sites to the A/P and P/E sites [72]. In some 

peptide contexts, the translation factor eIF5A [81] binds to the ribosome to aid in peptide 

bond formation. In the next phase of the elongation cycle, the eEF2-GTP binds to the A 

site of the ribosome, promoting the back-rotation and back-rolling of the ribosome 

subunits as well as the translocation of the tRNA molecules to the P/P and E/E sites [82]. 

After that, eEF2-GDP is released from the ribosome, and an eEF1A-GTP-aminoacyl-

tRNA ternary complex binds to the ribosome to start the next cycle of elongation [83].  
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Fig. I2. Model of the eukaryotic translation elongation pathway (Reprinted with 

permission from Cold Spring Harbor Laboratory Press [72]). Aminoacyl-tRNA is light 

gray; peptidyl-tRNA is light green; deacylated tRNA is dark gray; GTP is a green ball; 

GDP is a red ball; EF2 is blue; eIF5A is yellow.  
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Termination normally occurs when an in frame mRNA stop codon enters the translating 

ribosome's A site [73]. This process involves at least two eukaryotic release factors 

(eRFs): eRF1 which regulates high-fidelity stop codon recognition and peptidyl-tRNA 

hydrolysis, and eRF3, which is a translational GTPase (Fig. I3) [84]. At the stop codon, 

the eRF1-eRF3-GTP ternary complex binds to the A site of the ribosome. Then eRF3 

triggers the hydrolysis of GTP and eRF1 triggers the hydrolysis of the peptidyl-tRNA to 

release the nascent peptide. This results in a pre-recycling ribosome with eRF1 in the A 

site, a P-site tRNA, and an E-site tRNA [85]. 

 

The recycling stage is initiated by the ABCE1 (Fig. I3) [84], an essential twin-ATPase 

conserved in both prokaryotes and eukaryotes [86]. ABCE1 binds in the intersubunit 

space of the ribosome, interacting with both the 40S subunit and eRF1 [87]. ABCE1 

triggers ATP hydrolysis and dissociates the post-termination complexes that have 

dissociated from eRF3 but still have eRF1 in the A site [88].  
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Fig. I3. Model of the eukaryotic translation termination and recycling pathway  

(Reprinted with permission from Cold Spring Harbor Laboratory Press [84]). 

Aminoacyl-tRNA is dark blue; peptidyl-tRNA is light green; GTP is a green ball; GDP 

is a red ball; eRF3 is brown; ABCE1(or Rli1 in yeast) is green. 
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1.5 Inhibitors of eukaryotic translation 

 

Inhibitors of the eukaryotic cap-dependent translation are of great interest because they 

may contribute to a better understanding of the detailed steps in the translation 

mechanism and for their potential use in anti-fungal, anti-parasitic, anti-cancer, and anti-

inflammatory therapies. A broad array of inhibitors of eukaryotic translation have been 

discovered and studied [89]. These can be broadly categorized based on the functions 

they affect. 

 

Some inhibitors affect the aminoacyl-tRNA synthetases. For example, some methionyl 

adenylate analogues [90] and methionine analogues [91] have been shown to specifically 

inhibit aminoacylation of Met-tRNA by binding to Met-tRNA synthetase. Reduction of 

charged tRNA availability inhibits translation.   

 

Some inhibitors affect the activity of translation factors. For example, 4EGI-1 has been 

shown to bind to the initiation factor and cap-binding protein eIF4E and disrupt its 

association with the mRNA-binding factor eIF4G, and thus suppress cap-dependent 

mRNA translation [92]. There are also many inhibitors known to target the initiation 

factor and RNA helicase eIF4A, such as the hippuristanol [93], rocaglates [94], 

elisabatin A, and allolaurinterol [95]. Elongation factors eEF1A and eEF2 can also be 

targets of inhibitors. For example, didemnin A or B [96], aplidine [97], tamandarin [96], 

and cytotrienin А [98] can block the elongation phase of translation by binding to 
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eEF1A and preventing its dissociation from the ribosome after GTP hydrolysis. The anti-

fungal agent sordarin and its derivatives such as GM193663 and GR135402 can stall the 

elongation complex in a post-translocational state by binding to eEF2 and making it 

unable to dissociate from the ribosome [99]. 

 

Many important inhibitors of eukaryotic translation directly target the cytosolic 

ribosomes [100]. Some of them affect the termination phase of translation (such as the 

anticancer agent girodazole [101]), but the majority of them affect the elongation phase 

of translation. Some of these compounds bind to the polypeptide exit tunnel (PET) of the 

LSU. For example, the recently discovered PF06446846, which can reduce the plasma 

level of proprotein convertase subtilisin/kexin type 9 (PCSK9) and total cholesterol 

levels in rats, has been shown to inhibit the translation of PCSK9 by binding within the 

PET and inducing ribosome stalling at near codon 34 due to the altered path of the 

nascent peptide [102]. Others interfere with the peptidyl transferase center. These 

include: (1)  compounds that bind to the A site, such as anisomycin [103], puromycin 

[104], and harringtonine [105] that bind to the A site of the LSU; (2) compounds that 

bind to the P site, such as anthelmycin [106] and blasticidin S [107] that bind to the P 

site of the LSU; (3) compounds that interfere with both A and P sites, such as 

sparsomycin and its derivatives [108]. Some compounds inhibit tRNA translocation by 

binding to the E site. For example, emetine [109] binds to the E site of the SSU, and 

cycloheximide and lactimidomycin [110] also bind to the E site of the LSU.  
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1.6 Cycloheximide 

 

Cycloheximide (CHX, C15H23NO4) is the most widely used laboratory inhibitor of 

eukaryotic protein synthesis [110]. In 1946, It was initially identified by Alma J. 

Whiffen, a mycologist working at Upjohn, as a product of Streptomyces griseus 

fermentation that she named actidione (diketone produced by an actinomycete); 

actidione inhibited the growth of fungi but not bacteria [111-113]. In 1963, CHX’s 

function to inhibit eukaryotic protein synthesis was demonstrated using a cell-free 

translation system from Saccharomyces pastorianus [114]. The first induced mutations 

conferring CHX resistance were isolated and genetically mapped in the model fungus 

Neurospora crassa [115]. Two years later, the direct action of CHX to inhibit translation 

in a mammalian system was demonstrated using active translation lysates prepared from 

anucleate rabbit reticulocytes [116]. The early literature on CHX and related molecules 

has been thoroughly and contemporaneously reviewed [117]. 

 

In 1983, Käufer et al found that mutations in the S. cerevisiae CYH2 gene could cause 

resistance to CHX, and identified that the corresponding protein was ribosomal protein 

L29 (uL15 in the new nomenclature) and the mutation was Q37E of L29 [49]. In 1992, 

Kawai et al reported another ribosomal protein,  L41 (eL41 in the new nomenclature), to 

be associated with Candida maltosa’s natural resistance to CHX [118]. In 1993, it was 

demonstrated that Kluyveromyces lactis’ natural resistance to CHX was also conferred 

by L41 [119].  
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In nature, apart from some fungi such as C. maltosa and K. lactis described above, 

another major group of organisms that are resistant to CHX are some bacteria, such as 

the drug-producing Streptomyces spp. It had been hypothesized that it was the 

modification of rRNA, for example, methylation of residue A1067 in 23S ribosomal 

RNA in Strept. azureus that made them resistant to CHX [120]. However, with the 

development of structural biology techniques, we now know that it is not only the rRNA 

but also the ribosomal proteins that differ between prokaryotic and eukaryotic cytosolic 

ribosomes in that region (Fig. I4): A2432 and U2431 in the E. coli ribosome are two 

bacterial-specific nucleotides; eL41 in the CHX binding pocket is a protein that only 

exists in eukaryotic cytosolic ribosomes, but not in bacterial ribosomes [122].  
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Fig. I4. Differences between N. crassa and E. coli ribosomes in the CHX binding 

region. Pink: CHX; cyan: SPD; orange: N. crassa uL15; brown: E. coli uL15; yellow: N. 

crassa eL42; gray: N. crassa rRNA; blue: E. coli rRNA (A2432 and U2431 are two 

bacterial-specific nucleotides). The N. crassa structure is described in Chapter II; the E. 

coli structure is obtained from PDB 4YBB.
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CHX has been shown to block the elongation phase of eukaryotic translation [110] and 

has been widely used in experiments. One example is the polysome analysis [123]. 

Polysomes (polyribosomes) are ribosomes that are grouped together on a single mRNA 

molecule and are generally considered to be undergoing active translation. Polysome 

analysis is based on the separation of polysomes from the monosomes and small 

molecules [124], and can be used to monitor the translation status of the mRNA 

molecules [123]. CHX is often added to the polysome extraction procedures to “freeze” 

translation and to prevent the polysomes from dissociating from the mRNA molecules 

[125]. Another example is in vitro translation [16]. It has been widely used to explore the 

mechanism of translational events, to test the protein synthesis from different 

programmed mRNAs, and to test the functions of translation inhibitors [126]. CHX is 

added to the in vitro translation system to stop the synthesis of the reporter protein, or 

sometimes can serve as a good negative control when added at time 0. Ribosome 

profiling, or Ribo-Seq, is another example of experiment that often uses CHX. It can 

monitor translation directly by deep sequencing of the ribosome footprints, i.e., the 

mRNA fragments that are protected by the ribosomes. CHX is added to the system when 

cell lysates are prepared, to keep ribosomes on the mRNA [127].  

 

1.7 Spermidine 

 

Spermidine (SPD, C7H19N3) is a polyamine participating in various biological processes 

[128]. In 1678, it was first discovered by Antonie van Leeuwenhoek, as a crystalline 
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substance in human semen [129], but was not characterized until 1924 when Rosenheim 

established its structure and synthesized the compound [130]. In 1967, A. M. Liquori et 

al. established the secondary structure of SPD [131].  

 

Since 1970 when studies of the effects of SPD on eukaryotes were initiated [132], many 

researchers have been interested in how SPD regulates reproduction [133], growth [134], 

and development [135]. Though the exact mechanism remains unclear, SPD has been 

shown to be essential to not only the reproductive processes in males, but also ovarian 

follicle development and ovulation in females, as well as embryo implantation, placental 

development, and embryo development [133]. The external supply of SPD has been 

shown to have longevity-enhancing effects on yeast, nematodes, flies, and mice [136]. 

There is also epidemiological evidence suggesting that the increased dietary SPD intake 

is linked to increased life span in humans [137]. By inducing autophagy, SPD has dual 

effects on cancer: it could prevent tumor initiation but could also promote tumor 

progression [138], and therefore has been considered a biomarker for cancer diagnosis 

and a target for cancer therapy. 

 

SPD has been demonstrated to be involved in translation. Cohen et al. reported in 1969 

that some SPD molecules were associated with rRNA [139] and some were associated 

with tRNA in E. coli [140]. Mandal et al. showed that depletion of SPD resulted in an 

arrest in protein synthesis, loss of polysomes, and suppressed cell growth in mammalian 

cells [141]. SPD has been shown to enhance translational efficiency and accuracy in 



 

 

23 

cell-free translation systems [142]. It is a polycation and is thought to function similarly 

to Mg2+ [143]. SPD has also been shown to affect the translation factor eIF5A by serving 

as the amino-butyl group donor for the post-translational modification of eIF5A [144]. 

 

1.8 Previously published structures of ribosomes bound with CHX 

 

The first structure of the ribosome bound with CHX was determined in 2014, using X-

ray crystallography [121] (Fig. I5. A). In this study, S. cerevisiae vacant 80S ribosomes 

were purified and then incubated with CHX prior to crystallization. The resulting 

structure (PDB ID: 4U3U) shows that CHX binds to the E site of the LSU, and the 

binding pocket consists of some universally conserved nucleotides of the 23S rRNA, 

ribosomal proteins eL42 and uL15, and a Mg2+ ion. Based on the position of the CHX-

binding site and previous biochemical data, CHX was proposed to compete with the 

tRNA CCA-end in binding to the E-site of the LSU. 

 

The first structure of human ribosome containing CHX was determined in 2016, using 

cryo-EM ([145], EMD-4070, PDB ID: 5LKS) (Fig. I5. B). In this study, ribosomes were 

purified from HeLa cells and CHX was added subsequently. The structures of ribosomes 

with or without CHX were compared. Though neither structure has A- or P- site tRNA, 

the comparison revealed that CHX binds to the E site on the LSU and also results in a 

disordered L1 region. 

 



 

 

24 

Structures of the S. cerevisiae ribosome [121] and the human ribosome [145] containing 

CHX tightly bound at the ribosome E site have given significant insight into its 

mechanism of action. Based on the position of the CHX-binding site, CHX is proposed 

to interfere with the translocation of P-site tRNA to the E site. However, both of these 

CHX-containing structures were obtained using vacant ribosomes lacking tRNA, and 

therefore did not establish the specific step(s) in the translation cycle at which CHX 

inhibits elongation. If E-site translocation is blocked as predicted, then this structure is 

consistent with ribosomes in the pre-translocation (PRE) state with either the nascent 

peptide on the P-site tRNA and the incoming amino acid on A-site tRNA or in the PRE 

state with the nascent peptide transferred to A-site tRNA. Both models appear in the 

literature, with single-molecule FRET studies supporting the latter [110, 146]. 

Furthermore, the ribosome subunits can have different relative rotational orientations 

even while containing A/A and P/P tRNA: a classical PRE state can be discriminated 

from a rotated PRE* state [147]. Thus, there are a variety of states in which CHX could 

potentially arrest the ribosome even prior to tRNA translocation. 

 

In 2020, more structures of human ribosomes bound with CHX were reported [148]. The 

authors aimed to isolate translating ribosomes in the presence of CHX and determine the 

dynamics of uS19 C-terminal tail movement during the elongation cycle. They used the 

affinity purification process, during which CHX was maintained in buffers at a 

concentration of 100 µg/mL. The resulting cryo-EM data revealed the presence of 

ribosomes in three distinct major conformations, including classical-PRE (EMD-10668, 
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PDB ID: 6Y0G) (Fig. I5. C), hybrid-PRE (EMD-10690, PDB ID: 6Y57), and the POST 

(EMD-10674, PDB ID: 6Y2L) states. The ribosome in the classical-PRE state (i.e. post-

decoding pre-translocation state with A/A tRNA and P/P tRNA) contains CHX bound at 

the E site of the LSU; the uS19 C-terminal tail is well resolved. The ribosome in the 

hybrid-PRE state (i.e. rotated state with A/P tRNA and P/E tRNA) does not contain 

CHX; the uS19 C-terminal tail is disordered. The ribosome in the POST state (i.e. post-

translocation state with P/P tRNA) contains CHX bound at the E site of the LSU; the 

uS19 C-terminal tail is disordered. Because of the large fraction of ribosomes lacking 

CHX in the hybrid-PRE state, we hypothesized that during the purification process, 

some CHX molecules dissociated from the ribosomes and resulted in the significant 

subpopulations of ribosomes lacking CHX. 

 

An S. cerevisiae 80S ribosome in complex with eIF5A and decoding A-site and P-site 

tRNAs (EMD-10537, PDB ID: 6TNU) (Fig. I5. D) also contains CHX [149]. In the 

peptidyl transferase center, well-resolved extra density was observed, indicating the 

existence of a nascent peptide attached to the CCA-end of the A-site tRNA. However, in 

the presence of eIF5A, the L1 stalk is structured, and the E site’s structure, therefore, 

differs from that of the previously published ribosome structures bound with CHX. 

Furthermore, though the relative position between the LSU and SSU in this ribosome 

resembled that of the human classical-PRE ribosome, the uS19 C-terminal tail is not 

resolved in this structure, distinct from that in the human classical-PRE ribosome which 

has a structured uS19 C-terminal tail (Fig. I6.). These indicate that the ribosome 
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containing both eIF5A and CHX is not in the same state as ribosomes containing CHX 

alone. 
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Fig. I5. Models of cycloheximide (CHX) binding pocket in the previously published 

structures of ribosomes bound with CHX, including (A) S. cerevisiae ribosome crystal 

structure (PDB ID: 4U3U); (B) human vacant ribosome (PDB ID: 5LKS); (C) human 

ribosome obtained using affinity purification (PDB ID: 6Y0G); (D) S. cerevisiae 

ribosome in complex with eIF5A (PDB ID: 6TNU). CHX is fuchsia; SPD is cyan; rRNA 

is gray; eL42 and uL15 are yellow and orange, respectively. 
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Fig. I6. The uS19 C-terminal tail in the yeast ribosome structure 6TNU is not 

resolved, distinct from that in the human classical-PRE ribosome which has a 

structured uS19 C-terminal tail. (A) Human uS19 position (fuchsia) in the classical-

PRE ribosome (EMD: 10668, PDB ID: 6Y0G). (B) S. cerevisiae uS19 position (red) in 

the ribosome in complex with eIF5A (EMD: 10537, PDB ID: 6TNU). The density of 

mRNA is low-pass-filtered to 10 Å for clarity, and the surface 807 is displayed in purple. 

tRNA densities (green: A-site tRNA, blue: P-site tRNA) were extracted from the cryo-

EM map using ChimeraX.  
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Looking back at the literature reporting the structures of the ribosomes bound with CHX, 

we proposed that our experimental design should be improved in at least four ways: (1) 

Instead of using vacant ribosome, we should use actively translating ribosomes that are 

associated with tRNA, mRNA, and nascent peptide. (2) Instead of adding CHX after the 

ribosome purification step, we should add CHX before harvesting, in the polysome 

extraction step, and maintain it throughout all subsequent procedures until the 

vitrification step for Cryo-EM. (3) Instead of using up to 100 µg/mL of CHX as all 

previous studies did [121, 145, 148, 149], we should increase the amount of CHX. This 

is because CHX binding is reversible [150]. Recent measurements of the dissociation 

constant of CHX from ribosomes yielded values of 1 ± 0.4 µM for S. cerevisiae 

ribosomes and 4 ± 1 µM for human ribosomes [151]. A 1 µM dissociation constant 

corresponds to a half-life of 0.7 s for a first-order reaction [152]. An insufficient amount 

of CHX or lack of CHX in any step during the process may cause the dissociation and 

rebinding of CHX with tRNA translation occurring in between, and may lead to artifacts 

in the final structure. The solubility of CHX in water is approximately 20 mg/ml, so we 

chose 2 mg/ml as the final concentration of CHX in all media or buffer throughout the 

experiment. (4) The purification process should maintain the native condition as much as 

possible. We should avoid affinity purification if possible, since it may increase the 

chance of getting partially assembled complexes [148].  
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1.9 Introduction of the work in this thesis 

 

Here we determined the cryo-electron microscopic (cryo-EM) structure of translating N. 

crassa ribosomes with CHX at 2.7 Å resolution. To accomplish this, we isolated 

polysomes from actively growing cells to which CHX was added and maintained CHX 

at a high concentration throughout all subsequent procedures until the vitrification step 

of cryo-EM sample preparation. We built a model for the N. crassa ribosome that differs 

from S. cerevisiae ribosomes and more closely resembles higher eukaryotic ribosomes in 

that it contains ribosomal protein eL28. Comparisons of structures with CHX bound to 

ribosomes showed that the CHX-binding position is highly conserved in N. crassa, S. 

cerevisiae, and human ribosomes. However, unlike the canonical CHX-bound structures 

of vacant yeast  [121] and human ribosomes [145] which contained an Mg2+ ion adjacent 

to the CHX-binding pocket, the N. crassa ribosome contained spermidine (SPD) in place 

of the Mg2+ ion. We sequenced previously identified N. crassa mutations that confer 

CHX-resistance. All amino acid changes in these mutants, including an amino acid 

change at a previously unidentified position among eukaryotic mutations that confer 

CHX-resistance, map to conserved residues in the CHX-binding pocket. In addition, P/P 

and A/A site tRNAs were present in the N. crassa structure, and the nascent peptide was 

resolved on the A-site tRNA. Finally, CHX did not appear to interfere with termination 

as it does with elongation in an N. crassa cell-free translation extract, consistent with 

CHX interfering with translocation of tRNA to the E site but not peptidyl-transfer events 

at the A site. The observation that terminating ribosomes are not arrested by CHX could 
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be significant for analyses of the levels of ribosomes mapping to termination codons 

when CHX is included in ribosome profiling analyses. 

 

This work provides a structural basis for a mechanistic understanding of CHX action. It 

also provides a new high-resolution model for a fungal ribosome that differs from the S. 

cerevisiae ribosome.  
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CHAPTER II  

Structure of the translating Neurospora ribosome arrested by cycloheximide 

 

2.1 Materials and methods 

 

2.1.1 Strains and culture conditions 

 

The N. crassa wild-type strain FGSC 2489 (74-OR23-1V A) and CHX-resistant N. 

crassa strains (Table S3) were obtained from the Fungal Genetics Stock Center 

(Manhattan, KS) [1] and maintained as described [2, 3]. Homokaryons of all strains were 

obtained by microconidiation [4] 

 

2.1.2 Preparation, analyses, and purification of N. crassa polysomes  

 

N. crassa polysomes were prepared and analyzed as previously described, with minor 

changes [5]. Suspension of conidia was inoculated onto 50 ml of solid Vogel’s sucrose 

medium in a 250 ml flask. The culture was incubated at room temperature for 14 days, 

and conidia were harvested through two layers of cheesecloth. The number of conidia 

was counted and the concentration was calculated. Conidia were inoculated to 500 ml of 

Vogel’s sucrose medium to make the final concentration of 1 x 107 conidia/ml, and the 

culture was incubated at 32°C with orbital shaking (180 rpm). After about 6 hr when 

90% of the conidia show germ tubes, cycloheximide (2 mg/ml) was added to the culture 
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5 min before harvesting, and the germlings were harvested by vacuum filtration onto 

Whatman 541 filter paper. The mycelial pad was peeled off the filter paper and weighed. 

Mycelial pads (0.25 g each) were transferred to 2-ml screw-cap tubes containing ice-cold 

0.75 ml of polysome extraction buffer (100 mM KCl, 20 mM HEPES-KOH [pH 7.5], 2 

mM magnesium acetate, 15 mM 2-mercaptoethanol, 2 mg/ml cycloheximide) and 0.5 g 

of zirconia/silica beads (0.5 mm diameter). The tubes were disrupted using a beadbeater 

at 4°C for 50 sec and centrifuged at 16,100 g at 4°C for 5 min. Supernatants (0.45 ml) 

were transferred to fresh 2-ml screw-cap tubes, frozen in liquid nitrogen, and stored at -

80°C. 

 

For polysome analyses, 400 µl (about 18 A260 units) of homogenate was layered on 12-

ml linear sucrose gradients which contain 10%-50% [wt/wt] sucrose, 10 mM HEPES-

KOH [pH 7.5], 70 mM ammonium acetate, 4 mM magnesium acetate, and 2 mg/ml 

cycloheximide. Gradients were centrifuged using a Beckman SW41 rotor at 41,000 rpm 

at 4°C for 2 hr. BioComp Gradient Station Model 153 and Gilson Fraction Collector 

FC203B were used to generate the sucrose gradients and to analyze and fractionate the 

gradients, respectively. Polysome profiles were generated, and 26 fractions were 

collected from each gradient, flash-frozen in liquid nitrogen, and stored at -80°C.  

 

Fractions corresponding to the polysomes (disomes and greater) from multiple gradients 

were pooled, washed, and concentrated using Corning® Spin-X® UF 6 mL Centrifugal 

Concentrators (100,000 MWCO). The washing buffer was the buffer A that has been 
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used to prepare N. crassa cell-free extract for in vitro translation (30 mM HEPES-KOH 

pH7.6, 100 mM KOAc pH7.0, 3 mM Mg(OAc)2 pH7.0, 2 mM DTT) supplemented with 

2 mg/ml CHX. For each centrifugation, about 15 ml of the washing buffer was used, and 

the volume was concentrated to about 1ml. The washing/concentrating was repeated six 

times to remove sucrose. Finally, the ribosomes were concentrated to about A260=10. 

 

2.1.3 Cryo-EM sample preparation 

 

Cryogrids were prepared as previously described [6]. A total of 3 ul of the purified N. 

crassa polysomes was applied onto glow-discharged C-Flat 2/1 holey grids. The grids, 

equilibrated at 16°C and 100% relative humidity, were plunged into liquid ethane to 

freeze them using a Vitrobot Mark III (FEI company, The Netherlands).  

 

2.1.4 Cryo-EM single-particle data acquisition 

 

The frozen grids were imaged under a Titan Krios cryo-electron microscope (Thermo 

Fisher Scientific) operated at 300 kV. The condenser lens aperture was 50 µm, spot size 

was 7, and the parallel beam had an illuminated area of 1.08 µm in diameter. Data were 

automatically collected using EPU software on a K2 Summit direct electron camera 

(Gatan) equipped with a Bioquantum energy filter with an energy slit of 20 eV, in the 

counting mode. The nominal magnification used was 130,000×, corresponding to a 

calibrated sampling of 1.06 Å per physical pixel. The recording rate was 5 raw frames 
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per second and the total exposure time was 5 seconds, yielding 25 frames per stack, and 

a total dose of 32 e-/Å2. A total of 1,836 movie stacks were collected.  

 

2.1.5 Cryo-EM image processing 

 

All micrographs were imported into RELION-3.1 [7] for image processing. The motion 

correction was performed using MotionCor2 [8]. The defocus and astigmatism were 

determined using CTFFIND4 [9]. All particles were autopicked using the convolutional 

neural network (CNN)-based script e2boxer.py in EMAN2 [10, 11] and further checked 

manually to remove bad particles. After 2D classification in RELION-3.1, a total of 

206,276 particles were subjected to 3D classification in RELION-3.1. The 3D 

classification of LSU and SSU was performed in RELION-3.1 to further remove bad 

particles. Then, a total of 196,154 particles were subjected to Bayesian polishing in 

RELION-3.1, followed by 3D reconstruction using cryoSPARC [12]. A sharpening B-

factor of -65.4 Å2 was applied to the resulting cryo-EM map. The global resolution of 

the final sharpened map is 2.7 Å, estimated by the "gold-standard" 0.143 criterion of the 

FSC curve. Local resolution maps were determined in RELION-3.1. 

 

2.1.6 Molecular modeling 

 

The sequences of N. crassa 5S. 5.8S, 18S, and 26S rRNA used to build the model were 

obtained through NCBI (GenBank IDs K02469.1, M10692.1, FJ360521.1, and 
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FJ360521.1, respectively). Template-based comparative modeling was performed using 

modeRNA [13]. The S. cerevisiae 80S structures (PDB ID codes: 4U3U and 6T4Q) [14, 

15] were chosen as the templates. The sequences were aligned using the SILVA ACT 

website (https://www.arb-silva.de/aligner/) [16]. The structures of the rRNA expansion 

segments were manually built using Rosetta [17] and Coot [18] with the aid of the 

secondary structures that were predicted by RNAfold WebServer 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) [19]. The rRNA 

structures were refined using Rosetta and PHENIX [20].  

 

The sequences of N. crassa ribosomal proteins were obtained from the UniProt database. 

For each ribosomal protein, the initial homology model was generated using 

MODELLER [21] and then refined into the cryo-EM map using Rosetta [17]. The best 

model was then selected based on both the geometry and the fitting scores.  

 

The tRNA model used for A- and P-site tRNAs was the eukaryotic ICG-anticodon tRNA 

that decodes Arg codons (PDB ID: 6T4Q) [15]. The mRNA model and nascent peptide 

model were adapted from the mRNA model and nascent peptide model in a human 

classical-PRE ribosome structure (PDB ID: 6Y0G) [22].  

 

CHX and SPD modeling was done with the electronic Ligand Builder and Optimisation 

Workbench (eLBOW) [23]. The models of Mg2+ ions were adapted from the S. 

cerevisiae ribosome structure (PDB ID: 6T4Q [15]).  
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The models of all rRNA, ribosomal proteins, tRNA, mRNA, nascent peptide, CHX, 

SPD, and Mg2+ were then merged into one model, refined using Rosetta and PHENIX, 

and inspected and adjusted using Coot.  

 

The statistics obtained by using PHENIX and MolProbity [24] of the refined 80S 

ribosome model are listed in Table S4. 

 

2.1.7 Structural figures preparation 

 

All figures were made using UCSF Chimera [25] and UCSF ChimeraX [26]. 

 

2.1.8 Sequencing of N. crassa cyh-1 and cyh-2 alleles 

 

Genomic DNA was isolated as described [5]. For each strain, the DNA sequences of 

both cyh-1 (NCU00706) and cyh-2 (NCU03806) genes were determined by PCR 

amplification of genomic DNA, followed by sequencing of the PCR product. For cyh-1, 

oligo-pair OLS041 (GACCTCACACATCAACGA)/OLS042 

(TTCGCAACCTCGCTACCA) were used for amplification and sequencing and an 

additional oligo, OLS057 (TCATGTCGCGTCGAGCTCTGT), was also used for 

sequencing. For cyh-2, oligo-pairs CYH2F1 (CGAGACCCGTGAAGCGTCT)/CYH2R1 

(TTGAGGATGGGGGCCCAC) and CYH2F2 
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(GACGATGACGGATAGACC)/CYH2R2 (GGCTTCTGGACGAATGTT) were used 

for both amplification and sequencing. The cyh-1 sequencing reads were aligned to 

NCBI Reference Sequence: XM_959447.3, and the cyh-2 sequencing reads were aligned 

to GenBank: AL513466.1 (which includes cyh-2) to identify the mutations. 

 

2.1.9 Determination of CHX-resistance levels in vivo 

 

For testing CHX-resistance, conidia (104 in 50 µl of sterile water) from wild-type and 

mutant strains were inoculated into 16 x 125 mm tubes containing 3 ml of Vogel’s 

minimal medium/2% sucrose/2% agar supplemented with CHX after autoclaving. 

Cultures were grown for eight days at room temperature. Tubes were scored for growth 

and photographed. 

 

2.1.10 Preparation of cell-free translation systems, determination of CHX-

resistance levels in vitro, and toeprinting 

 

The procedures for preparation of CFTS, preparation of in vitro synthesized capped and 

polyadenylated luciferase (LUC) RNA for translation, and for toeprinting without and 

with CHX, were as previously described [27, 3]. For testing CHX-sensitivity and Hyg-

sensitivity, drugs at the indicated concentrations were added at T0.  
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2.1.11 Data Availability 

 

The Coulomb potential map and atomic coordinates have been deposited in the Electron 

Microscopy Databank (EMDB code: EMD-24307) and Protein Data Bank (PDB ID 

code: 7R81). 

 

2.2 Results 

 

2.2.1 Overall N. crassa ribosome structure 

 

The original structures of eukaryotic ribosomes containing CHX were obtained using X-

ray crystallography or cryo-EM by adding CHX to non-translating vacant ribosomes [14, 

28]. Here we obtained structures of actively translating ribosomes inhibited by CHX 

from the filamentous fungus N. crassa using cryo-EM and the workflow outlined in Fig. 

S1. CHX was added to growing N. crassa cells, and clarified extracts were prepared, 

layered, and fractionated on sucrose gradients. Ribosomes were collected from the 

polysome-containing region of the gradients (Fig. S1A) and prepared for cryo-EM 

imaging. CHX reversibly binds to ribosomes [29]; therefore, we sought to maximize 

CHX association with ribosomes throughout the isolation and imaging procedures. To 

accomplish this, we added a high concentration of CHX (2 mg/ml) to the growth 

medium to arrest translation in vivo and maintained this concentration of CHX at all 

subsequent steps to obtain samples on grids for imaging.  
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The cryo-EM map of the 80S ribosome at an overall resolution of 2.7 Å (Fig. S1C and 

D) was determined using the approach in Fig. S1B. We modeled N. crassa rRNAs and 

ribosomal proteins and fitted them into the cryo-EM map (Fig. 1, Fig. S1E, Table S1, 

Table S2). This model of the N. crassa 80S ribosome included 93.6% of 26S, 100% of 

5S, 100% of 5.8S, and 98.5% of 18S rRNA nucleotides, 42 ribosomal proteins in the 

large subunit (LSU), and 32 ribosomal proteins in the small subunit (SSU). 

Heterogeneity of 5S rRNAs has been shown in N. crassa [30]; the 5S rRNA model in 

our structure is based on the major α 5S rRNA sequence. As is seen with other 80S 

eukaryotic ribosome structures, N. crassa CPC-2 [31], the homolog of RACK1/ASC1, a 

non-ribosomal protein, is stably associated and similarly positioned on the 40S subunit 

(Fig. 1). The N. crassa ribosome structure obtained also contains A-site and P-site 

tRNAs, CHX, spermidine, and nascent peptide, as discussed below. Additionally, cryo-

EM densities for 260 of the 269 Mg2+ ions identified in the S. cerevisiae ribosome 

structure 6T4Q [15] were confirmed in the N. crassa data. Finally, in this CHX-stalled 

conformation, regions of the ribosome corresponding to the P1 stalk and L1 stalk were 

not resolved, and therefore uL10, uL11 (P1 stalk), and uL1 (L1 stalk) are not in the 

modeled structure.  
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Fig. 1. Positions of N. crassa proteins associated with the 80S N. crassa ribosome. N. 

crassa proteins were fitted to the N. crassa cryo-EM map as described in the text. Left 

and right views are rotated 180° as are top and bottom views. Proteins are individually 

colored; rRNAs are all gray. Models for tRNAs, mRNA, CHX, spermidine, Mg2+, and 

nascent peptide are not shown. 
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We next compared the overall structure of the N. crassa ribosome to S. cerevisiae 

ribosomes (Fig. S2A) and human ribosomes (Fig. S2B). N. crassa and S. cerevisiae 

ribosomes are overall similar except for a striking difference at the top of the LSU (Fig. 

S2A) comprising rRNA expansion segments ES7L, ES15L, and ribosomal protein eL6 

[32, 33]. Here, the N. crassa ribosome, like the human ribosome, contains ribosomal 

protein eL28, while the S. cerevisiae ribosome does not (Fig. S2A). N. crassa eL28 is 

encoded by NCU06210, which is annotated as a hypothetical protein in NCBI (Gene ID: 

3879074). The interaction of N. crassa ES7L with eL28 is similar to that in the human 

ribosome (Fig. S3A and B). We looked at this difference between the fungal ribosomes 

more closely. Most Saccharomycotina, including S. cerevisiae and Kluyveromyces lactis, 

lack an eL28 gene, and there is no such protein in these two yeasts’ ribosome structures 

(Fig. S3C and D). The structured region of the rRNA near N. crassa and human eL28 is 

not structured in purified S. cerevisiae and K. lactis ribosomes (Fig. S3A-D). However, 

the rRNAs from these yeasts contain the corresponding sequences. Interestingly, while 

S. cerevisiae ES7 is unstructured in this region in the absence of additional factors (Fig. 

S3C), when the ribosome is associated with NatA [34], a protein complex that binds at 

the ribosome exit pore (Fig. S3E), ES7 adapts a different structure which is closer to the 

N. crassa ES7 structure (Fig. S3F and G). An additional difference between the N. 

crassa and S. cerevisiae structures is that the S. cerevisiae ribosome contains density that 

corresponds to a structured L1 stalk and eIF5A (the large orange-shaded area in the S. 

cerevisiae ribosome left view, Fig. S2A) while N. crassa does not; this is discussed 

further below. Finally, the most striking differences between the N. crassa and human 
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ribosomes (Fig. S2B) are that human ribosomal rRNAs contain longer expansion 

segments than fungal rRNAs that can contribute to the structure [32]. 

 

2.2.2 Localization of CHX in the N. crassa ribosome 

 

We observed well-resolved extra density for CHX near the E site of the LSU (Fig. 2A 

and B, Fig. S4A). CHX is located in a region demarcated by eL42, conserved 26S rRNA 

residues, and uL15. Comparison of the position of CHX in the N. crassa ribosome with 

its positions in the S. cerevisiae and human ribosomes reveals strong conservation of its 

orientation in the ribosome and the rRNA and ribosomal proteins surrounding it 

(Compare Fig. 2B, C, and D).  

 

Importantly, additional density was present close to the N. crassa CHX binding site. We 

identified it as spermidine (SPD) (Fig. 2A, B, and Fig. S5A). SPD was also recently 

modeled in a similar site in the submitted structure of the S. cerevisiae ribosome 

containing bound CHX and eIF5A [6tnu, ref. 35] (Fig. S5B). In cryo-EM maps of 

human ribosomes containing CHX, modeled Mg2+ or unmodeled SPD appear to be 

present (Fig. S5C and D) [28, 22]. In other structures of human and S. cerevisiae 

ribosomes containing E/E-site or P/E-site tRNA [15, 22], unmodeled SPD is also present 

in a similar position (Fig. S5E and F). Thus, SPD binding to this region of the eukaryotic 

ribosome near the CHX binding site appears to be a common feature. Its structural and 
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functional role(s), which remain to be determined, may well be of interest given its close 

vicinity to such an important functional site of the ribosome. 

 

The comparisons of ribosomes containing CHX and containing E-site tRNA (Fig. S5) 

support the proposed functional role of CHX to prevent the binding of deacylated tRNA 

[14, 28]. CHX would clash with tRNA as the tRNA entered the E site upon transition 

from the P/P into the hybrid P/E position after peptidyl transfer. 
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Fig. 2. Cycloheximide (CHX) and spermidine (SPD) are both present in the N. 

crassa ribosome E site in actively translating ribosomes arrested by CHX. (A) 

Densities corresponding to CHX, SPD, and nearby N. crassa ribosomal components are 

indicated as surfaces and models as sticks and ribbons. (B-D) comparisons of models of 
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CHX and spermidine or Mg2+ in the (B) translating N. crassa ribosome; (C) translating 

S. cerevisiae ribosome (PDB ID: 6TNU); (D) vacant human ribosome (PDB ID: 5LKS). 

CHX is fuchsia; SPD is cyan; rRNA is gray; eL42 and uL15 are yellow and orange, 

respectively, with residues at which mutations in the corresponding organism are known 

to result in CHX-resistance shaded red. 
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2.2.3 N. crassa mutations that cause CHX-resistance map to the CHX binding site 

 

CHX-resistant alleles of two identified genes that confer CHX-resistance were obtained 

from the Fungal Genetics Stock Center. Three alleles of cyh-1 (NCU00706) and two 

alleles of cyh-2 (NCU03806) were sequenced (Table S3). The cyh-1 mutations, which 

affect eL42, were P56L (two independent alleles) and F58L. The two alleles of cyh-2 are 

two different mutations of the same residue in uL15: Q38K and Q38L. Like ribosomal 

mutations in S. cerevisiae and other organisms that result in CHX-resistance, these 

mutations are close to the CHX-binding site; the affected residues are indicated in red in 

Fig. 2. In addition, one of these residues identified by mutations in N. crassa and S. 

cerevisiae, uL15 Q38, and another residue identified in S. cerevisiae, H39, are also in 

close proximity to SPD (Fig. 2). All of the N. crassa mutants were more resistant to 

CHX than the wild type in vivo (Fig. S6) and in cell-free translation systems (CFTSs) 

derived from these strains (Fig. S7A). In contrast, mutant and wild-type CFTSs were 

similarly sensitive to hygromycin B (Fig. S7B), an aminoglycoside translation inhibitor 

that binds near the decoding site [36], consistent with CHX and HYG targeting different 

regions of the ribosome. These data, including the identification of a new mutation at a 

conserved residue that affects CHX-resistance (F58L) and that maps to the CHX-binding 

site, highlight the importance of the specific amino residues in this region for modulating 

the sensitivity of these ribosomes to inhibition by CHX. 
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2.2.4 The positions of tRNAs, nascent peptide, mRNA, and ribosome components 

show that CHX-arrested ribosomes are in the classical PRE state 

 

The structure of the CHX binding site is highly conserved in eukaryotic ribosomes. 

Ribosomes go through many different conformations during the various steps in the 

elongation cycle [37]. At what step(s) does CHX inhibit elongation? We could answer 

this question by analyses of the peptidyltransferase center in the N. crassa ribosome 

structure. The CHX-ribosome structure determined here differs from previously 

published CHX-containing structures obtained from vacant ribosomes to which CHX 

was added [14, 28] and from subsets of translating ribosomes that contained CHX but 

were affinity-purified based on some other distinguishing feature [35, 22]. The structure 

of the N. crassa ribosome containing CHX shows A/A- and P/P-site tRNAs (Fig. 3A). 

We wanted to know whether any subclass(es) of these ribosomes had tRNA in hybrid or 

other states since mammalian ribosomes purified with CHX were observed to be in three 

major classes: classical-PRE, hybrid-PRE, and POST [22]. Therefore, we did a 3D 

classification of these particles into ten subclasses. Every subclass had A/A- and P/P-site 

tRNA, and none had P/E- or A/P-site hybrid tRNA (Fig. S8). These data indicated that 

the purification procedure we used maintained ribosomes in a CHX-arrested classical 

PRE state. 
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Fig. 3. CHX arrests ribosomes in the PRE state with the nascent peptide attached to 

the A-site tRNA. (A) A- and P-site tRNAs at the peptidyltransferase center, with the 

nascent peptide attached to the A-site tRNA CCA-end. (B) A-site tRNA anticodon 

interaction with the mRNA A-site codon. (C) P-site tRNA anticodon interaction with the 

mRNA P-site codon. A-site tRNA, blue; P site-tRNA, green; mRNA, purple; nascent 

peptide, various colors; rRNA, gray; uL16, yellow; uL3, orange.  
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No specific tRNAs are represented in the peptidyltransferase centers of polysomal 

ribosomes. Therefore, we adapted the tRNA model for a eukaryotic ICG-anticodon 

tRNA that decodes Arg codons (PDB ID: 6T4Q) [15] to model the tRNA densities of 

both A- and P-site tRNAs. Fitting the models to the tRNA densities allowed 

visualization of both A-site and P-site tRNAs in the peptidyltransferase center (Fig. 3A) 

and visualization of A-site and P-site mRNA-tRNA codon-anticodon interactions (Fig. 

3B and C). Importantly, we observed extra density corresponding to the nascent peptide 

attached to the 3’-hydroxyl group of the A-site tRNA, but not the P-site tRNA (Fig. 3A). 

The map’s local resolution at the position of this peptide-tRNA bond was approximately 

2.6 Å (Fig. S4B). The density corresponding to the nascent peptide was not fully 

modeled due to the presence of many different nascent peptide species and nascent 

peptide conformations in polysomes. In contrast to the limited resolution of nascent 

peptide density, the density corresponding to the ribosome exit tunnel, including the 

constriction site important for nascent peptide interactions with the ribosome, could be 

confidently modeled (Fig. S9). 

 

The positions of the A/A- and P/P-site tRNAs and the nascent peptide’s attachment to 

the A-site tRNA indicated that the N. crassa ribosome arrested by CHX is in the PRE 

state. Several conformations of the PRE state in human ribosomes can be discriminated 

by the relative orientations of the SSU and LSU and the positions of tRNAs [37]. The 

conformation of the N. crassa ribosome with CHX (Fig. 4A), assessed by comparing the 
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relative SSU-LSU configurations, better resembled the human classical-1 PRE state 

determined in the absence of CHX (Fig. 4B) than the rotated PRE* state (Fig. 4C). 

 

Additional structural analyses support the assignment of the CHX-stalled N. crassa 

ribosome to the classical PRE state. Recently, the C-terminal tail of human uS19 was 

shown to change conformation depending on the functional state of the ribosome [22]. 

This uS19 domain is positioned between the A- and P-site tRNAs near the anticodon-

codon interaction with mRNA. Consistent with the N. crassa ribosome assignment to the 

classical PRE state, the position of N. crassa uS19 C-terminal tail in the CHX-stalled 

conformation is highly similar to the human uS19 in the classical PRE conformation 

(Fig. 4D and E). These regions of N. crassa and human uS19 share identical amino acid 

sequences, while the S. cerevisiae uS19 C-terminal tail differs in sequence (Fig. S10A). 

When comparing uS19 structures in N. crassa, human and S. cerevisiae ribosomes 

containing CHX, all three uS19 structures are similar except that the S. cerevisiae model 

lacks this C-terminal tail (Fig. S10B). Thus, the A- and P-site tRNAs, uS19, and CHX 

are similarly positioned in the N. crassa and human structures, based on both models and 

cryo-EM maps, showing that CHX-bound ribosomes in both species are in the classical 

PRE state. However, unlike the case for the N. crassa ribosome, we do not see density 

corresponding to the nascent peptide on the A-site tRNA in the corresponding cryo-EM 

map for the mammalian classical PRE ribosome (EMD-10668) [22], possibly because 

the peptide is disordered. 
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Fig. 4. The N. crassa CHX-bound ribosome is in the classical PRE state 

conformation. (A-C) Bottom view of the 80S ribosomes from N. crassa and H. sapiens 

low-pass-filtered to 10 Å for clarity. The 60S subunits are all aligned to the N. crassa 

60S subunit. (A) The 40S subunit of N. crassa ribosome (blue). N. crassa mRNA is 

purple. (B) The 40S subunits of N. crassa ribosome (blue) and H. sapiens classical-1 

PRE state ribosome (pink, EMD-2909) align well. (C) The 40S subunit of H. sapiens 

PRE* state ribosome (pink, EMD-2906) is rotated slightly counterclockwise compared 

to the 40S subunit of N. crassa ribosome (blue). (D-F) N. crassa uS19 (tan) and human 
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uS19 (fuchsia) have similar contacts and conformations in the CHX-bound PRE state 

ribosome. The view given is similar to that in Bhaskar et al. [148] for comparison of the 

position of the uS19 C-terminal tail. The density of mRNA is low-pass-filtered to 10 Å 

for clarity, and the surface is displayed in purple. The C-terminal tails of both uS19 

proteins interact with mRNA, A-site tRNA (blue), and P-site tRNA (green). (D) N. 

crassa uS19 position (tan) in the ribosome. (E) Human uS19 position (fuchsia) in the 

ribosome (EMD-10668, PDB ID: 6Y0G). tRNA densities were extracted from the cryo-

EM map using ChimeraX. (F) S. cerevisiae uS19 position (rose) in the ribosome (EMD-

10537, PDB ID: 6TNU). 
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In conclusion, the structural data indicate that the CHX-arrested translating N. crassa 

ribosome is in the classical-1 PRE state with the nascent peptide transferred to the A-site 

tRNA. 

 

2.2.5 CHX does not inhibit a translation termination event 

 

CHX does not interfere with A site reactivity during elongation since the nascent peptide 

is transferred to the A-site tRNA. Therefore, in the presence of CHX, termination should 

still occur since release factors enter the A site to cause chain termination, and chain 

termination does not require tRNA translocation [38]. Analyses of the positions of 

ribosomes in fungal CFTSs by primer-extension inhibition (toeprint) assays 

demonstrated that adding CHX before adding RNA to the system results in stabilization 

of ribosomes with the initiation codons of ORFs in the P site and the second ORF codon 

in the A site [39]. This is consistent with CHX causing elongation-arrest at initiation 

codons. Toeprinting of CFTS translating RNA in the absence of CHX reveals the 

positions of ribosomes engaged in initiation, elongation, and termination [27]. Early 

evidence that CHX does not interfere with termination was obtained using toeprinting to 

map the positions of ribosomes on mRNA in an S. cerevisiae CFTS [27]. Since we had 

the structure of the N. crassa ribosome with CHX, we looked at the effect of CHX on 

termination kinetically using an N. crassa CFTS. We toeprinted ribosomes on a 

luciferase reporter RNA with an upstream open reading frame (uORF) specifying the 

arginine-attenuator peptide (AAP), which causes well-established arginine-dependent 
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transient stalling of ribosomes with a termination codon in the A site [40]. If CHX did 

not inhibit termination, then ribosomes should be released from stalling through eventual 

successful termination. However, if CHX inhibited termination, then the transient Arg-

dependent termination stall should be stabilized by CHX, as are elongation stalls. The 

results show that while CHX stabilizes ribosomes engaged in elongation (Fig. 5, 

indicated by arrowheads and brackets), it does not stabilize terminating ribosomes (Fig. 

5, indicated by stars). Specifically, toeprint analyses of CFTS to which CHX had been 

added for 0, 2.5, or 5 min showed progressively decreased signals of ribosomes stalled at 

termination codons (Fig. 5, compare lanes 2, 3, and 4, and compare lanes 6, 7, and 8), 

consistent with termination occurring in its presence. Stalling of ribosomes at the AAP 

termination codon, which is Arg-dependent, is most obvious when CFTS were analyzed 

immediately (0 min) after adding CHX (Fig. 5, compare lanes 2 and 6). In striking 

contrast, after 5 min in CHX, there was little difference in the signal from ribosomes at 

the AAP termination codon in low or high Arg (Fig. 5, compare lanes 4 and 8). This 

indicates that ribosomes at the termination codon are not stabilized by CHX. In contrast, 

toeprints corresponding to ribosomes engaged in elongation within the AAP coding 

region, including those with the initiation codon in the ribosome P site, remained stable 

or increased during incubation with CHX, consistent with their expected stabilization by 

CHX. 
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Fig. 5. Toeprinting shows that terminating ribosomes release from RNA in the 

presence of CHX, but elongating ribosomes do not. In vitro synthesized capped and 

polyadenylated luciferase (LUC) reporter mRNA containing the wild-type AAP uORF 

was translated in the N. crassa CFTS in the presence of 10 µM (-) Arg or 2 mM (+) Arg 

(low or high Arg). CHX (final concentration 0.5 µg/µl) was added to the CFTS reactions 

either before the addition of mRNA (time T0) or after translation was underway for 10 

min (steady-state translation, timeT10). Steady-state reactions to which CHX was added 

were incubated in the presence of CHX for an additional 0, 2.5, or 5 min as indicated. 

The sequence of the mRNA can be directly deduced from the sequencing lanes reading 

from top to bottom. Boxed in the nucleotide sequence are the positions of the uORF start 

and stop codons, and the LUC start codon. The primer extension (toeprint) products 

corresponding to elongating ribosomes that have the uORF and LUC initiation codons in 

the P site are indicated by arrowheads; terminating ribosomes with the uORF 

termination codon in the A site are indicated with a star; elongating ribosomes stalled 

within the uORF coding region are marked by a bracket. Control samples of reaction 

mixtures without extract but with mRNA (−EXT) and reaction mixtures with extract but 

without mRNA (−RNA) are as indicated. 
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2.3 Discussion 

 

CHX is commonly used to inhibit eukaryotic translation and is an important reagent for 

ribosome profiling analyses. Thus, it is crucial to understand its action during translation. 

Despite extensive biochemical work, however, CHX has only been studied from a 

structural perspective in the context of vacant 80S ribosomes [14, 28]. Here we focused 

on its action on translating ribosomes. We purified N. crassa ribosomes from polysome 

fractions isolated from cells in which translation was arrested by CHX and obtained their 

structure through single-particle cryo-EM. These data provide direct structural evidence 

that CHX’s mechanism of action is to arrest ribosomes in the classical PRE state and do 

not support alternative models for its mechanism of action. 

 

In N. crassa ribosomes containing CHX, the tRNAs are in the A/A and P/P sites, and 

there is no E-site tRNA. CHX has arrested these ribosomes in the classical PRE state 

with the nascent peptide attached to the A-site tRNA. The bases for assigning the CHX-

arrested structure to the classical PRE state are as follows. First, the respective positions 

of the SSU and the LSU are most similar to the respective positions of human ribosomes 

in the classical-1 PRE state. Second, the uS19 C-terminal tail is resolved in the N. crassa 

structure and is in a conformation nearly identical to that of uS19 in human ribosomes in 

the classical PRE state. The classical PRE state is so far the only ribosome conformation 

for which this uS19 conformation has been observed [22]. Furthermore, the N. crassa 

ribosome, like the human ribosome in the classical PRE state, does not contain eIF5A 
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and has an unstructured L1 stalk. Also consistent with arrest in the classical PRE state, 

the CHX-arrested N. crassa ribosome does not contain eEF2, which is associated with 

ribosomes in the process of translocation [37], or eEF1A, which is associated with 

POST-state ribosomes [41]. This structural determination of the CHX-arrested state of 

ribosomes in polysomes as classical PRE with the peptide on the A-site tRNA is 

consistent with single-molecule biophysical data [42]. 

 

The use of high concentrations of CHX throughout the structural analysis procedure 

used here resulted in a population of ribosome particles that lacked any significant 

ribosome subpopulations containing tRNA in the P/E site. In contrast, in a study in 

which structural analyses followed purification of ribosomes with lower concentrations 

of CHX, which also included affinity purification steps, significant subpopulations of 

ribosomes lacking CHX and ribosomes with tRNAs in hybrid translocation states are 

also observed [22]. Recent measurements of the dissociation constant of CHX from 

ribosomes yielded values of 1 ± 0.4 ⎧M for S. cerevisiae ribosomes and 4 ± 1 ⎧M for 

human ribosomes [43]. A 1 ⎧M dissociation constant corresponds to a half-life of 0.7 s 

for a first-order reaction [44]. Because CHX binding is not irreversible, when it leaves, 

there is an increased kinetic chance of moving to the hybrid state occurring before CHX 

rebinding. The high concentrations of CHX we used could minimize these occurrences. 

The dissociation of CHX resulting in procession through the hybrid state could cause an 

additional round of elongation, which could be followed by subsequent CHX rebinding 

and arrest. Such considerations could be the basis for an alternative way to account for 
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the proposed differences in CHX and lactimidomycin mechanisms of action that are 

distinct from mechanistic differences arising because of differences in the structures of 

these molecules [45]. 

 

The structure of CHX binding in translating N. crassa ribosomes is similar to the 

corresponding structures in vacant yeast and human ribosomes[14, 28]. Thus, CHX is 

not altered by the presence of A/A- and P/P-site tRNA. Molecular analyses of the basis 

for classical N. crassa CHX-resistance mutations (all of the alleles of cyh-1 and cyh-2 

available from the Fungal Genetics Stock Center) showed that they affected residues at 

the binding site. Mutations at residues previously identified as important for CHX 

resistance were directly affected by some alleles: uL15 residue Q38 and eL42 residue 

P56. A mutation at an additional eL42 residue, F58L, was also discovered.  

 

These data can be integrated into the model initially proposed for CHX action based on 

structural determination of its location in non-translating (vacant) ribosomes in which 

CHX acts by clashing with occupancy of the E-site tRNA [14], but the structure of the 

translating ribosome’s peptidyltransferase center was not known. Fig. 6 diagrams this 

integrated model for CHX action. Normally in elongation (Fig. 6A), aminoacyl tRNA 

enters the A site (i), and peptidyltransferase activity transfers the peptide to it from the 

P-site tRNA (ii). Translocation of the tRNAs occurs (iii and iv), and deacylated tRNA 

leaves the E site (v). When CHX is in the E site (Fig. 6B), aminoacyl tRNA entry into 

the A site and transfer of the peptide onto the A-site aminoacyl tRNA occur (i and ii), 
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but translocation cannot happen. Therefore, the ribosome is arrested in the classical PRE 

state with the peptide on the A-site tRNA. Consistent with this model, our data indicate 

that CHX does not interfere with termination because termination does not require 

translocation of tRNA (Fig. 6C and D). 
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Fig. 6. Model for CHX action. E, P, and A sites of the 60S and 40S subunits are 

cartooned as open boxes; tRNAs are black lines; amino acids are blue, green, and yellow 

boxes; CHX is a triangle in the 60S E site. For a single elongation cycle, in the absence 

of CHX (top row), the aminoacyl-tRNA enters the empty A site (i), followed by nascent 

peptide transfer to the A site tRNA (ii). Translocation occurs [(iii) and (iv)], and the 
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deacylated tRNA leaves the E site to complete the cycle (v). When CHX is bound in the 

E site (bottom row), the aminoacyl-tRNA enters the empty A site (i), and transfer of the 

nascent peptide to the A site tRNA occurs (ii). However, CHX in the E site prevents 

translocation of the P site tRNA to the E site, arresting the ribosome in the PRE state 

with the polypeptide attached to the A site tRNA and deacylated tRNA in the P site.  
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The loss of ribosomes with a termination codon in their A site from an mRNA in the 

continued presence of CHX, while ribosomes engaged in elongation on that mRNA are 

stabilized, has implications for assessing signals from terminating ribosomes in ribo-seq 

studies employing CHX to maintain ribosomes association with mRNA. The levels of 

ribosomes observed at termination codons could depend on differential effects of 

preparation and analysis conditions that do not have similar consequences for levels of 

ribosomes arrested during elongation because these latter ribosomes are generally 

stabilized by CHX.  

 

We observed an additional density close to the N. crassa CHX binding site and 

unambiguously identified it as SPD (Fig. 2A, B, and Fig. S5A). SPD is a polycation and 

is thought to function similarly to Mg2+ [46]. Indeed, this SPD site is occupied by Mg2+ 

in the structure of the vacant human 80S ribosome bound with CHX (Fig. S5C) and the 

vacant S. cerevisiae ribosome bound with CHX [14, 28]. We sought to determine the 

generality of this finding of SPD instead of Mg2+. SPD was recently modeled in the 

submitted structure of the S. cerevisiae ribosome containing bound CHX and eIF5A 

[35], and it is at the corresponding site (Fig. S5B). While not modeled, densities for SPD 

at the corresponding sites are also present in S. cerevisiae ribosome without CHX but 

with E-site tRNA, and human ribosomes with CHX or with E-site tRNA (Fig. S5F, D 

and E, respectively). These data, therefore, identify a conserved SPD binding site in 

eukaryotic ribosomes. It is worth noting that, when we looked at 269 assigned Mg2+ 

binding sites in the S. cerevisiae ribosome in the N. crassa ribosome, we saw density 
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corresponding to 260 of these Mg2+ molecules; in no case did we see density 

corresponding to SPD in these locations. Thus, while Mg2+ and SPD could potentially 

function interchangeably, it appears that the SPD binding site near the CHX binding site 

is different than other Mg2+ binding sites. In a published structure of rabbit 80S 

ribosome stalled on a poly(A) tail, two SPD molecules were provisionally included in 

the model (PDB ID: 6SGC) near the CCA 3' end of P-site tRNA [47]. However, we do 

not see corresponding densities in the N. crassa structure, nor do we see density 

corresponding to SPD in the E site in this rabbit ribosome structure. Finally, some 

binding sites of SPD have been identified in high-resolution prokaryotic ribosome 

structures (PDB ID codes: 7NHN (Crowe-McAuliffe et al., unpublished), 4YBB [48], 

5IT8 [49]). We compared these structures with the N. crassa ribosome structure and did 

not see densities for those SPD molecules in the corresponding regions of the N. crassa 

ribosome. 

 

As is the case for the CHX-bound N. crassa ribosome, S. cerevisiae ribosomes that 

contain both CHX and eIF5A also have the nascent peptide attached to the A/A-site 

tRNA [35]. However, in the presence of eIF5A, the L1 stalk is structured, and the E 

site’s structure, therefore, differs from that of the N. crassa ribosome. Furthermore, the 

C-terminal tail of uS19 is not resolved in this S. cerevisiae structure (Fig. 4F), consistent 

with the idea that a structured uS19 C-terminal tail as observed in the N. crassa and 

human classical PRE ribosomes is a distinct feature of that translational step. Thus, 

while there are similarities between the N. crassa and S. cerevisiae structures, as they 
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each contain CHX, SPD, and nascent peptide on the A/A tRNA, these ribosomes are not 

in the same state. Therefore, the S. cerevisiae ribosome likely represents an eIF5A-

specific state distinct from the classical PRE state seen in the presence of CHX alone. 

 

To our knowledge, this ribosome structure from the Ascomycete N. crassa represents the 

first near-atomic structure of a cytosolic ribosome from a filamentous fungus. The 

structure of the N. crassa mitochondrial ribosome was also recently determined [50]. 

The structure of the N. crassa cytosolic ribosome differs from the Ascomycete yeast S. 

cerevisiae in that it contains eL28 while the yeast ribosome does not. Thus, as with the 

demonstration of the structure of a human-like translation factor eIF3 in N. crassa that is 

more complex than S. cerevisiae eIF3 [51], and the existence of mammalian-like exon 

junction complex-mediated nonsense mediated mRNA decay in N. crassa that S. 

cerevisiae lacks [2, 52], this structure provides insight into important similarities and 

differences in the eukaryotic translational machinery. The 80S K. lactis ribosome 

structure [53] also lacks eL28; the yeast K. lactis, like S. cerevisiae, is a 

Saccharomycetes member. Interestingly, while eL28 is present in some protozoa, it is 

also missing in the ribosome structure from the protozoan Trichomonas vaginalis [33]. 

How the loss of eL28 figures in these organisms’ evolutionary history, and the 

consequences of its presence versus absence for ribosome function, are questions that 

remain to be answered.  
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In summary, we obtained the structure of the translating N. crassa ribosome arrested by 

CHX. This structure provides direct evidence that CHX arrests ribosomes in the classical 

PRE state with the nascent peptide on the A-site tRNA. The reactivity of the A site in the 

presence of CHX is also demonstrated by toeprinting analyses which showed that 

termination, unlike elongation, is not arrested by CHX. These studies also revealed that 

the N. crassa ribosome is structurally different than its budding yeast counterpart in 

containing eL28 and, in this respect, more closely resembles the ribosomes of mammals. 

Most non-yeast fungi have eL28, and the N. crassa ribosome structure could be 

paradigmatic for these species, which include important Ascomycete pathogens such as 

Aspergillus fumigatus and Basidiomycete pathogens such as Cryptococcus neoformans. 

This work thus provides a structural basis for understanding CHX action and provides a 

new model for a fungal ribosome. 
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2.4 Supplementary figures 

 

 

 

Fig. S1. Workflow for obtaining the cryo-EM map to determine the structure of the 

translating N. crassa ribosome arrested by CHX. (A) Polysome isolation. CHX (2 
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mg/ml) was added to N. crassa cultures 5 min prior to harvesting; harvested cells were 

broken in 2 mg/ml CHX, and sucrose gradients containing 2 mg/ml CHX were used to 

obtain polysome fractions for structural analysis. A representative of the multiple 

sucrose gradients used for isolation is shown with the positions indicated for 40S SSU, 

60S LSU, 80S monosome, and the polysome region that was used for imaging. (B) 

Flowchart for obtaining the cryo-EM map. The top 30 2D class averages are shown; 3D 

classes are shown in Fig. S8. (C) Local resolution of the map of the N. crassa 80S 

ribosome. (D) Fourier Shell Correlation (FSC) curve calculated from two independently 

refined half-maps. The overall resolution is 2.7 Å at the "gold-standard" cutoff (FSC = 

0.143). (E) FSC curve calculated by comparing the final map and model. The overall 

resolution is 2.9 Å at FSC = 0.5. 
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Fig. S2. Comparison of N. crassa ribosomes with S. cerevisiae and human 

ribosomes. (A) Comparison with S. cerevisiae ribosomes. (First row) N. crassa 

ribosome cryo-EM map. A/A tRNA, P/P tRNA, and mRNA are blue, green, and purple, 
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respectively. Pink indicates structure that is present in the N. crassa cryo-EM map but is 

absent in the S. cerevisiae ribosome model (PDB ID: 6TNU). This extra density is 

mainly at the top of the N. crassa LSU (see left, right, and top views) and corresponds to 

eL28 and part of ES7L. (Second row) S. cerevisiae ribosome cryo-EM map (EMD-

10537). The map contains A/A tRNA, P/P tRNA, and mRNA, but they are not indicated 

here. Orange indicates structure that is present in the S. cerevisiae cryo-EM map but is 

absent in the N. crassa model. It is mainly in the region where there is resolved structure 

for the L1 stalk and eIF5A in the S. cerevisiae ribosome but not the N. crassa ribosome. 

(B) Comparison with human ribosomes. (First row) N. crassa ribosome cryo-EM map. 

A/A tRNA, P/P tRNA, and mRNA are as in panel A. Pink indicates structure that is 

present in the N. crassa cryo-EM map but is absent in the human ribosome model (PDB 

ID: 6Y0G). (Second row) Human ribosome cryo-EM map (EMD-10668). It has A/A 

tRNA, P/P tRNA and mRNA, but they are not indicated here. Orange indicates structure 

that is absent in the N. crassa model: it corresponds mainly to the longer rRNA 

expansion segments that are lacking in N. crassa and fungi generally. 
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Fig. S3. Comparison of the LSU region containing eL6, ES7L and ES15L from (A) 

N. crassa, (B) human, (C) S. cerevisiae, and (D) K. lactis. N. crassa and human 

ribosomes contain eL28; S. cerevisiae and K. lactis ribosomes do not. Yellow: eL6; red: 

eL28; purple: ES7L; blue: ES15L. (E) Structure of S. cerevisiae ribosome region 

containing ES7L complexed with NatA; green: ES7L; plum: ES15L; brown: eL6; black: 
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N-terminal acetyltransferase A complex subunit NAT1; pink: N-alpha-acetyltransferase 

NAT5; (F) comparison of S. cerevisiae ES7 and ES15 elements with NatA compared to 

S. cerevisiae without NatA; green and plum: ES7L and ES15L in yeast 6hd7, lavender, 

and blue: ES7L and ES15L in yeast 6TNU; (G) comparison of S. cerevisiae ES7 and 

ES15 elements with NatA to N. crassa ES7 and ES15 elements. Colors: green and plum: 

ES7L and ES15L in yeast 6hd7; lavender and blue: ES7L and ES15L in N. crassa. 
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Fig. S4. Local resolution visualization of the CHX-binding region and the 

peptidyltransferase center of the N. crassa ribosome. (A) CHX-binding region; pink: 

CHX model; cyan: SPD model; (B) local resolution map of the CHX-binding region; (C) 

peptidyltransferase center; blue: A/A tRNA; green: P/P tRNA; brown: nascent peptide; 

(D) local resolution map of the peptidyltransferase center. 
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Fig. S5. SPD appears to be similarly positioned in N. crassa, S. cerevisiae, and 

human ribosomes independent of the presence of CHX. When SPD is not present, 
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Mg2+ is present. (A) N. crassa ribosome with CHX has modeled SPD; (B) S. cerevisiae 

ribosome with eIF5A and CHX has modeled SPD (EMD-10537, PDB ID: 6TNU) [35]; 

(C) H. sapiens ribosome with CHX added subsequently has Mg2+ instead of SPD at the 

corresponding position (EMD-4070, PDB ID: 5LKS)[28]; (D) H. sapiens PRE-state 

ribosome with CHX has unmodeled SPD (EMD-10668, PDB ID: 6Y0G) [22]; (E) H. 

sapiens rotated hybrid-PRE state ribosome with P/E tRNA has unmodeled SPD (EMD-

10690, PDB ID: 6Y57) [22]; (F) S. cerevisiae ribosome with CGA-CCG stalled E/E 

tRNA has unmodeled SPD (EMD-10377, PDB ID: 6T4Q) [15] 
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Fig. S6. Growth of N. crassa wild-type and CHX-resistant mutants in the presence 

of CHX. Strains are indicated on the left, with their FGSC strain numbers, the mutated 

ribosomal protein, and the mutated residue; concentrations of CHX in the medium are 

indicated at the top. Growth was for eight days at room temperature. 
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Fig. S7. Resistance of wild-type and mutant N. crassa ribosomes to CHX in cell-free 

translation extracts. Mutant but not wild-type (WT) translation is resistant to CHX, but 

translation in all strains is sensitive to hygromycin (HYG), an A site inhibitor. The 

relative luminescence used to measure relative translation is produced from firefly 

luciferase synthesized by cell-free translation using three translation replicates for each 

condition. (A) Translation in the presence of 0, 0.05, and 0.1 µg/ml CHX; (B) 

Translation in the presence of 0, 0.05, and 0.1 µg/ml hygromycin (HYG). 
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Fig. S8. 3D subclasses all contain A/A and P/P tRNA. The 3D classification of the N. 

crassa ribosomes stalled by CHX was performed in cryoSPARC [63]. Each of the 3D 

subclasses was further refined to give the maps shown in this figure. The corresponding 

number of particles and the overall resolution of each subclass are indicated. On each of 

the maps, the ribosome contains A/A site (blue) and P/P site (green) tRNAs 
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Fig. S9. Exit tunnel of the 60S subunit of the N. crassa ribosome. For comparative 

purposes, this view is similar to that given in [54]. Ribosomal proteins uL4 and uL22, 

the A- and P-site tRNAs, the path of the exit tunnel, and the PTC are indicated. 
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Fig. S10. uS19 alignments. (A) amino acid sequences of uS19 from S. cerevisiae, N. 

crassa, and H. sapiens, with the sequences of the C-terminal tails boxed; (B) overlay of 

the uS19 models from N. crassa (orange), H. sapiens (magenta, PDB ID: 6Y0G), and S. 

cerevisiae (brown, PDB ID: 6TNU). The structures shown in Bhaskar et al. [22] 

indicated that the uS19 C-terminal tail of the human ribosome undergoes dynamic 

rearrangement depending on the functional state of the translating ribosome. The 
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sequence of this region in N. crassa uS19 is identical to that in H. sapiens, and the 

conformation of the uS19 C-terminal in the N. crassa ribosome stalled by CHX is very 

similar to that in the H. sapiens ribosome at the classical-PRE state. The sequence of this 

region in S. cerevisiae is three amino acids shorter, but the arrangement of it shows a 

larger difference: the last 13 amino acids of the uS19 C-terminal tail are disordered in 

the S. cerevisiae ribosome associated with both CHX and eIF5A. 
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2.5 Supplementary tables 

Table S1. 60S rRNAs and ribosomal proteins 
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Table S2. 40S rRNA and ribosomal proteins 
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Table S3. Mutant N. crassa strains used 
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Table S4. Statistics for the model of the translating Neurospora crassa 80S ribosome 
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CHAPTER III  

SUMMARY AND CONCLUSION 

 

3.1 Summary and conclusion 

 

Cycloheximide (CHX) is the most widely used laboratory inhibitor of eukaryotic protein 

synthesis [1] and is an important reagent for ribosome profiling analyses [2]. To 

understand its mechanism of action, we purified N. crassa ribosomes from polysomes 

arrested by CHX and determined the structure of these ribosomes inhibited by CHX at 

2.7 Å resolution using cryo-EM. In this structure, CHX binds near the E site in the LSU. 

Comparisons of the structures clearly show that the LSU's CHX binding pocket is highly 

conserved in N. crassa, S. cerevisiae, and human ribosomes. Interestingly, a SPD 

molecule was found to bind near the CHX binding site in the N. crassa ribosome. This 

structure provides direct evidence that CHX arrests ribosome in the classical PRE state 

with the nascent peptide on the A-site tRNA. This structure also shows that N. crassa 

ribosome has eL28, structurally different from budding yeast but more similar to the 

ribosomes of mammals.  

 

We sequenced the previously isolated mutations that conferred CHX resistance to N. 

crassa, and found that all of the amino acid changes in these mutants mapped to highly 

conserved residues in two ribosomal proteins in the CHX binding pocket: eL42 P56L (in 

two independent mutants), eL42 F58L, uL15 Q38L, and uL15 Q38K. Both the growth 
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tests with different concentrations of CHX and the in vitro tests using cell-free 

translation systems (CFTSs) showed similar relative resistances to CHX: wild type < 

eL42 F58L <uL15 Q38L <eL42 P56L < uL15 Q38K. 

 

Yeasts in the genus Candida are major human fungal pathogens, and antifungal drug-

resistance is becoming problematic for treating Candida infections [3]. The two species 

most responsible for candidiasis, C. albicans and C. parasiticus, are naturally CHX-

resistant, and their resistance is a hallmark clinical, microbiological test for their 

presence in patient samples [4]. A significant factor that confers CHX resistance in these 

fungi is that their ribosomal protein eL42 has Gln56 instead of the generally conserved 

Pro56. This is one of the residues that we have shown to be in the CHX binding pocket 

and the mutation of which (P56L) can cause resistance to CHX in N. crassa. In S. 

cerevisiae, eL42 genes containing the P56Q mutation confer high-level CHX resistance 

to the organism [5, 6]; analyses of substitutions of P56 with each of the other 19 amino 

acids shows P56Q confers the highest level of resistance [7]. 

 

Because ribosomes containing structural E-site differences are known to be more 

resistant to CHX, such ribosomes could also be differentially sensitive to other inhibitors 

that bind to the similar region but have different interactions with ribosomes. It might be 

interesting to study the structural and functional characteristics of the binding of other E 

site translation inhibitors to the CHX-resistant ribosomes, so as to discover antifungal 
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molecules that interfere with the activity of the Candida ribosomes but not the activity of 

animal ribosomes.   

 

For example, a new class of small molecule E site interactors in the lissoclimide family 

has emerged with the potential to provide fundamental insight and practical application 

for E site inhibition of ribosome activity [19]. Studies have shown that lissoclimides 

share some structural similarity with CHX and lactimidomycin, which is another imide-

containing translation inhibitor that acts at the E site, but have additional interactions 

with the ribosome [8, 9]. While there are models proposed to explain CHX resistance, no 

structures have been described that establish definitively how inhibitory imides interact 

with CHX-resistant ribosomes. Thus, it is important to understand functional differences 

in imide action and determine the differences in how CHX-resistant ribosomes bind to 

imides. To accomplish this, biochemical approaches such as toeprinting in CFTSs should 

be applied to determine specific mechanisms of lissoclimide function compared to CHX 

and lactimidomycin. Structures of CHX-resistant ribosomes bound with lissoclimides 

should be obtained and compared. In addition, the compounds' cytotoxicity against fungi 

and mammalian cells should be evaluated. These studies should significantly advance 

fundamental and practical understanding of E site drug action, and could fill a critical 

need to develop novel antifungal drugs directed against the Candida pathogens. 

 

The translating ribosomes are not homogenous machines. In eukaryotic cells, rDNAs 

that encode rRNAs are present in tandem repeats and have large copy numbers [10]. In 
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N. crassa, it has been shown that 90% of the rDNAs isolated from mycelia were similar 

but not identical to the other 10% of the rDNAs [11]. The variation among the repeats, 

the different expression levels, and the processes of subsequent rRNA modification and 

assembly with ribosomal proteins all increase the chances that rRNA heterogeneity on 

translating ribosomes can arise [12]. In various organisms, alternative rRNA molecules 

have been reported (reviewed in [13]). N. crassa has been shown to have at least seven 

types of 5S rRNA [14]. In addition, ribosomes can contain different ribosomal proteins. 

For example, quantitative mass spectrometry data have revealed the existence of 

heterogeneous populations among actively translating ribosomes from mouse embryonic 

stem cells: some ribosomes lack at least one of the ribosomal proteins uL10 (RPL10A), 

uL11 (RPL11), eL38 (RPL38), eL40 (RPL40), eS7 (RPS7), and eS25 (RPS25) [15]. 

Several different types of posttranslational modifications such as methylation, 

phosphorylation, and ubiquitylation of the ribosomal proteins have been shown to affect 

the translation [16] and thus can contribute to the ribosome heterogeneity as well. Apart 

from the rRNA and ribosomal proteins, other proteins, such as the various translation 

factors, associated with ribosomes, can also differ.  

 

N. crassa has long been used as a model organism to study circadian rhythms [17] and 

recently has been established as a model organism for studying translational control in 

circadian rhythm [18, 20]. Karki et al. have shown that the inhibitory phosphorylation of 

the translation initiation factor eIF2α is clock controlled in N. crassa and that this control 

is necessary for the rhythmic translation initiation [18]. Quantitative mass spectrometry 
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data have also indicated that some ribosomal proteins are clock controlled in N. crassa 

(Lamb, et al., data not published). Therefore, it will be interesting to investigate the 

structures of ribosomes over a circadian time course. Once the polysome samples from 

the circadian time course are prepared and imaged using cryo-EM, and the cryo-EM data 

is processed to get the Coulomb potential maps, the current N. crassa ribosome model 

(PDB ID: 7R81) should be fitted into each of the new maps and refined using PHENIX. 

Then each of the resulting models should be compared with the corresponding Coulomb 

potential map to identify any lack or addition of ribosomal components or translation 

factors. The models should also be overlaid for comparison. It is expected that the 

structures of some rRNA or ribosomal protein regions would be different over the 

circadian time course. 

 

Combining analyzing the models/maps at the specific residue and comparing other 

known sequences of that rRNA or ribosomal protein, one could possibly identify 

whether the difference is due to: (1) an alternative variant (i.e. when it is noticed that the 

number of residues changes, or when the map at some residues and the current model 

obviously do not fit but significantly resemble another nucleic acid or amino acid), (2) 

modification of the rRNA or ribosomal protein (i.e. when an extra density of map 

beyond the model is observed at the residue), or (3) same composition but different 

conformations which are related to different interactions between the ribosomal 

components and/or other associated components such as mRNA, tRNA, nascent peptide, 

or translation factors. The investigation of N. crassa ribosomes over a circadian time 
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course would fill the gap in understanding the fundamental mechanism of how clock 

regulates ribosome structure/function to affect translation. 

 

The N. crassa ribosome, unlike the S. cerevisae ribosome which does not have eL28, 

contains ribosomal protein eL28, like the human ribosome. Recent studies have shown 

that human eL28 may play a role in cancer development. The expression level of eL28 

has been shown to affect the proliferation of colorectal cancer cells, and the higher tumor 

expression level of eL28 is associated with reduced survival in metastatic colorectal 

cancer patients [21]. In hepatocellular carcinoma cell model that is resistant to sorafenib, 

which is one of the main treatment options, the gene encoding eL28 has been shown to 

induce sorafenib resistance [22]. However, the exact mechanism of how eL28 affects 

cancer development remains unclear.  

 

It might be possible that eL28, as part of the ribosome, regulates translation and 

therefore is associated with tumor cell proliferation and invasion. It might also be 

possible that eL28 could regulate cell apoptosis, like some other ribosomal proteins such 

as uS19 (S15) [23], uL13 (L13A) [24] and uL23 (L23) [25]. It might also be possible 

that eL28 has some ribosome-independent roles.  

 

In N. crassa, eL28 is not an essential gene. It will be of interest to solve the structure of 

the ribosome isolated from the eL28-knockout (KO) strain FGSC #15780 [26], and 

compare it with that from a wild-type strain, especially the conformations of eL6, ES7L, 
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and ES15L, which have been shown to interact with eL28 in the wild-type N. crassa 

ribosome. It will also be interesting to compare the phenotypes (for example, growth in 

minimal medium, growth under stress, and cell cycle analysis), transcriptome, and 

translatome of the wild-type and eL28-KO strains.  

 

Comparison of the LSU region containing eL6, ES7L and ES15L from N. crassa, human, 

S. cerevisiae, and K. lactis (Fig. S3) shows that ES7L and ES15L in human ribosome are 

significantly longer than those in the three fungal ribosomes. This distinct difference 

reveals that ES7L and ES15L could be potential antibiotic targets. It will be interesting to 

screen for small molecules that bind to either of ES7L and ES15L in fungi more tightly 

compared to those in the human ribosome. It has been shown that F-neo, an RNA 

binding fluorescent probe, binds more tightly to ES7L in C. albicans while binds weakly 

to ES7L in human [27]. C. albicans does not have eL28. The interaction of the ES7L-

binding drugs with the ES7L may be different in other pathogenic fungi that have eL28, 

such as A. fumigatus and C. neoformans, therefore making N. crassa an ideal system for 

antibiotic screening and characterization.   
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